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Abstract

In this work a granular model for exchange bias of ferro- /antiferromagnetic bilayers for the
investigation of magnetization processes on a mesoscopic length scale is presented. The
model assumes 90° or spin flop coupling at interfaces perfectly compensated on an atomic
scale. The antiferromagnetic grains with randomly distributed easy directions are treated
as single domain particles, justified by the finite element approach for rather thin antifer-
romagnetic films. A Monte Carlo algorithm was used to simulate the field cooling process.
The mechanism leading to the hysteresis shift is similar to that proposed by Malozemoff,
but the presented interacting grain model describes both coercivity and exchange bias
by domain walls localized between antiferromagnetic grains. Changes in the antiferro-
magnetic domain structure during the reversal of the ferromagnet directly account for the
hysteresis shift. The antiferromagnetic intergrain exchange coupling is therefore necessary
to obtain exchange bias because it suppresses the out-of-plane rotation of antiferromag-
netic spins. The results are strictly valid only for weak intergrain exchange coupling so

that the assumption of uniformly magnetized antiferromagnetic grains is fulfilled.

It will be pointed out that the relatively simple interacting grain model can be used to
quantify exchange bias and coercivity with predicted magnitudes of an order comparable
to those observed experimentally. The dependencies of the bias field on the film thick-
nesses are in excellent agreement with experimental data. Furthermore, the behavior of
the hysteresis shift and the coercive field for varying system parameters, such as the ex-
change stiffness and anisotropy constants, are discussed. For certain material parameters
extremely stable 360° domain walls appeared within the ferromagnet in accordance with

experimental observations.

Due to the fact that several experimental samples show on average a preferred orientation
of the antiferromagnetic easy directions, simulations of bilayers with textured antiferro-
magnetic films were performed. The maximum bias field shifts towards lower antiferro-
magnetic thicknesses for textured films compared with untextured antiferromagnets. This

is confirmed by experimental data.



Kurzfassung

In dieser Diplomarbeit wird ein granulares Modell zur Erklarung des Exchange Bias-
Effektes in ferro-/antiferromagnetischen Schichtsystemen diskutiert. Das vorgestellte
Modell erlaubt die Untersuchung von Magnetisierungsprozessen auf einer mesoskopischen
Langenskala. Es setzt 90°- oder Spin-flop-Kopplung an Zwischenschichten voraus, die auf
einer mikroskopischen Ebene perfekt kompensiert sind. Die antiferromagnetischen Korner
mit zufallig verteilten leichten Richtungen weisen eine homogene Magnetisierung auf. Die
letzte Annahme ist fiir eher diinne antiferromagnetische Filme giiltig und wird durch
Berechnungen gerechtfertigt, die auf der Methode der finiten Elemente basieren. Das
Kiihlen des Schichtsystems in einem dufleren Magnetfeld wird durch einen Monte Carlo
Algorithmus simuliert. Der Mechanismus, der zu der Verschiebung der Hystereseschleife
fiihrt, ahnelt dem von Malozemoff mit dem Unterschied, dass Koerzitivfeldstarke und Ex-
change Bias durch Doméanenwande zwischen den antiferromagnetischen Kornern erklart
werden. Der Grund fiir die Verschiebung der Magnetisierungskurve sind Verdnderungen
in der antiferromagnetischen Doméanenstruktur wahrend des Ummagnetisierungsprozesses
des Ferromagneten. Voraussetzung fiir Exchange Bias ist eine intergranulare Aus-
tauschkopplung im Antiferromagneten, da diese die notwendigen Umklappprozesse anti-
ferromagnetischer Spins erst ermdglicht. Die intergranulare Kopplung muss aber schwach
sein, um die Annahme der homogen magnetisierten antiferromagnetischen Korner zu

rechtfertigen.

In der vorliegenden Arbeit wird gezeigt, dass das relativ einfache granulare Modell in der
Lage ist, Bias-Felder und Koerzitivfeldstarken in der richtigen Grofenordnung zu liefern.
Die Verschiebung der Hysterese in Abhéingigkeit von den Schichtdicken stimmt sehr gut
mit experimentell gefundenen Daten iiberein. Weiters wird das Verhalten des Bias-Feldes
und der Koerzitivfeldstarke als Funktion der verschiedenen Systemparameter, wie z.B. der
Austausch- und Anisotropiekonstanten, dargestellt. Fiir bestimmte Materialparameter
wurden in Ubereinstimmung mit Experimenten extrem stabile 360°-Doméanenwande im

Ferromagneten gefunden.

Da die leichten Richtungen der antiferromagnetischen Schicht in realen Proben oft eine

bestimmte Vorzugsorientierung zeigen (textured films), wurden auch entsprechende Simu-



lationen durchgefiihrt. Ein Vergleich der Ergebnisse mit jenen fiir Schichtsysteme mit
zufallig verteilten leichten Richtungen zeigt eine Verschiebung des maximalen Bias-Feldes
hin zu kleineren antiferromagnetischen Filmdicken. Dieses Resultat wird von experi-
mentellen Ergebnissen bestatigt.
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Introduction

“A new type of magnetic anisotropy has been discovered which is
best described as an exchange anisotropy. This anisotropy is the
result of an interaction between an antiferromagnetic material and
a ferromagnetic material. The material that exhibits this exchange
anisotropy is a compact of fine particles of cobalt with a cobaltous
oxide shell. The effect occurs only below the Néel temperature of
the antiferromagnetic material [...].”

Meiklejohn and Bean, 1956 [21, 22]

In the year 1956 Meiklejohn and Bean studied small Co particles surrounded with the anti-
ferromagnetic oxide CoO [21, 22]|. They discovered the phenomena of exchange anisotropy
and exchange bias — a shift of the hysteresis loop along the field axis. Usually exchange
bias requires that the ferro-/antiferromagnetic bilayer is cooled below the Néel tempera-
ture of the antiferromagnet in the presence of an external field. This procedure is called
field cooling. The magnetic field needed to switch the ferromagnet from the field cooled
state into the reversed state is then larger than the field needed to rotate the ferromagnet
back to its original direction. Moreover, such bilayer systems show an enhancement of

the coercive field even if no bias occurs.

Since the introduction of giant magnetoresistive (GMR) spin-valve heads in magnetic
recording the bias effect has been used widely in modern technology. Commonly used
sensors are bilayers of FeMn/FeCo, IrMn/NiFe and IrMn/FeCo [33]. The pinned layer of a
spin valve sensor is stabilized due to the coupling to an antiferromagnetic film (see Fig. 1).
The spin-valve sensor consists of four metal layers: an antiferromagnetic pinning layer, a
pinned layer whose magnetization is fixed due to the pinning effect of the antiferromagnet,
a Cu interlayer, and a free layer whose magnetization rotates according to the signal
field from the disk media [12]. The electrical resistance of the film is low when the
magnetization directions of the pinned layer and the free layer are parallel and high when

they are antiparallel.

Despite the application of exchange bias in magnetic field sensors, the physical mech-
anisms leading to the hysteresis shift are still in discussion. Various theories explain
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Figure 1: Schematic illustration of a giant magnetoresistive (GMR) spin-valve head.
From Ref. [12].

particular aspects of the bias effect [1, 27|, but nevertheless many issues remain to be
solved. One of the most striking experimental fact is the presence of exchange bias at
fully compensated interfaces in which the net spin averaged over a microscopic length
scale is zero. Intuitively, one might expect that for compensated interfaces the bias effect
vanishes as the spins pinning the ferromagnetic layer cancel out each other. Therefore,

various models of exchange bias assume at least partly uncompensated interfaces [1].

Originally, Koon [16] proposed a mechanism for exchange bias at fully compensated in-
terfaces. Using an atomistic model, Koon showed that a perfectly compensated interface
will lead to a 90° coupling between the antiferromagnet and the ferromagnet because of
canted antiferromagnetic spins. Indeed 90° coupling has been observed experimentally
[26]. Koon’s model is able to explain exchange bias with the assumption that the antifer-
romagnetic spins are restricted to planes parallel to the interface. The loop shift can be
attributed to partial domain walls wound up in the antiferromagnet. Allowing full three
dimensional rotations of the antiferromagnetic spins, Schulthess and Butler [29] showed
that these domain walls are unstable due to out of plane rotations of the antiferromag-
netic spins. They conclude that spin flop coupling at compensated interfaces enhances
the coercivity but does not lead to exchange bias. Stiles and McMichael [31] came to a

similar conclusion introducing spin flop coupling in their model of polycrystalline films.

Nowak et al. [28] proposed the so-called domain state model for exchange bias. In their



model the antiferromagnet breaks up into domains due to domain wall pinning at random
defects. The domains may carry a surplus magnetization. This small net magnetic mo-
ment provides coupling across the interface. The authors find exchange bias for directions
parallel to the antiferromagnetic anisotropy axis for spins in a single crystal lattice. After
a short introduction to the basics of magnetism in Chap. 1, we give a more detailed survey
of the developments of exchange bias during the last 40 years in Chap. 2.

In Chap. 3 we discuss the Interacting Grain (IG) model and its implementation. The IG
model was proposed by Suess et al. [33] to explain exchange bias at perfectly compensated
interfaces with spin flop or 90° coupling between the ferromagnet and the antiferromag-
net. The antiferromagnet consists of uniformly magnetized grains with randomly oriented
anisotropy directions. In contrast to the model of Stiles and McMichael [31] we assume
weak exchange coupling between the grains. The weak intergranular coupling suppresses
out-of-plane rotations of the antiferromagnetic moments and provides the wall energy
between lateral antiferromagnetic domains. The simulations show that the reversal of
the ferromagnet causes the formation of domains within the antiferromagnet. Some of
the antiferromagnetic grains switch irreversibly when the ferromagnet reverses, whereas
another part of the antiferromagnetic grains remain stable. After reversal of the ferro-
magnet the system stores energy in antiferromagnetic domain walls perpendicular to the

interface, giving rise to the observed loop shift.

The numerical results of Chap. 4 are obtained by solving the Landau-Lifshitz-Gilbert
equation and compared with experimental data from recent literature. Contrary to previ-
ous theories which require some sort of imperfections to generate exchange bias, we show
that bilayers with perfectly compensated interfaces, free of imperfections and defects are

also able to show exchange bias.
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Chapter 1

Basics of Magnetism

1.1 Maxwell’s Equations of Magnetostatics

Maxwell’s equations of magnetostatics can be generally written as (in SI units)

V.B = 0 (1.1)
VxB = ,U,()j s (12)

where B is the magnetic induction (or flux density, in T), yo = 47/107 Vs/Am the

permeability of free space and j the current density (in A/m?).

In the presence of matter we have to distinguish between the magnetic induction By, due
to free current densities jiee and (Bmas) due to bound current densities (jmat). Quantities
in (-) represent the spatial averages. Fluctuations on an atomic length scale are thus not
taken into consideration. These quantities satisfy the relations

V- Biee = 0 (1.3)
V x Bfree = Mo jfree (14)
and
V- <Bmat> = 0 (15)
V x <Bmat> = ,u0<jmat> . (16)

The total field B = Byyee + (Bmay) fulfills the equations

V.B = 0 (1.7)
VxB = ,U/Ojfree+/1'0<jmat> . (18)

11



(Jmat) generates the magnetization M (in A/m) within the body, whereas M = 0 per

definition outside. The correlation of both quantities is given by
VXM= (jmat) - (1.9)

If we define the so-called magnetic field H (in A/m)

1
H=—B-M |, (1.10)
Ho
or
(J is the magnetic polarization, in T), we obtain Maxwell’s macroscopic equations of
magnetostatics
V-B =0 (1.12)
VxH = uojtree - (1.13)

The great advantage of these expressions is that the bound current density does not

appear anymore.

For the important case of no free current densities, the remaining Maxwell’s equations are

VB = 0 (1.14)
VxH = 0 . (1.15)

1.2 Gibbs Free Energy

The Gibbs free energy E of the system must be a minimum during an isothermal and
isobaric changing of the magnetization state in a constant external field. Therefore, the
state of the magnetic equilibrium can be calculated according to the variation dF = 0

(static energy minimization proposed by Brown [3]).

When we neglect magnetostrictive effects, there are four important contributions to Gibbs
free energy: the exchange energy, the magnetocrystalline anisotropy energy, the strayfield

energy, and the Zeeman energy in an external field. So, Gibbs free energy reads

EFE=FEy+FE,+FEs+Fy . (1.16)

12



1.2.1 Exchange Energy

In the approach of micromagnetics the spin operators are replaced by classical vectors.
Therefore, the exchange energy in the Heisenberg model (direct exchange coupling) can
be written in the form
N N
Ey=-)» Y Jis .8 . (1.17)
i=1 j#i
J% denotes the exchange integral and can be derived using quantum mechanics. For
ferromagnetic ordering the exchange constants are positive. S and S’ are the classical

total angular momenta at the lattice sites ¢ and j, respectively.

The exchange energy decreases rapidly with increasing distance between the atoms. So,
it is usually a good approximation to take the inner sum only for nearest neighbors (n.n.).

Supposing an isotropic exchange constant J, the exchange energy becomes

N n.n.

EBu=-J) Y s8-8 . (1.18)
i=1 j

The exchange energy given in Eq. (1.18) is isotropic in space. That is, the expression is
independent of the angles between the spins and the crystal axes. Therefore, additional

terms must be taken into account to give a more realistic model.

1.2.2 Magnetocrystalline Anisotropy Energy

The energy of interaction between two spins depends on their absolute orientation. The
reason for that is the asymmetric overlap of electron density distributions of neighboring
lattice sites. Due to spin-orbit coupling the charge density of the electrons is not spherical
but reflects the crystal structure of the lattice. This asymmetry and the direction of the
magnetization vector are tied together by spin-orbit coupling. Hence, if one changes the
spin direction, the overlap energy changes, too. Experimentally, many ferro- and ferri-
magnetic materials exhibit easy and hard directions. More energy (or a higher external

field) is required to saturate the crystal in a hard direction than in an easy one.

For crystals with uniazial anisotropy (e.g. hexagonal crystals such as Co) the anisotropy

energy has the form
Euni = KoV + K;Vsin?@  + higher order terms . (1.19)

Ky and K are the anisotropy constants (in J/m?), V the volume of the sample and 6 the
angle between the easy direction and the magnetization. The higher order terms (a series
of even powers of sin §) are often small and thus negligible.

13



The magnetocrystalline anisotropy energy for cubic crystals (Fe, Ni) is given by

Eoni = KooV + KC1V(0€043 +aias+ a%ag) + KoV alasas  +higher order terms |
(1.20)

where oy, as and a3 designate the direction cosines of the direction of magnetization
with respect to the cubic lattice vectors. Analogously, K., and higher order terms can
be neglected in most cases. Naturally, uniaxial anisotropies are much stronger than cubic

ones.

Since the constants Ky and Ky add only a constant offset to the energy, they are usually
omitted. The remaining first anisotropy constants cover several orders of magnitude (102

- 107" J/m?3) and are temperature dependent.

1.2.3 Strayfield Energy or Magnetic Self Energy

The strayfield energy is connected with the magnetic field generated by the magnetized

body itself. Each lattice site is occupied by a magnetic dipole moment

p=-219g | (1.21)

B 2Me

where S denotes the total angular momentum. The Landé factor g is close to 2 for many

ferromagnetic materials. p and the magnetic polarization J are correlated via
J=ponp=—pognugSu=—-Jsu . (1.22)

n is the number of spins per volume (for a simple cubic lattice n = 1/a®), ugp = eh/2m, ~
9.274-10"2* J/T the Bohr magneton, S the quantum number of the total angular mo-
mentum and Jg the spontaneous polarization. u is a unit vector pointing in the direction
of S.

Let us consider a magnetic body, successively built up by adding magnetic dipoles [17].
E7(i) denotes the required energy to put the dipole ¢ into the field of dipole j. Since
no energy is needed for the positioning of the first dipole, the magnetic strayfield or self

energy follows as

+ E'(N)+ E*(N) +...+ EN"Y(N) . (1.23)

14



However, one can also put together the magnet in reversed order, obtaining
Es = EYWN-1)
+ EY(N-2)+EY (N -2)
+ EN(1) +ENTY) + ...+ E?(1) . (1.24)
Hence, we find

2Fs = 0 +E*1) +...+EV 1)+ EN(1)
+ E'(2) 0 +...+EY'2)+EN(2)

—_

+ E'(N)+ E*(N)+ ...+ EY"'(N)+ 0 : (1.25)

When we rewrite Eq. (1.25) we get for the magnetic strayfield

14 N
Bs =< ;E(i) : (1.26)
where
E(i) = -JsH} - u’ (1.27)

designates the energy of the dipole 7 in the field

i Js o’ R (u - RY)
Ha = AT g ; { (R)3 (R¥)> } ) (1.28)

generated by the other ones.

1.2.4 Magnetic Field Energy or Zeeman Energy

The interaction energy of a magnetized body of the volume V with a uniform external
field H is

N
Ey=-VJH ) u . (1.29)
=1

It depends only on the average magnetization and not on the domain structure or the

sample shape.

15



1.3 Landau-Lifshitz-Gilbert Equation

The starting point of any dynamic description of micromagnetic processes at zero tem-

perature is the equation

oJ

—=—7JxH , 1.30

8t r)/ eff ( )
which can be obtained with basic principles of quantum mechanics. J denotes the mag-
netic polarization vector, J = oM. Heg is the effective field and v = poge/2me =

g-1,105-10° m/As the gyromagnetic ratio (y > 0).

J is presumed to be a continuous function in space. This is valid because the spins do
not vary significantly from lattice point to lattice point due to ferromagnetic exchange
coupling. At first sight it is not apparent how this concept can be applied to antiferro-
magnets. But if one subdivides the antiferromagnet into sublattices (in the simplest case

two) the direction of magnetization within each sublattice varies slowly again.

Hf
A

=J x Jx Hegy

=J X Hest

Figure 1.1: Illustration of the LLG Eq. (1.33).

Eq. (1.30) describes the well known Larmor precession of the magnetization around the
effective field with the Larmor frequency w = v Heg. Since no losses have been taken into
account the angle between J and H.g does not change. In the so-called Gilbert equation
0J Q oJ

— =—3IxHg+—JTx — 1.31

ot T ot (1.31)
a dimensionless damping factor « is introduced to describe dissipative phenomena, like
eddy currents or macroscopic discontinuities for example. Js is the spontaneous polariza-

tion. To obtain the general form

dy
Y o fey) (1.32)

for an ordinary differential equation (ODE), we rewrite Eq. (1.31) and find the mathe-

16



matically equivalent Landau-Lifshitz-Gilbert (LLG) equation

oJ y a
— = J X Heg — — JIxJ x H, . 1.33
ot 1+ a? X Heft 1+ a?Js XX Heft ( )

As a result of the damping term the magnetization vector turns towards the effective field

until both vectors align parallel (see Fig. 1.1). The effective field is given by

oF
Hpg=—-| — 1.34
o= (5), - .

where F denotes the total Gibbs free energy. Thus, Heg points in the direction of the
gradient of E. Note that Heg is only a helpful definition and not actually a physical field

3].

Dynamic approaches based on the LLG equation are probably the most common method

for the simulation of magnetization processes.

17



Chapter 2

Exchange Bias — an Overview

2.1 Introduction

The coupling of a ferromagnetic film to an antiferromagnetic material significantly changes
some of the properties of the ferromagnet. When the bilayer system is cooled below the
Néel temperature (Tx) of the antiferromagnet, starting at a temperature 7; (Tx < T; < Tg,
TG is the Curie temperature of the ferromagnet), a unidirectional anisotropy is induced in
the ferromagnet. Usually an external field is applied to fix the direction of the ferromagnet
during the cooling process. This procedure is called field cooling. The antiferromagnet
chooses the state that minimizes the energy due to the coupling to the ferromagnet. After
field cooling the antiferromagnet “remembers” the initial ferromagnetic direction, even if

the ferromagnet is reversed later.

One of the consequences of the coupling is the displacement of the magnetization curve
along the field axis (Fig. 2.1), characterized by the ezchange bias field He,. Normally,

Hy, is calculated via [14]
H*+ H-

2 7
where H™ and H~ denote the right and the left intersection of the hysteresis curve and the

Hy, = (2.1)

field axis. H,, opposes the external field, applied during field cooling. However, positive

exchange bias fields were also obtained in experiments [26].

Another effect is the increase of the coercivity Hc as shown in Fig. 2.1. Hg can be
calculated with the formula [14]

+ o —
po— T H 22

Almost all ferromagnetic films coupled to an antiferromagnet exhibit an enlargement of

their coercive field, even when the bilayer system does not show bias.

18
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Figure 2.1: Experimental characteristics of exchange biased systems. The upper pic-
tures show typical results of free ferromagnetic films, whereas the lower represent those
of exchange coupled bilayer systems. Compared with the hysteresis cycle of an unbiased
ferromagnetic film, the magnetization curve of the biased ferromagnet exhibits a displace-
ment along the field axis and an enhanced coercivity. Rotational hysteresis measurements
(on the right hand side) indicate dissipative mechanisms in bilayer systems. In contrast,
the work per cycle integrate to zero over a full rotation of unbiased films and for external
fields high enough to saturate the ferromagnet.

Hg, and H¢ are often found to be inversely proportional to the thickness of the ferromag-
net [24]. This points out that the phenomenon of unidirectional anisotropy is strongly
localized at the interface. Of course, deviations are observed below a certain ferromagnetic

thickness.

Most experiments show that the antiferromagnet has to exceed a critical thickness to pro-
vide exchange bias. Usually, the exchange bias field as a function of the antiferromagnetic

thickness attains a maximum and then decreases with increasing thickness [33].

As depicted in Fig. 2.1 for the biased film, different reversal mechanisms are observed for
increasing and decreasing fields [31]. That is, the common way to calculate the exchange
bias field (Eq. (2.1)) yields possibly not a reliable measure of the size of the unidirectional
anisotropy. Therefore, we propose a new method to determine the exchange bias field.

19



The so called high field rotational torque experiment shows that irreversible losses occur in
the exchange coupled system. The sample is rotated in a fixed external field, high enough
to saturate the ferromagnet, and the torque as a function of the angle # is measured.
In unbiased ferromagnets the torque integrates to zero over a full rotation. However,
exchange biased films exhibit a different behavior. The torque does not integrate to zero
over a full cycle, even in very high external fields (see Fig. 2.1). This indicates a dissipative
mechanism in the bilayer system [31]. Additionally, the results of high field rotational
torque measurements depend on the previous history of the sample. This training effect
leads to a decrease of H., and Hc with the number of hysteresis cycles. Experimentally,

the relation )

7

is often found [24], where n designates the number of hysteresis cycles.

Heb,n - Heb,oo X (23)

The following sections give a short introduction to the best-known models of exchange
biased systems.

2.2 Meiklejohn and Bean and their Intuitive Picture

Meiklejohn and Bean tried to explain the observed displacement of the hysteresis loop of
Co coupled to CoO with a unidirectional anisotropy [21, 22]. They presumed that the
interface between Co and the antiferromagnetic CoO is the uncompensated (111) plane
of CoO.

Let us consider an applied field in the temperature range Ty < 1" < 1, strong enough to
saturate the ferromagnet, while the antiferromagnetic spins remain in a disordered state
[27]. Assuming ferromagnetic interactions between the ferromagnet and the antiferromag-
net, Fig. 2.2 shows the system after field cooling (7' < Tx). The antiferromagnetic spins
at the interface align parallel to those of the ferromagnet, whereas the others arrange in

a way to produce no net magnetization.

When the external field is reversed the ferromagnet switches. However, for sufficiently
high antiferromagnetic anisotropy the antiferromagnetic spins do not switch. Due to
the ferromagnetic coupling the antiferromagnetic spins at the interface try to keep the
ferromagnetic spins in their original position. That is to say, the coupling between the
ferromagnet and the antiferromagnet induces a unidirectional anisotropy in the ferromag-
netic layer. To reverse an exchange biased ferromagnet one needs a larger field than
one needs for a single ferromagnetic layer. When the external field is rotated back to
its original direction, the ferromagnet switches at a smaller field than for an uncoupled

ferromagnetic layer. Therefore, the magnetization curve exhibits a shift in the field axis,
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Figure 2.2: A schematic illustration of the spin configuration of a ferro-/anti-
ferromagnetic bilayer at different stages of the displaced hysteresis loop. From Ref. [27].

i.e. exchange bias.

In this simple model the total free energy per unit area can be written as [23]
E = —puoHMg tp cos(f — ) + Kptpsin® 8+ Kaptarsin®? a — Jinpcos(B —a) , (2.4)

where H is the external field, My the saturation magnetization of the ferromagnet, tg
the thickness of the ferromagnet, ¢t5r the thickness of the antiferromagnetic layer, Ky the
anisotropy constant of the ferromagnet, Kxr the anisotropy constant of the antiferromag-
net, and Jiyr the interface coupling constant. [ is the angle between the magnetization
and the easy axis of the ferromagnet. o denotes the angle between the antiferromagnetic
sublattice magnetization and the antiferromagnetic anisotropy axis, whereas # indicates
the angle between the external field and the ferromagnetic anisotropy axis.

If one neglects the ferromagnetic anisotropy, one finds for the exchange bias field after
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minimizing the energy with respect to « and g [23]

JiNT 1
Hy=———F x — . 2.5
eb Lo MF te tF ( )
If the antiferromagnetic spins are no longer restricted to the anisotropy axis, the important

result required for the observation of exchange anisotropy
Kartar > Jint (2.6)

can be numerically obtained. If this condition is not fulfilled, the antiferromagnetic spins

follow the rotation of the ferromagnet. Hence, no exchange bias occurs.

Although this model gives an intuitive insight into the phenomena of exchange bias, it is
too simple to account for the various experimental results. In particular, it predicts an
exchange bias field several orders of magnitude larger than all experimentally measured
values. Moreover, exchange bias was found experimentally for uncompensated as well as

for fully compensated interfaces [1, 27].

2.3 Domain Wall Model of Mauri

Mauri et al. [20] proposed a mechanism resulting in a lower interfacial energy than the
model of Meiklejohn and Bean. They suggested the formation of a planar domain wall
at the interface as the ferromagnet rotates. Depending on the domain wall energies, the
domain wall could be formed in the antiferromagnet or in the ferromagnet, respectively.
Mauri et al. considered the case that the domain wall energy in the antiferromagnet
is much lower than in the ferromagnet. Therefore, the domain wall is formed in the

antiferromagnet.

The antiferromagnet is assumed to be infinitely thick, and the spins are restricted to

planes perpendicular to the z-axis. In these planes the spins of one sublattice are parallel
(Fig. 2.3).

Since the thickness of the ferromagnetic layer ¢ is assumed to be small, all the ferro-
magnetic spins are parallel. One therefore finds for the total free energy per unit area
[24]

App_
E = 2\/AarKar (1 —cosa) + AgF F(l—cos(a—ﬁ))+KFtFCOSZB+

+ poH Mg trpcos( — 5) . (2.7)

Kar and App denote the anisotropy constant and the exchange stiffness of the antiferro-
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Figure 2.3: In the antiferromagnet only the magnetization of one sublattice is shown. «
and [ are the angles between the interfacial spins and the easy axes of the antiferromagnet
and ferromagnet, respectively. £ denotes the distance between the two layers.

magnet, respectively, whereas K is the anisotropy constant of the ferromagnet. A p g
is the interfacial coupling constant, £ the distance between the two layers, H the external
field and € the angle of H with respect to the easy axis of the ferromagnet. The first term
in Eq. (2.7) is the domain wall energy in the antiferromagnet and the second the interface
energy. The third and the last terms denote the anisotropy energy and the Zeeman energy

of the ferromagnet, respectively.

Minimizing Eq. (2.7) with respect to o and f for a given external field yields the following

two limiting cases:

e The interface energy is much larger than the domain wall energy

Hy, = —2 VAsrKar (2.8)

poMrtp
e The interface energy is much smaller than the domain wall energy

App
Hy = — AT (2.9)

EoMrptr
With Jint = Aar_r/€ we find the expression of Meiklejohn and Bean Eq. (2.5).

Mauri’s domain wall in the antiferromagnet may become unstable when « reaches a
certain critical angle a.,. For large interface coupling the antiferromagnet then switches
to another state with reversed ordering far away from the interface. Néel first looked into
this phenomenon and found that for antiferromagnets thicker than §/4 (¢ is the domain
wall width) the irreversible transitions occur at a critical angle oy € [90°,180°] For
tar — oo the critical angle approaches 180°. It is worth noting that these irreversible
transitions lead to rotational hysteresis loss and a field shift in the isotropic ferromagnetic

resonance [31].
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When the interface energy is small compared with the domain wall energy, the system
behaves differently. Beyond oy, > 90° the interface coupling cannot compensate the
large domain wall energy. Therefore, antiferromagnetic spins turn back and form a new
twist with opposite direction of rotation.

2.4 Malozemoff’s Random Field Model

Malozemoff gave up the assumption of a perfectly uncompensated and smooth interface
[19]. Instead he proposed an imbalance of the interfacial antiferromagnetic moments as a

result of roughness and structural defects.

Assuming a single domain ferromagnetic layer, the antiferromagnet breaks up into do-
mains to minimize the free energy. The domain walls in this model are perpendicular
to the interface, in contrast to Mauri’s model. A large number of antiferromagnetic do-
mains would lower the interface energy but enhance the domain wall energy. Malozemoff

obtained an optimal size of the domains

L~ — 2.10
™ K Y ( )
where A denotes the exchange constant in the antiferromagnet and K the uniaxial

anisotropy.

The random field model then argues that in a region of N antiferromagnetic spins on a
perfectly rough interface on average z+/ N spins are uncompensated, where z is a number
in the order of unity. The number of spins in the area L? is N = L2/a?, where a denotes

the lattice constant. Accordingly, one finds for the exchange bias field

227/ AK

Hyp= -2
eb WZMFtF

(2.11)

This equation is very similar to the one of Mauri’s for large interfacial energy (Eq. (2.8)).

Malozemoff’s model explains several properties of exchange biased systems (for instance
the training effect due to annihilation of domains during a hysteresis cycle). However, the

statistical argument is quite unsatisfactory.
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2.5 Koon’s Spin Flop Coupling at Compensated In-

terfaces

Measurements of several bilayer systems indicate perpendicular coupling between the
ferromagnet and the antiferromagnet [11]. Nogués et al. [25] investigated FeFy/Fe bi-
layers and found the largest bias field for the compensated (110) interface orientation.
Furthermore they discovered that the exchange bias field decreases with increasing in-
terface roughness. Surprisingly, the same group found a positive unidirectional exchange

anisotropy for large cooling fields [26].

Due to these experimental results, Koon proposed his spin flop model at fully compen-
sated interfaces [16], i.e. the number of interfacial spins of sublattice A equals those of
sublattice B. For absolutely antiparallel spins the antiferromagnet would provide no net
moment. Obviously, all orientations of the ferromagnetic magnetization would therefore
result in the same interface energy. Yet, Koon considered the case that the interfacial
antiferromagnetic spins are not fully antiparallel but canted by a small angle § because of
the coupling to the ferromagnet. That is, the ferromagnet produces a small net moment
in the antiferromagnet parallel to the direction of the magnetization in the ferromagnetic
layer and perpendicular to the easy axis in the antiferromagnet (see Fig. 2.4). The antifer-

romagnetic spins at the interface thus align perpendicular to the ferromagnetic moment.
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Figure 2.4: Spin flop coupling of a ferromagnet/antiferromagnet bilayer system. u% F.AL
for example denotes the unit vector of the spin direction of sublattice A and monolayer 1
in the antiferromagnetic grain 2.

In addition, he assumed strong interface coupling and that the antiferromagnetic spins

are restricted to planes parallel to the interface.
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Suess et al. [36] investigated the dependence of @ on the distance from the interface.
They found out that 6 decreases from one antiferromagnetic monolayer to the next by
approximately a factor 10. The canted spin structure at the interface thus relaxes within
a few monolayers to the totally antiparallel alignment. In other words, the spin flop

coupling is strongly localized at the interface.

Koon’s model is able to explain exchange bias, even a positive shift of the hysteresis
loop. However, Schulthess and Butler [29] pointed out that partial domain walls which

are essential for Koon’s model are not stable due to out of plane rotation.

2.6 Polycrystalline Antiferromagnets of Stiles and
McMichael

In the model of Stiles and McMichael the ferromagnetic layer interacts with independent
antiferromagnetic grains [31]. The external field is assumed to be high enough so that the
ferromagnetic magnetization can be considered to be uniform. Since the antiferromagnetic
grains are presumed to be small enough they do not break up into domains. However,
partial domain walls parallel to the interface as a result of the coupling to the ferromagnet

are allowed to occur.

The energy for each grain with the interfacial area N/a® can be written as

E Jnet x ~ Jst jin ~ 2 0 ~ ~
Na? = a2 (Mg - m(O))J v (Mpu - m(O))J—l—? (1 —m(0) - (iu))J . (2.12)
direct (;(;upling spin ﬂopvcoupling domain v;g,ll energy

N denotes the number of spins at the interface of the grains, a is the lattice constant.
The directions are Mgy, the ferromagnetic magnetization, m(0) the direction of the net
sublattice magnetization at the interface, and 4+u the two easy directions of the uniaxial
anisotropy in the antiferromagnet. J,e is the average direct coupling to the net moment
of the antiferromagnetic grain, Jg designates the spin flop coupling, and ¢ is the energy

of a 180° domain wall in the antiferromagnet.

Experimentally, the biased state is prepared by field cooling the system. In the model of
Stiles and McMichael this process is simulated by choosing the antiferromagnetic state for
each grain with the lowest energy with respect to the fixed ferromagnetic magnetization.
With it the exchange bias field is given by [24]

. Jnet f 2Jnet
- 2 or 2
2a? pio Myt trm oa

Hep, <1l , (2.13)
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< 4 1o Meyt tem oa?

>1 . (2.14)

Owing to the results of high field rotational hysteresis measurements and isotropic ferro-
magnetic resonance some of the antiferromagnetic grains must switch irreversibly. Stiles
and McMichael postulated that some grains have a critical angle .. A partial domain
wall wound up above this angle becomes unstable and the grain makes an irreversible

transition to a new state with reversed order far from the interface (see Fig. 2.5).

Figure 2.5: The white spheres are the antiferromagnetic atoms of the sublattice that
predominates at the interface and the dark gray are the ones of the other sublattice. The
light gray spheres represent the ferromagnetic atoms. On the left the antiferromagnet has
ordered in the +1 direction far from the interface, whereas the right structure pictures
the switched antiferromagnetic grain. In both a partial domain wall is wound up due to
the coupling of the two layers. From Ref. [31].

Stiles and McMichael found that grains with easy axes close enough to the interface
normal maintain their antiferromagnetic order far from the interface when the ferromagnet

switches in-plane.
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In addition, they conceived the important result that the spin flop coupling for typical
grain sizes and for comparable values of the interfacial constant and the antiferromagnetic

exchange constant is much stronger than the direct coupling.

Spin Flop Coupling

It is not obvious why Stiles and McMichael [31] or Stamps [30] suggested a biquadratic
spin flop term. Since this expression plays an important role in our model, we have a

closer look at its origin.

Consider a ferromagnetic spin perpendicular to fully antiparallel antiferromagnetic mo-
ments. When the two antiferromagnetic spins are canted by an angle 6 (see Fig. 2.4)
the direct coupling energy of the ferromagnet/antiferromagnet bilayer system decreases
(first term in Eq. (2.12)). This contribution to the total free energy is proportional to
—cos(m/2 — 0).

As we leave the anisotropy energy of the antiferromagnet out of consideration (third term
in expression (2.12)), the exchange energy in the antiferromagnetic grain between the two

sublattices can be written as
o (T o T o (T
Eg o cos(m — 20) = cos (5 —0) —sin (5 —6) = 2cos (5 -6)—1 . (2.15)

That is, Fg increases with increasing #. Additive constants in energy expressions have no

physical meaning. Hence, we obtain

2

Eg o cos? (g —0) (ﬁFM -m(0)) (2.16)

So, the spin flop term of Stiles and McMichael can be understood as the energy needed
to remove the totally antiparallel alignment of the antiferromagnetic spins. The harder it
is to cant the spins the weaker the spin flop coupling because the ferromagnet then only

induces a very small magnetic moment in the antiferromagnet to interact with.
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Chapter 3

Interacting Grain Model

3.1 Introduction

Suess [33] presented an approach for solving the LLG equation for antiferromagnets with
the finite element method. He assumed spin flop coupling between the polycrystalline
ferro- and antiferromagnet at a fully compensated interface. Contrary to other theories
introducing some sort of defects within the antiferromagnet or at the interface in order
to find exchange bias at mainly compensated interfaces, he showed that a system free of

imperfections can still exhibit exchange bias.

Stiles and McMichael [31] pointed out that spin flop coupling increases the coercivity
but does not contribute to the unidirectional anisotropy. However, they considered a
polycrystalline antiferromagnet with independent grains whereas our model takes into

account exchange coupled grains.

The finite element approach showed that the magnetization configurations in the antiferro-
magnetic grains remain almost uniform during the reversal of the ferromagnet. Therefore,
a granular model where the magnetization is actually uniform within the antiferromag-
netic grains should yield very similar results but allows to simulate larger systems with

the great advantage of avoiding possible finite size effects.

3.2 The Model

Let us consider a thin ferromagnetic film spin flop coupled to a polycrystalline antiferro-
magnet with randomly oriented easy axes. The magnetization configuration within the
antiferromagnetic grains are assumed to be uniform. This is a good approximation for
small grain sizes and low intergrain exchange coupling within the antiferromagnet. Due
to the spin flop coupling the antiferromagnetic spins are not fully antiparallel. Since the

deviation is small and relaxes very rapidly to the spin structure of the bulk we neglect
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the tilting of the spins. Thus, for the simplest case of two sublattices the magnetic state
of each antiferromagnetic grain can be described by a single vector of one sublattice. The

magnetization vector of the other sublattice points exactly antiparallel.

In a rough picture, the exchange bias effect can be understood by a change of the Gibbs
free energy owing to irreversible transitions in the antiferromagnet. After field cooling the
system possesses the lowest possible energy, i.e. the antiferromagnetic spins arrange in a
way to minimize the total free energy. When the external field reverses the ferromagnet,
some antiferromagnetic grains switch irreversibly. The random orientation of the mag-
netocrystalline anisotropy axes in the antiferromagnetic grains makes sure that not all
grains switch irreversibly. Due to the intergrain coupling between the grains the Gibbs

free energy increases.

For a better understanding of the mechanism leading to exchange bias in this model let
us consider two antiferromagnetic grains spin flop coupled to a uniformly magnetized
ferromagnet (Fig. 3.1). Grain 1 has an easy axis close to the interface normal whereas

that of Grain 2 is mostly parallel to the interface (both easy axes lie in the image plane).

State after field cooling After switching the ferromagnet
O F &
m

m, M, AF ! M,
X~ . %

ea ea

e.a z e.a
Grain 1 Grain 2 Grain 1 Grain 2
X y

Figure 3.1: Magnetization configuration in the antiferromagnet (AF) after field cooling
(left) and after the reversal of the ferromagnet (F, right). Only the spin direction of one
sublattice is shown.

After field cooling the system is in its energy minimum. Due to the coupling of the anti-
ferromagnetic grains the configuration with m; and m, parallel to their easy axes would
result in a higher energy. When the ferromagnet reverses, Grain 2 switches irreversibly,
whereas the main direction of the magnetization m; remains more or less unaffected.

That is, Grain 1 is affected reversibly by the ferromagnet.

It is difficult to say if a certain grain switches or not because different mechanisms con-
tribute to the partial switching. But a rough criterion for an irreversible transition of an

antiferromagnetic grain is that the easy axis is “almost parallel” to the interface. However,
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for the most part regions of several grains switch irreversibly rather than single grains.

This is due to the coupling of the antiferromagnetic grains leading to a common behavior.

In any case, the spins make a transition from one local minimum of the anisotropy energy
to the equivalent with opposite direction of the sublattice magnetization. The spin flop
energy after reversing the ferromagnet has not changed, either. However, the enlargement
of the angle between m; and m, yields a higher exchange energy in the antiferromagnet.
That is, the states after field cooling and after switching the ferromagnet are not sym-
metric. The field required to switch the ferromagnet from the field cooled state into the

reversed state is larger than that to rotate the ferromagnet back to its original direction.

This asymmetry is usually thought to be the origin of exchange bias, which is evident
for the simple picture considered above. But for more complex systems it is quite more
difficult. For some parameters we have found positive exchange bias although the energy
of the negative remanent state was higher than for the positive remanence. That is, at
least for some bilayer systems it is not sufficient to explain the difference of the total
energies in the positive and negative remanent state. However, most of the simulated

systems showed a negative bias field for a negative energy difference.

Fig. 3.2 shows a sequence of more realistic images calculated with our model to illus-
trate the processes leading to exchange bias. The red spins in the front represent the
ferromagnetic layer. For the antiferromagnet only the spins of one sublattice are shown.
Fig. 3.2.a depicts the magnetization configuration after field cooling. The easy axes of
the antiferromagnetic grains are more or less perpendicular to the film plane, except that
of the middle grain with the blue spin. Reversing the ferromagnet thus mainly affects the
blue spin which undergoes an irreversible transition (a—d). This causes the antiferromag-
netic exchange energy to rise considerably. When the ferromagnet rotates back (d—f) the
middle spin maintains its new direction due to intergranular exchange coupling, leading
to asymmetric remanent states and therefore to exchange bias. The following rotation of
the ferromagnet (g—1i) leaves even the blue spin unaffected. Consequently no bias effect

occurs, i.e. this simulation also explains the training effect.
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Figure 3.2: A small simulation of 3 x 3 grains to illustrate the processes responsible for
exchange bias. The ferromagnetic layer is indicated by the red arrows on the left of each
cube. An explanation can be found in the text.
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Figure 3.3: Grain j and its nearest neighbor grains. The basal planes of the grains are
squares, equal in size. The grain structure in the ferromagnet and antiferromagnet are

the same.

Our interacting grain (IG) model considers anisotropy, Zeeman and intergrain exchange

energy terms and assumes a completely compensated interface. The total energy of the

ferromagnet(F) /antiferromagnet(AF) bilayer system per grain j is

Ej = Z ( — JFSQTLFtFl 11% . 11%

=1 - - -

2 i J
- JAFS TLAFtAFl Upp uAF)

-’

-~

exchange energy F

2, 12 (F G 2
— Jar-rS Nyl (uf - whp)

exchange energy AF

— Kitapl® (kng : ui«F)Q

- v - v

spin flop coupling

anisotropy energy AF

J2 . . .
+ B4l (k- ul)? — Jstpl? H-ul

in-plane anisotropy F

~
Zeeman term

(3.1)

The sum over i is taken only over the nearest neighbor grains (n.n.) in the antiferromagnet

and ferromagnet, respectively (see Fig. 3.3).
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The quantities are

Jr ... exchange integral across ferromagnetic grains, in J/m

JAF ... exchange integral across antiferromagnetic grains, in J/m

Jap—r ... exchange interaction at the compensated interface, in J/m

S ... average total spin quantum number, dimensionless

K, ... anisotropy constant of the antiferromagnetic grains, in J/m?

u% ... unit vector of the spin direction in the ferromagnetic grain j, dimension-
less

u) ... unit vector of the sublattice spin direction of the antiferromagnetic grain
J, dimensionless

k% ... unit vector pointing perpendicular to the film plane, dimensionless

K ... unit vector of the easy axis direction of the antiferromagnetic grain j,
dimensionless

H ... external field, in A/m

l ... grain diameter, in m

tp ... thickness of the ferromagnetic film, in m

tAR ... thickness of the antiferromagnetic film, in m

Js ... magnitude of the spontaneous polarization, in T

ng ... number of spins per unit area in the ferromagnetic grains, in m=2

NAF ... number of spins per unit area in the antiferromagnetic grains, in m=2

ng ... number of spins per unit area at the interface, in m=2

For simple cubic lattices with lattice constant a we find

1
MR = NAF =TS 5 (3.2)
and for the spontaneous polarization (Eq. (1.22))
S
Jg = HogkB= (3.3)

a3

Exchange energy of the ferromagnet: FEach ferromagnetic grain is exchange coupled
to its four nearest neighbor grains. The coupling strength between two grains depends on
the number of spins trl/a® at the contact surface tpl. For high ferromagnetic exchange
interaction distinct domains occur, whereas ripple structure dominates for low coupling

constants.

Exchange energy of the antiferromagnet: Each antiferromagnetic grain is cou-
pled to its neighboring grains. Analogous to the ferromagnetic interaction above, {arl
designates the value of the contact surface between two interacting grains. Weak antifer-
romagnetic exchange interaction is necessary to find exchange bias because the coupling

of the grains reduces the out-of-plane rotation [33]. So, it is possible that a considerable
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number of grains make an irreversible transition. For Jar = 0 only a few antiferromag-
netic grains with an easy axis almost parallel to the film plane switch irreversibly. Since
this model explains exchange bias as a consequence of domain walls formed in the an-
tiferromagnet, no exchange bias occurs for zero exchange coupling. On the other hand,
the exchange bias field decreases rapidly for too strong exchange interaction. The rea-
son is that large regions switch irreversibly and therefore the domain wall energy in the

antiferromagnet does not change significantly.

Spin flop coupling: The spin flop term in Eq. (3.1) is similar to that of Stiles and
McMichael [31] in Eq. (2.12). It implicitly takes into account the canted state of the an-
tiferromagnetic spins even if they are assumed to be perfectly antiparallel. This is a good
approximation because the canted state is strongly localized at the interface, as mentioned
above. The interface coupling depends on the number of interacting spins, [2/a?, where
I? is the value of the contact surface of the ferromagnetic and antiferromagnetic grains.
Note that the ferromagnetic grain j is spin flop coupled only to the antiferromagnetic

grain j.

Anisotropy energy of the antiferromagnet: The directions of the uniaxial aniso-
tropy in the antiferromagnet are distributed randomly in space. The magnitude of K;

strongly affects the switching of the grains.

In-plane anisotropy of the ferromagnet: The strayfield energy of a uniformly mag-
netized thin ferromagnetic film attains its minimum when the magnetization is parallel
to the film. Since the calculation of this energy contribution is time expensive we approx-
imate it with an in-plane anisotropy. This term assures that the system favors in-plane
alignment of the magnetization vectors. Within the film plane the ferromagnet is isotropic

in space (Permalloy).

Zeeman energy: The external static magnetic field H only acts on the ferromagnet and
is expected to be weak enough to leave the antiferromagnet unaffected. That is, magnetic
surface and volume charges are negligible in the antiferromagnet. This assumption is valid

for most experiments.
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3.3 Implementation

Calculations are performed by first choosing the easy axes of the antiferromagnetic grains
randomly in space and then initializing the system by simulating field cooling. After-
wards, the evolution of the magnetization configuration with changing external field H is
investigated.

A Metropolis Monte Carlo algorithm is used to simulate field cooling. Usually, we start
at an initial temperature 7; = 800 K and decrease the temperature in steps of AT = 25 K
towards zero. The direction of the ferromagnetic magnetization is fixed parallel to the
y-axis, whereas the magnetization of the antiferromagnet is variable. Each Monte Carlo
step starts by randomly picking out an antiferromagnetic grain and making three different
trial steps to efficiently sample the phase space [10, 33]: A new magnetization direction
of this antiferromagnetic grain is chosen

1. randomly within a cone of 3° opening angle (the symmetry axis of the cone is parallel

to the old magnetization direction),

2. within any orientation on a sphere (this step is independent of the initial direction

of the spin and thus guarantees ergodicity) and
3. as a simple reversal.

The change of the total energy E. of the system is computed according to Eq. (3.1) and
summing up all grains. Finally, the trial step is accepted with the probability from the
heat-bath algorithm. Without steps one and three the simulations would cost much more
time since directions of lowest energy nearby the initial magnetization or the reversed spin
direction would be found probably long after. At each temperature step 2000 - Ny - IV
Monte Carlo steps are executed, where Ny and Ny denote the number of grains in x- and

y-direction, respectively.

After field cooling (T — 0) an equilibrium configuration is obtained by the numerical
integration of the LLG equation (Eq. (1.33)) at each magnetic field step. The direction
of the external field H is fixed parallel to the y-axis, whereas its absolute value varies
with A(uoH) = 2 mT. However, to avoid unrealistic symmetry effects H has a small

X-component.

The effective field acting on the ferromagnetic grain j is given by (see Eq. (1.34))

; 1 OFot
H  =-——— - . 3.4
eff,F° JStFZZ ( au% )T ( )

Jstrl? represents the total ferromagnetic magnetization of grain j. Similar expressions
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are used to compute the effective fields acting on the sublattice moments of the antifer-
romagnet (we use Jsar &~ Jsp = Js). The equilibrium state is approximately reached for
max{|du/dt|}< 1074, where max{|du/d¢|} gives the largest time derivative of all ferro-

and antiferromagnetic unit vectors u.

Since the system is supposed to be stiff (if one perturbs a state variable slightly, the system
responds rapidly to return to equilibrium), a backward differentiation formula (BDF) is
used for the numerical integration of the LLG equation [9]. This is the most effective
multistep method, which makes use of several past values of y (see Eq. (1.32)) and/or
f(t,¥) to attain a higher accuracy for the ODE.

We use the CVODE code for solving the LLG equation [4, 5]. Since the BDF method is
implicit, a nonlinear algebraic system must be solved at each time step. The nonlinear
system of equations is solved using a Newton method. For this purpose only a few
Newton steps are required, leading to a very large system of linear equations. Within the
CVODE code the system for each Newton step is solved with a Krylov subspace method
(34, 37], which generates the solution iteratively by combining basis vectors of the Krylov
subspace in a linear manner. At each iteration step a new orthonormal basis vector is
added, increasing the dimension of the Krylov subspace by one. The exact solution is
found if the number of unknowns equals the Krylov subspace dimension. However, only

a few Krylov subspace iterations are necessary to obtain the required accuracy.

Instead of the exchange integrals Jr, Jar and Jar_p, the program uses the exchange

stiffness constants Ar, Apr and Aap_r, satisfying the relations

2
Ap = JFaS (3.5)
JarS2
Awr = (3.6)
2
App-r = @ : (3.7)

Additionally, we introduce the in-plane anisotropy constant

J2
Kp=-25 3.8
P (3-8)
of the ferromagnet and set
Ny=N,=N . (3.9)

The following table summarizes the material parameters chosen to approximate bilayer
systems used in GMR read-heads, such as Permalloy/IrMn:
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Ap = 1-107'2 J/m tp = 10-107° m
Axp = 051073 J/m tap = 20-10° m
Appop = —1-10"2 J/m I = 10-10° m

Ki = 1-10° J/m? a = 376-107%m
Ke = —1-10° J/m? T, = 800K

a = 1 N 50 or 60

Js 1T

These are the standard parameters of the computer simulations. In the following chapters
some of the parameters are varied systematically. Only those with differing values are

quoted, whereas the unchanged quantities can be looked up in this table.

Technical Parameters

Damping constant: The results are almost independent of o within a relatively wide
range. However, the limits are more or less unclear. For too small damping constants the
simulations become very time expensive, whereas numerical problems occur for too high

values of a. a = 1 seems to be a good compromise.

Initial temperature: 7T; affects the magnetization configuration of the antiferromagnet
after field cooling. The initial temperature has to be high enough to enable the anti-
ferromagnet to minimize the total Gibbs free energy. We have found that 7; ~ 800 K
satisfies this condition. Beyond 800 K the magnetization configuration and the associated
energy do not change essentially. For example, we found for the standard parameters and
T; = 1200 K an energy difference in the remanent state after field cooling of less than 1%
and hardly any differences in the hysteresis cycles.

Stepsize of the external field: The evolution of the calculated magnetization configu-
ration is almost independent of the stepsize A(ugH). However, for a satisfying resolution

(primarily of the hysteresis cycle) we choose A(yuoH) =2 mT.
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Chapter 4

Results of the Interacting Grain
Model

4.1 Conventions and Methods

4.1.1 Magnetization States

In order to simplify the discussion of the results, we introduce the following notation for

the most important points of the hysteresis cycle (see Fig. 4.1):

positive saturated state, J (approximately) parallel to the y-axis
negative saturated state, J (approximately) antiparallel to the y-axis
positive remanent state

negative remanent state

right intersection point with the magnetic field axis

left intersection point with the magnetic field axis

QQ = v

Additionally, an index number indicates the number of the hysteresis cycle (R, for example

means the positive remanent state of the second hysteresis cycle).

4.1.2 Irreversible Switching

We have to distinguish between reversibly and irreversibly switched antiferromagnetic
grains (or, in a shorter manner, not switched or switched grains) and have a look at the

dependence of the bias field on the arrangement of the switched grains.

An antiferromagnetic grain j has made an wrreversible transition when the relation

J_ o J 4]

kar Wyp g _ kyr - uzp g (4.1)
J J - J J ’
kr - uAF,R| ‘kAF "UARR
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Figure 4.1: Important points of the hysteresis cycle.

M agnetization
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not switched
‘ — >
lR Applied
/' field

Figure 4.2: Difference between reversible and irreversible switching. For an irreversible
transition the inner product kar - uar changes its sign.

switched

UAFR

is fulfilled (see Fig. 4.2). uﬂF,R and ufo,R denote the directions of the antiferromagnetic
sublattice magnetization in the positive and negative remanent state, respectively. Fig. 4.2
makes clear that an angle of greater than 90° between usrr and u,p i is not a sufficient
condition for irreversible transitions. On the other hand, irreversible transitions may

occur for angles less than 90°.

At first sight one could presume to find the largest unidirectional anisotropy for s = 50 %,
where s designates the percentage of switched grains. A closer look reveals that the ar-
rangement of the switched grains strongly affects the exchange bias field since the in-
teracting grain (IG) model explains exchange bias as a consequence of domain walls in

the antiferromagnet. Fig. 4.3 shows different arrays of 8 x 8 antiferromagnetic grains.
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s=125% s=125% s=50% ,
CcC=32 C=18 C:128:2.N:Cmax

'm

p

F

a) b) c)

Figure 4.3: Irreversible and reversible transitions in an antiferromagnetic layer. Black
squares represent irreversibly switched grains, whereas reversibly switched grains are
white. The configurations a) and b) only differ in the circumference of the black areas.
Fig. ¢) shows the arrangement with Cy,,, (periodic boundary conditions).

Irreversibly switched grains are indicated black, whereas the others made reversible tran-
sitions. Both Fig. 4.3.a and Fig. 4.3.b lead to s = 12.5 %, whereas the circumferences C
(in arbitrary units) between switched and not switched grains are not the same. Since C
of Fig. 4.3.b is much smaller than for the left array, configuration 4.3.a would exhibit a

larger domain wall energy and hence a greater exchange bias field.

The highest possible value of C is found for the arrangement of Fig. 4.3.c. s = 50 %
and a maximal splitted configuration yield the theoretical limit (for periodic boundary

conditions)
Crmax = 2-N? . (4.2)

4.1.3 Centerline of the Hysteresis Cycle

As mentioned above, Stiles and McMichael [31] noticed that formula (2.1) for the cal-
culation of the exchange bias field is possibly not the correct way to find He,. Hence,
we introduce a new method to calculate an exchange bias field H,p, for given hysteresis

curves.

The total work done on a ferromagnetic material to change the polarization J from J; to

JQ is
Jo
J1

Aj_,9 is the area between the hysteresis cycle and the polarization axis as depicted in
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Figure 4.4: Total work A; ., to change the polarization from J; to Js.

Fig. 4.4 and consists of heat losses (the most part) and the stored energy difference
between state 1 and 2 [15].

Now suppose an unbiased ferromagnetic layer in an external field. Fig. 4.5.a shows the
hysteresis curve. Agr_, denotes the total work for reversing the magnetization vector
from the positive remanent state (R) to the negative remanent state (R) (see Fig. 4.5.a).
Analogously, Ai_,r is the total work to rotate the magnetization vector back to R. Since
only wniazrial anisotropies are considered in the unbiased film, the two energies satisfy
the relation Ag_,z = Az_g- That is to say, the reversal mechanisms for increasing and

decreasing external field are the same.

For very small ferromagnetic samples it is possible to find deviations in the reversal
mechanisms although the film is unbiased. But in the following we leave this origin of

asymmetric hysteresis cycles out of consideration.

For biased ferromagnetic films the antiferromagnet induces a unidirectional anisotropy in
the ferromagnet, i.e. the energies Az_,z and Ag_,y are not equal anymore (see Fig. 4.5.b).
The exchange bias field usually opposes the external field during field cooling. Accordingly,
we obtain Ar_,5 > Az_gr- That is, an additional amount of work is required to reverse
the ferromagnet to the negative remanent state. The centerline, drawn in Fig. 4.5.b,
subdivides the area within the hysteresis cycle into two areas, equal in size. The hatched
area between the centerline and the y-axis is the unidirectional anisotropy energy Aan;
due to the coupling to the antiferromagnet. Hence, the distance between the centerline

and the polarization axis, ﬁeb, is probably a better measure for the exchange bias field.

From this point of view it is not surprising when we find positive exchange bias fields
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a) Unbiased film b) Biased film

Figure 4.5: Hysteresis cycles of an unbiased a) and a biased b) ferromagnetic layer. The
gray areas indicate the total work required to rotate the ferromagnetic magnetization from

the positive (R) to the negative (R) remanent state and vise versa, respectively. Locating
the centerline of the shifted hysteresis cycle leads to Hgy, .

although the total energy of the positive remanent state is lower than for the reversed

state. This is possible if more irreversible work is done for the backward rotation.

It is worth noting that a large energy difference AF, between the states R and R only
decreases the probability to find positive exchange bias, because AFE} tries to fix the fer-
romagnetic magnetization parallel to the positive y-axis. Stable configurations enhancing
the irreversible work are much more probable to occur for the transition R — R than for
R — R. Moreover, it is possible to approximate the energy difference AFE,,, analytically
(see chapter 2). But owing to the fact that stable configurations in the ferromagnet like
360° domain walls seem to appear unpredictably, it remains unclear how one could give

an expression for the exchange bias field based on a given set of parameters.

To obtain the exchange bias field }NIeb we use the procedure depicted in Fig. 4.6. We split
the magnetization curve into two graphs and calculate their difference. Afterwards, we
integrate the new curve yielding the total area within the hysteresis cycle. The centerline
is located at the half maximum of the integrated curve. For most cases the relation
Hy ~ ﬁeb is fulfilled. However, relatively large deviations of about 20 % or more also
occur, namely for the appearance of remarkably stable magnetization configurations in

the ferromagnet (such as 360° domain walls), leading to stepped hysteresis cycles.
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Figure 4.6: Schematic illustration of the calculation of ﬁeb.

4.1.4 Designation of the Bias Fields

In the following simulations we always calculate both He, (according to Eq. (2.1)) and
H,, for the first hysteresis loop. Negative (or normal) bias fields are represented in
absolute values, whereas a positive shift of the hysteresis curve is indicated by bars (e.g.
2 mT).

4.2 Results for the Standard Parameters

4.2.1 Hysteresis

Fig. 4.7 shows the hysteresis curves for the first, third and fifth cycle. The training effect
leads to a decrease of the exchange bias field and coercivity with increasing cycle number
n. Cycle 3 exhibits a distinct knee between the states C and S, emphasizing the fact
that different mechanisms are responsible for the transitions R — R and R — R. The
equilibrium state is achieved after the fifth cycle, i.e. deviations of following curves are

negligible.

In experiments usually more cycles are required to reach the equilibrium state. According
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Figure 4.7: Hysteresis curves for the standard parameters. The equilibrium state is
reached after the fifth cycle.

1/2

to Eq. (2.3) the exchange bias field decreases with n~'/%. However, our simulations resulted

in a more rapid decrease of the bias field, as depicted in Fig. 4.8.

After field cooling the system is in its absolute energy minimum or in a very low energy
state, respectively. The switching of the ferromagnet from R — R causes several antifer-
romagnetic grains to make irreversible transitions (see Fig. 4.9, left column). When the
ferromagnet rotates back (R — R), not all antiferromagnetic grains switch back again.
After the first cycle a considerable number of grains maintain their new direction (Fig. 4.9,
right column). Due to the intergrain coupling not switched grains are affected as well.
Instead of the original configuration the pinning layer occupies a local energy minimum.
To reach the global minimum again, an additional amount of energy would be required be-
cause of energy barriers between different minima. In contrast to the ferromagnet, where
a stronger external field leads to a polarization vector more parallel to the y-axis, the
alignment of the antiferromagnet by the ferromagnet is limited to the interfacial coupling
strength. Only a further heat treatment could rearrange the antiferromagnet in order to
minimize the total energy again because thermal activation may help to overcome energy
barriers. Actually, finite temperatures could be the reason for a much slower decrease
of the experimentally found bias fields. However, the temperature dependence of the
exchange bias field in the IG model remains to be investigated.
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Figure 4.8: The training effect causes the decrease of the exchange bias field and the
coercive field with increasing cycle number n. A non-linear curve fitting (thin lines) reveals
a more rapid decrease of the bias field than experimentally found.

After the first cycles still a lot of antiferromagnetic grains switch irreversibly from R —
R. But since almost all grains rotate back again, there is no remarkable training effect
anymore. In a simplified picture the system rapidly chooses a certain closed path through
the possible magnetization configurations. That is to say, the system reaches a kind of

dynamic equilibrium.

4.2.2 Energy terms

In the following we discuss the contributions to the total energy Eq. (3.1) except for the
in-plane anisotropy energy of the ferromagnet and the Zeeman energy, because they do
not lead to a deeper insight of the phenomenon of exchange bias. The energy terms

strongly depend on the history of the sample and thus originate the training effect.

Exchange energy of the ferromagnet: Fig. 4.10 shows the exchange energy of the
ferromagnet. Starting at S; the energy Fex r increases with decreasing external field due to
domain formation within the ferromagnet, caused by the coupling to the antiferromagnet
with randomly distributed easy axes. At the distinct peak (uoH ~ —18 mT) the external
field is high enough to rotate the ferromagnet, i.e. the exchange energy of the ferromagnet

has become too high. A further decrease of the magnetic field annihilates ferromagnetic
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domains and thus decreases Fex r. For the transition S; — S, the ferromagnetic exchange

energy behaves analogously.

Exchange energy of the antiferromagnet: This energy is depicted in Fig. 4.11.
When the ferromagnet rotates, about 24% of the antiferromagnetic grains switch irre-
versibly, giving rise to a dramatic change of Fex ar. If one compares the energy differences
AEq ar R, R, ~ 34-107'7 J and AE, g, r, ~ 3.7-107'7 J, one finds that Ee ar is
almost completely responsible for the asymmetry of the states Ry and Ry. This result is
in agreement with our explanation of the origin of exchange bias, given in Sec. 3.2: The
energy involved in forming domain walls between antiferromagnetic grains generates the
shift of the hysteresis loop. When the ferromagnet rotates back, approximately half of
the antiferromagnetic grains do not switch back. As one expects, the energy difference
between the states S, and S; is 1.7- 10717 J, i.e. half of the energy difference between R;
and R;.

Interface energy: Fig. 4.12 shows the interface or spin flop energy. FEj,.r decreases
slightly with decreasing H, down to the external field where the ferromagnet switches.

Ejier then increases due to rearrangements of ferro- and antiferromagnetic spins.

Anisotropy energy of the antiferromagnet: FE,, ar is shown in Fig. 4.13. Owing
to the coupling of the antiferromagnet to the ferromagnet and the exchange coupling
among antiferromagnetic grains the antiferromagnetic spins are not parallel to the easy
axes. When the external field decreases, starting at S;, ferromagnetic domains are formed
because the antiferromagnet tries to reduce its anisotropy energy. Hence, E,,; o drops
with decreasing external field. Below H = 0 the magnetization distribution in the fer-
romagnet becomes more and more perturbed. This permits a further relaxation of the
antiferromagnetic spins, since the external field does not affect the antiferromagnet. After
reversal, the ferromagnet shows a relatively uniform magnetization configuration again,
yielding larger angles between the antiferromagnetic polarization vectors and their easy
directions. Thus, Eniar increases continuously until S, is reached. For S; — S, the

energy F,ni ar behaves very similar.

Total energy: FE. is presented in Fig. 4.14. For a symmetric range of the external
field the system always has the lowest total energy at S;, that is after field cooling. Even
though hysteresis loops are calculated at zero temperature, the original configuration
after field cooling will never appear again as the field is cycled further. The Zeeman term
in Eq. (3.1) is the reason for the linear decrease of Ey, as H increases, although the
ferromagnet is almost saturated. The ratio AFe ar s,-s,/AEiot,s,—s; & 0.85 reveals that
the training effect has its roots mainly in the exchange energy of the antiferromagnet.

The largest training effect occurs for the first cycle.
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Figure 4.9: Images of the pinning layer. Black squares indicate switched antiferromag-
netic grains. The left column shows switched grains for the transition R — R, whereas
the right column shows the situation for a whole cycle. Due to the weak antiferromag-
netic intergrain coupling the antiferromagnetic grains switch individually rather than in
clusters. After the first cycles the pattern of switched grains remains nearly the same.
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Figure 4.10: Exchange energy of the ferromagnet for the cycles 1 and 2. The peaks
indicate the external fields where the ferromagnet switches.
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Figure 4.11: The exchange energy of the antiferromagnet is mainly responsible for the
asymmetry of the remanent states R; and R; and for the training effect.
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Figure 4.12: Interface or spin flop energy. The jump in Ej,., indicates the switching of
the ferromagnet and is due to rearrangements of ferro- and antiferromagnetic spins.
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Figure 4.13: Starting at S;, the anisotropy energy of the antiferromagnet decreases
down to where the ferromagnet reverses. The misalignment of the ferromagnet enables
the antiferromagnetic spins to relax towards the easy axes.
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Figure 4.14: Total energy given by Eq. (3.1). The energy after field cooling (S;) is never
reached again, although the process takes place at zero temperature. Cycle 1 shows by
far the largest training effect.

4.2.3 Magnetization Configuration

Ferromagnetic and antiferromagnetic domains have an important effect on the exchange
bias field. Thus, ferromagnetic domain formation has been studied using several tech-
niques, such as Bitter method, Kerr effect, Lorentz microscopy, Faraday effect or mag-
netic force microscopy. These techniques only allow studies of the ferromagnetic surface
domain formation perpendicular to the interface. Domains parallel to the interface can-
not be observed. The detailed behavior of the domain structure depends on the system
parameters. Usually the domain structure in exchange biased systems is more complex
(that is more sizes, shapes and types of domains) than for single ferromagnetic layers. In
the following we discuss the magnetization configuration of both layers and the observed

correlation for the standard parameters.

The magnetization configuration of the ferromagnet at R; is shown in Fig. 4.15. The
domain structure is mainly affected by the exchange constant Ap. For Ap =1-10712 ]
pronounced uniformly magnetized regions dominate. The domain size is approximately
15 grains or, with a grain diameter [ = 10 nm, 150 nm. If one applies a negative external
field, some regions of the ferromagnet start to rotate clockwise, whereas other regions

rotate counterclockwise. One is able to distinguish these regions already in the remanent
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150 nm) dominate. When a

Ferromagnetic spin configuration in the positive remanent state R;. Pro-

nounced domains with a diameter of about 15 grains (

Figure 4.15

negative external field is applied, some regions rotate clockwise and others counterclock-
state. The direction of rotation is predefined by the antiferromagnet. For decreasing and
increasing fields rotation takes place in opposite directions. This means that parts of the
system rotate irreversibly in high rotational field measurements but not in magnetization
Fig. 4.16 presents ferromagnetic (left column) and antiferromagnetic (right column) spin

wise. These regions can already be distinguished in the remanent state.

reversal [31].

configurations parallel to the x-axis at Ry, R, and Ry, indicated by a color scale. Note that

only one sublattice of the antiferromagnet is shown. Relatively large domains of about
100 nm on average are formed in the antiferromagnet although the easy axes are randomly
distributed in space. This is consistent with thermal annealing and cooling at high fields
which favors formation of uniform domains with a minimum of domain boundary walls.

Reversing the ferromagnet from R; to R; causes several antiferromagnetic grains to make

irreversible transitions. The initially large domains of the antiferromagnet parallel to the
x-axis therefore break up into a number of smaller domains, increasing the domain wall
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energy (see also Fig. 4.11). This means that the number of antiferromagnetic domains
increases when the external field opposes the field cooling direction. The domain size
stabilizes as the domain wall energy balances the energy gained by aligning with the
ferromagnet, i.e. the spin flop energy. Rotating the ferromagnet back to the positive
remanent state Ro, both spin configurations differ from those of R;. The antiferromagnetic
domains are smaller (= 60 nm) as compared with the initial configuration due to the
fact that several grains do not switch back again. This is the origin of the training
effect as mentioned in the last section. The ferromagnetic domains increase just as the
antiferromagnetic ones decrease. At Ry the domain size is approximately 25 grains or 250

nm on average.

For the ferromagnet the perturbation generated by an antiferromagnet with smaller do-
mains varies faster in space than for larger domains. However, the ferromagnetic exchange
coupling tries to even out disordering forces. The smaller the typical length of changes of
the perturbation, the better is the compensation and thus larger ferromagnetic domains
occur in the remanent state (compare R; and R; in Fig. 4.16). This is valid for antiferro-
magnetic domains much larger than the ferromagnetic domain wall width (§ &~ 10 nm for
the standard parameters, see Sec. 4.3.2). For antiferromagnetic domain sizes comparable
to 0, an additional reduction of the antiferromagnetic domains does not affect the domain

size of the ferromagnet. Far away from the ferromagnetic domain wall width the relation

dar R
dF ~ dF,Rl . 1 (44)

dAr
seems to be fulfilled. drgr, and dapgr, denote the domain sizes of the ferromagnet and
antiferromagnet at R;, respectively, and dr and dar are those of any remanent state

(positive or negative).

Each cycle through the magnetization loop brings the system closer to its dynamic equi-
librium in which the hysteresis curve remains constant. Apparently, the first hysteresis
loop causes the largest change of the spin configuration, whereas additional cycles do not

alter the domain structure for the standard parameters significantly.

It is interesting that the position of the domains does not change, apart from the fact that
they become larger or smaller. The configuration after field cooling roughly determines the
pending behavior of the system when an external field is applied. This is in agreement
with experimental results. For example, King et al. [14] found that the way in which
reversal took place was quite reproducible. Additionally, the same group found that local
regions which had been the last to reverse under a decreasing field were the first to return
to their original direction as the field was increased. We observed the same characteristic

behavior.
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Fig. 4.17 shows the antiferromagnetic spin configurations parallel to the y- and z-axis, re-
spectively. Almost no domains are formed along the y-direction because the spin flop
coupling pushes the antiferromagnetic spins towards the xz-plane. Therefore, the y-
component is not free to form domains. Owing to the stray field energy the ferromagnetic
spins rotate within the film plane, that is around the z-axis. The z-component of the
antiferromagnetic spins shows distinct domains which are almost independent of the fer-
romagnetic spin configuration. Antiferromagnetic grains with spins almost perpendicular
to the film plane do not switch and thus determine the direction of the domains. Even if
adjacent grains switch, their z-component remain nearly unaffected because of exchange
coupling to unswitched grains. Therefore, the domains along the z-axis are nearly static

in size and position.
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Ferromagnetic layer Antiferromagnetic layer

Figure 4.16: Domains in the ferromagnet (left column) and antiferromagnet (right
column) along the x-axis at different points of the hysteresis curve. When the ferromagnet
is reversed (R;), the relatively large antiferromagnetic domains break up into a number of
smaller domains. The antiferromagnet does not reach the initial spin configuration again
when the ferromagnet is rotated back (Ry).
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Figure 4.17: Antiferromagnetic spin configurations parallel to the y- and z-axis, respec-
tively. Almost no domains are formed along the y-direction because of spin flop coupling
to the ferromagnet. The domains parallel to the z-axis are almost unaffected by the
rotation of the ferromagnet.
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Figure 4.18: H,,, H, and Hc as a function of Ap. The exchange bias field quickly
increases with increasing exchange coupling and remains nearly constant (=~ 8 mT) for
Ar 2 1-107'2 J/m. To find the correct value of Hc, the given function has to be multiplied
by 10. H shows the inverse behavior of H,. For Ap 2 1-107!2 we found poHc ~ 10 mT.

4.3 Variation of Parameters

4.3.1 Exchange Constant of the Ferromagnet

The dependence of the bias field and the coercivity on the exchange constant Ap
of the ferromagnet is shown in Fig. 4.18. The shift of the hysteresis loop is
small for Ap $0.3-107'2 J/m and almost independent of the coupling strength for
Ap 2 1-107' J/m within a wide range (ugHe, ~ 8 mT). That is to say, a consider-
ably high exchange bias field requires an ferromagnetic exchange constant Ap greater

than a certain threshold value.

The behavior of the exchange bias field has its roots in the percentage s and the pattern
of switched grains (see Sec. 4.1.2) since a change of Ayp leaves the antiferromagnetic
energy terms unaffected. For Ap = 0.1-107'% J/m only 12.3 % of the antiferromagnetic
grains made an irreversible transition, leading to the ratio C/Cpax = 16.8 %, whereas the
constant values of s &~ 21 % and C/Chax =~ 25 % were obtained for Ap > 0.5-10712 J/m.
For low intergrain coupling ripple structure dominates in the remanent state, as depicted

in Fig. 4.19 (left hand side), i.e. the antiferromagnet determines the switching behavior
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Domain structure of the ferromagnet in the remanent state R; for Ag

Figure 4.19

0.1-107!2 J/m (left hand side) and for Ap = 0.5-107'? J/m (right hand side). For
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tes, whereas domains are formed when
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Intergrain coup

Ap increases. The spatial “wavelength” of the ripple structure mainly depends on the

exchange coupling of the ferromagnet.
when the external field reverses the ferromagnet. Thus, the ferromagnet is able to switch

. In fact, for micropolycrystalline films of the kind of

ic grains

only a few antiferromagnet

interest here, experiments showed that the magnetization in a domain is not completely

uniform but exhibits a ripple structure [14]. This is the reason for a small quasi-periodic

variation of the intensity perpendicular to the mean magnetization direction found in

Fresnel images. With increasing Ar the ferromagnetic spins form domains (see Fig. 4.19

tches or not depends on

1C graln swi

on the right hand side). Whether an antiferromagnet

the chosen parameters, the adjacent grains and, first of all, on the direction of the easy

axis. For Ap 2 0.5-107'? J/m the ferromagnet switches all possible antiferromagnetic

. An increase of A has no further effect on s or C'/Chax-

grains

The coercive field falls off rapidly with increasing ferromagnetic exchange coupling and

Iso nearly constant for Ap > 1-107'? J/m. For Ap = 0.1-107'? J/m we found

1S a

11 mT.

ty is only poHc =

1vi

1-107'% J/m the coerc

The increase of the coercive field with decreasing Ar was also reported by Stiles and

McMichael [32].

66 mT, whereas for Ap =

poHc =

To understand the dependence of H¢ of the bilayer system on Ag, first consider a single

polycrystalline ferromagnetic layer with randomly distributed easy axes [33]. If the mag-
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netization is constrained to be uniform over the whole sample owing to a high rotating
external field (rotational hysteresis measurement), the energy of the system is the same for
any orientation of the magnetization vector. The coercivity vanishes since no irreversible
processes occur in the ferromagnet (the rotational hysteresis loss is zero if the field is
higher than the anisotropy field). The same result would be obtained for an infinitely
large exchange constant. Apparently, irreversible processes appear more frequently when

the exchange constant decreases.

For ferro-/antiferromagnetic bilayer systems the rotational hysteresis measurement does
not vanish even for arbitrarily large fields. That is, in these systems irreversible work
is being done during reversal of the ferromagnet even if the exchange constant of the
ferromagnet is infinitely large. These irreversible processes occur in the antiferromagnet
since the interfacial coupling strength is still finite. When the exchange constant of the
ferromagnet decreases, the anisotropy, induced via the interfacial coupling, becomes more
and more dominant. Therefore, H increases with decreasing Ar analogously to a single

ferromagnetic layer.

Figure 4.20: A Fresnel image of remarkably stable 360° wall loops. From Ref. [14].

Several groups, for instance King et al. [14] and Gogol et al. [8], obtained 360° domain
wall loops. The Fresnel image Fig. 4.20 from Ref. [14] shows several loops. Such loops,
once formed, were remarkably stable and stayed in place up to fields of about 30 mT.
Beyond this, the ferromagnetic film appeared saturated. Repetition of the hysteresis cycle
resulted a similar behavior, but the locations of theses loops tended to vary. Furthermore,
they also found less stable lines of 360° domain walls. Note that high stability 360° walls

are not found in single ferromagnetic layers without imperfections or impurities.

In our simulations stable 360° wall loops or lines appeared primarily for
Ap = 0.3-107'%2 J/m. Fig. 4.21 shows hysteresis curves and Fig. 4.22 an image sequence of
the formation and annihilation of an extremely stable 360° loop for this coupling constant.
At poH =~ 30 mT domain walls move together and, rather than annihilating, form a 360°

wall loop. This configuration is stable due to the pinning effect of the antiferromagnetic
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Figure 4.21: Hysteresis loops for Ap = 0.3 -107"2 J/m. Cycle 1 shows distinct knees
for decreasing as well as for increasing external field due to the formation of 360° wall
loops, leading to an enhancement of the required external field of about 100 % to saturate
the pinned layer. The locations of the walls varied for increasing and decreasing fields.
The dashed lines approximate the hysteresis curve without 360° walls. The most stable
configurations usually appeared for the first hysteresis cycle.

layer, leading to a distinct knee in the hysteresis curve. A similar loop in the ferromagnet
and an appropriate knee also occurred for increasing external field. The dashed lines in
Fig. 4.21 represent the approximated hysteresis curve of cycle 1 without the appearance
of exceedingly stable configurations. That is, the 360° loops enhance the external field
required to saturate the ferromagnet by about 100 %. Moreover, this is the reason for the
large difference between pgHg, = 5.5 mT and Moﬁeb = 7.3 mT in Fig. 4.18.

For exchange constants Ap > 0.3-107!? J/m the formation of such walls becomes more
and more energy expensive, whereas for low coupling constants ripple structure hinders
the creation of correlated regions. Additionally, 360° walls appear relatively independent
of the antiferromagnetic exchange coupling, but need a minimum amount of antiferromag-
netic anisotropy energy. For too low anisotropy constants the antiferromagnetic pinning
effect is not sufficient to make 360° walls energetically favorable.

Most important, no impurities or structural defects are needed to originate 360° domain

walls in ferro-/antiferromagnet bilayer systems, contrary to single ferromagnetic films.
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f the creation and finally annihilation of an substan-

1mage sequence o
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tially stable 360° loop for a decreasing external field. At ugH = 30 mT domain walls

Figure 4.22

ffect of the antiferromagnet, form a stable 360°

wall. Parts of the loop remain up to an external field of about 90 mT (see also Fig. 4.21).
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move together and, owing to the p
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Figure 4.23: Dependence of Hg,, He, and Hc on the ferromagnetic thickness, directly
calculated by varying tp. For tp > § the characteristic fields behave like ¢!, whereas large
deviations were found for thicknesses smaller than the ferromagnetic domain wall width.
Only the results for ¢ > 10 nm were used for the nonlinear curve fits (thin lines).

4.3.2 Thickness of the Ferromagnet

The simplest way to vary the intergranular exchange coupling experimentally is to vary
the thickness of the ferromagnetic layer, since the exchange energy of the ferromagnet is
proportional to tr and Ar. However, the Zeeman term in Eq. (3.1) also depends linearly
on the ferromagnetic thickness. In the following we will show that the dependence of
the bias field and the coercivity on Ar determines and explains the behavior of Hg, and
H¢ as a function of the ferromagnetic thickness tp. Furthermore, we compare the results

obtained by directly varying tp with those derived from the results of the last section.

The ferromagnetic exchange energy and the Zeeman energy are dominated by the terms
(see Eq. (3.1) and Eq. (3.5))

l te z
— Aptr - = (Ap ) tpo - 4,
Eex,F a3 " ( F tF,0> 520 pEE (4.5)
/
en = JslteH = JSFtF,O(t—FH) (4.6)
F,0
H
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Figure 4.24: Comparison of He, and H¢ from Fig. 4.23 with the calculated fields Hep cal
and Hc ca, obtained via Eq. (4.8) and Eq. (4.9), respectively. The deviations are small,
except for tp = 1 nm.

with the standard parameter try = 10 nm and the rescaled external field H. Any other
value of trpy works as well, of course. Thus, a variation of the ferromagnetic thickness is
equivalent to the same variation of Ar plus a scaling of the external field according to

t
poH = =2 ugH . (4.7)
tp

Using the standard parameter Apo =1-10"'? J/m one finds the relations

t t

poHen(Arg, tv) = o0 poHes (AF == Arp, tF,o) (4.8)
tp lr0
t t

poHc(App, tr) = ™0 oHe (AF == Aryp, tF,O) . (4.9)
153 tr o

It has been observed experimentally that the hysteresis shift is roughly inversely pro-
portional to the ferromagnetic thickness tg, indicating that exchange bias is an interface
effect [27]. This behavior holds for rather thick ferromagnetic layers (depending on the
material parameters) and is no longer valid when ¢p is smaller than the ferromagnetic
domain wall size § (usually a few nm).
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Since He, and H are almost independent of the ferromagnetic exchange coupling for
Ap 21-107'2 J/m (see Fig. 4.18), we obtain

H, tet
Hotleb i for tp 2 10 nm . (4.10)
poHe oc tg
That is, the asymptotic domain wall width
Ap
= 4.11
) i Kind ( )

of the ferromagnet is approximately 10 nm (for the standard parameters). Kj,q estimates
the anisotropy constant, induced by the antiferromagnet. Using Ap = 1-107'2 J/m,
we find Kj,q &~ 10° J/m3. That is to say, the coupling to the antiferromagnet causes
a ferromagnetic anisotropy constant of the same order of magnitude as the anisotropy

constant of the antiferromagnet.

Fig. 4.23 shows the results for He, and Hc, found by directly varying the ferromagnetic
thickness tg. For tgp > ¢ the exchange bias field and coercivity are, except for small
deviations due to finite size effects, strongly proportional to t; ! as predicted above. Below
the ferromagnetic domain wall width, H¢ increases more rapidly with decreasing tp,
whereas Hy, increases more slowly. These deviations are in agreement with experimental
results and have their origin in the behavior of the characteristic fields with varying Ag
(see Fig. 4.18).

It is worth noting that we found a considerably high positive shift of the hysteresis curve
of pgHe, = 13.5 mT for g = 1 nm and 50 x 50 grains. However, a new simulation with
80 x 80 grains resulted in the (negative) bias field of Fig. 4.23.

The exchange bias field Hep, ca1 and coercivity He car calculated with Eq. (4.8) and Eq. (4.9)
are shown in Fig. 4.24. The results are in good agreement with those obtained by varying

tr except for tg = 1 nm, where a considerably high deviation occurred.

For the standard parameters stable 360° walls appeared for Ap ~ 0.3-107'2 J/m. The
correlation between a variation of ¢ and Ay suggests that 360° loops should also appear for
tr &~ 3 nm, accompanied with marked knees in the hysteresis curves. In fact, simulations
for tg = 3 nm and tgp = 4 nm resulted in extremely stable loops. The sequence of images
in Fig. 4.25 presents the results for tr = 4 nm at different external fields. A relatively
high external field of pyyH =~ —200 mT had to be applied to remove the last part of the

stable configuration.
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4 nm. It starts to form

at about —60 mT and remains up to —170 mT. A high external field of about —200 mT

An extremely stable 360° loop appearing for tg

Figure 4.25

d to annihilate the last part of the loop.

was require
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Figure 4.26: Bias field and coercivity as a function of the antiferromagnetic exchange
coupling Axp. The bias field exhibits a relatively narrow maximum between 0.4-107'3 and
0.7-107! J/m. H¢ decreases continuously with increasing exchange constant, reflecting
that coherent rotation of the strongly coupled grains becomes more and more favorable.

4.3.3 Exchange Constant of the Antiferromagnet

The results of our simulations for varying Aar are depicted in Fig. 4.26. The bias field
shows a pronounced maximum between Axp = 0.4-107'3 and Axp = 0.7-107'3 J/m and
quickly falls off for larger antiferromagnetic exchange constants. Fig. 4.27 makes clear

that the increase of H,p, is a result of the rising ratio C'/Chax-

For low intergrain coupling the antiferromagnetic grains switch individually rather than
in clusters. For decoupled antiferromagnetic spins only grains with an easy axis nearly
parallel to the interface may be dragged by the ferromagnet. Of course no hysteresis shift
or training effect occurs for independent grains. As Aar increases the switching behavior
becomes more and more a collective phenomenon. Finally for Axp > 0.7 -107'% J/m
C'/Cax shows no further increase although s increases as well. In this region a larger
intergrain coupling leads to smaller angles between switched and not switched grains and
therefore to a lower energy difference stored in the antiferromagnetic domain walls, that

is a lower bias field.

In our calculations Hg, changed its sign for Aap 2> 1.6 - 107'% J/m. We found out that

~Y
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Figure 4.27: s and C/Cyayx as a function of Axp. The higher the intergrain coupling the
more grains make an irreversible transition. For Axp 2 0.7- 1071 J/m the ratio C/Ciax
is almost independent of Aap in order to minimize the energy stored in antiferromagnetic
domain walls.

the initial temperature 7; = 800 K of the field cooling process was too small to enable
the bilayer system to reach the energy minimum, resulting in a positive energy difference
between the remanent states R; and R;.

The coercive field Hc as a function of the antiferromagnetic exchange constant drops
continuously. Coherent rotation of considerably large regions takes place for high exchange

energies, leading to diminishing irreversible work being done in the antiferromagnet.

Fig. 4.28 shows the domain structure of the pinning film in the remanent state R; for
Apar = 0.3-107" J/m and Axp = 1.4- 107" J/m, respectively. As one expects, the
antiferromagnet forms larger domains for higher intergrain exchange energies in order to

minimize the domain wall energy.
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Figure 4.28: Magnetization configuration in the antiferromagnet for
Aprp =0.3-107% J/m and Axr = 1.4 - 107" J/m, respectively. ~Obviously, the

antiferromagnetic domain size increases for increasing Axr in order to minimize the
domain wall energy.

4.3.4 Thickness of the Antiferromagnet

The thickness of the antiferromagnetic film has to exceed a certain critical thickness to
find exchange bias (finite size effect [24]). Beyond it experiments show two different
behaviors. First, the exchange bias field increases with increasing tar and decreases after

a maximum. Second, for thick pinning layers (e.g. tar > 20 nm) Hyg, is independent of

tAF.

We found that the exchange bias field reaches a maximum of about 9 mT between 20
and 30 nm and decreases with increasing tsr for thicker antiferromagnets (see Fig. 4.29).
The coercive field increases continuously with increasing thickness and thus reflects the
enhancement of the antiferromagnetic pinning effect. For too thin antiferromagnetic films
both the exchange bias field and coercivity vanish. The antiferromagnetic layer is no

longer magnetic and therefore stops hindering the ferromagnetic rotation.

Larger domains are formed in the antiferromagnet for increasing Aar or decreasing K,
respectively. One may expect that the antiferromagnetic domains remain almost unaf-
fected if one alters tpor because both the exchange energy and the anisotropy energy of

the antiferromagnet depend linearly on tar. Therefore, it should be possible to estimate
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Figure 4.29: Dependence of the hysteresis shift and the coercive field on the antiferro-
magnetic thickness tar. The bias field reaches a maximum of about 9 mT between 20
and 30 nm. H¢ increases continuously with increasing thickness, indicating the increas-
ing pinning effect of the antiferromagnet. In order to get the values of H¢, the depicted
function has to be multiplied by 2.

the exchange bias field with the help of the following simple picture.

Suppose two antiferromagnetic grains with parallel easy axes as depicted in Fig. 4.30. On
the left hand side the configuration with the lowest energy (F|;) is shown. The right
hand side shows an arbitrary situation resulting in a higher energy (E|+). To simplify the
following calculations we assume that the left spin is fixed to the easy axis.

The IG model explains the phenomenon of exchange bias by domain walls formed in the
antiferromagnet. For a rough estimation of the energy difference AE = E|4—E|| it is thus

sufficient to consider only the exchange and anisotropy energies of the antiferromagnet:
! 2 .2
FE = Eex, AF + Eani,AF = —AAFtAF — COS ¥ — KltAFl COS™ «v . (4.12)
a

In order to find the angles oy where E becomes an extremum we need the first and second
derivatives of (4.12)

OE

l
— Apptar — sinag + 2K tapl? sin acos ag = 0 (4.13)
oo lag a
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Figure 4.30: Two antiferromagnetic grains with parallel easy axes. The configuration
with the lowest energy E|| is shown on the left hand side. The right hand side shows a
situation with a higher energy E|+. One spin is assumed to be fixed to the easy axis.

0*E

l
W AAFtAF a CcoS g + 2K1tAFZ2 COS2 Qo — 2K1tAFl2 SiIl2 (o7) s (414)
ag

with two possible solutions of Eq. (4.13).

Case 1: sinag=0 < oqy=0,7

Using Eq. (4.14) we get

ap =0 ... minimum (4.15)

maximum for Apr/2Kial > 1
Q=7 ... saddle point for Axpr/2Kjal =1 : (4.16)
minimum for Apr/2Kjal < 1

Case 2: sinay #0

One obtains

App maximum for Apr/2Kial < 1
cosay = — . . , . (4a7)
2K al saddle point for Axp/2Kjal =1
Since the condition 4
AF
<1 4.18
2K16Ll - ( )

has to be fulfilled for case 2 there is no energy minimum between 0 and 7.

For the standard parameters we find Ayr/2K7al ~ 1/15 < 1, that is the second spin
makes a transition from the global energy minimum g = 0 to the local minimum oy = 7.
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The energy difference becomes

l
AE = Eyr - E\u = 2AAFtAF a . (419)

In most cases the bias field should be proportional to the energy difference between the
remanent states R, and R; (He, o< AE). In consideration of the circumference ratio

C/Chax (see Fig. 4.31) we try
C

Cmax

for the exchange bias field. Of course adjacent spins are not fully parallel or antiparallel.

Hep, ox tAF (4.20)

But the situation should not depend on #Ap, that is a more realistic picture should not

destroy the proportionality in Eq. (4.20).

Fig. 4.32 compares the exchange bias field jigHep, of Fig. 4.29 with the field 119 Hep cal ac-
cording to Eq. (4.20). Both functions agree well, particularly the position of the maxima.
Even local spikes of the bias field between 20 and 30 nm are reproduced by Eq. (4.20),
although the heights do not agree.

The energy difference AE in Eq. (4.19) also depends on Axpr and [. But contrary to tap
a variation of Axp or [ entirely alters the properties of the bilayer system. An important
assumption of Eq. (4.19) was that the antiferromagnetic domain structure remains almost
unaffected by changing the thickness of the antiferromagnet. Therefore, Eq. (4.19) cannot

be applied to a variation of [ or Aap, respectively.

The IG model assumes homogeneous magnetization configurations within the antiferro-
magnetic grains. Of course this assumption is not valid beyond some antiferromagnetic
thickness, depending on the system parameters. We expect that the results of the IG
model are reliable for antiferromagnetic thicknesses up to at least 50 nm.
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Figure 4.31: C/Cpa.x and s versus the antiferromagnetic film thickness txr. Beyond
tar ~ 20 nm s and C/Cpax quickly fall off, resulting in a diminishing bias field.
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Figure 4.32: A comparison of jigHe, found by directly varying tap with poHebcal ac-

cording to Eq. (4.20). The results agree considerably well, in particular the position of
the maxima.
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Figure 4.33: s and C/Cp.x as a function of the anisotropy constant K;. For
K 2 10° J/m? both functions behave quite similar, whereas C'/Cy,ax remains nearly con-
stant for K; < 10° J/m3. For decreasing K; growing clusters of antiferromagnetic grains
switch as the ferromagnet reverses since s increases with decreasing anisotropy constant.

4.3.5 Anisotropy Constant of the Antiferromagnet

The anisotropy constant K; mainly affects the switching behavior of the antiferromagnetic
grains. Fig. 4.33 shows the percentage s of switched grains and C/Cpax as function of
K. Apparently, s quickly decreases with increasing K; because it becomes more and
more difficult to switch antiferromagnetic grains with easy axes not almost parallel to
the interface. Beyond K; =~ 1-10° J/m? the ratio C/Cpnax behaves in a similar way.
However, below K; ~ 1-10° J/m? the circumference of switched areas is almost constant,
indicating that switching of antiferromagnetic clusters becomes important. Additionally,
the mean value of the angles between switched and not switched grains and thus the

energy difference AE between R; and R, falls off, resulting in a lower bias field.

Fig. 4.34 summarizes the calculated hysteresis shift and coercive field versus K, verify-
ing the considerations above. With increasing anisotropy constant the increasing energy
barrier induced by the antiferromagnet causes the coercivity to rise although s falls off.
Irreversible transitions of antiferromagnetic grains contribute to coercivity. But as K;
increases irreversible work being done in the pinned layer becomes important and finally

dominates. That is, even though s is rather small coercivity can rise with K.
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Figure 4.34: Bias field and coercivity versus K;. The function H¢ has to be multiplied
by 2 to obtain the correct coercivity. H¢ increases continuously with increasing K; due
to irreversible work within the ferromagnet. The bias field reaches a maximum of about
9 mT for K; ~ 0.9 —1.1-10° J/m3.

In several experiments the ferromagnet decouples for large antiferromagnetic anisotropies
because it cannot drag antiferromagnetic spins [27]. Consequently the coercive field falls
off which is in contrast to our results. However, other systems show an increasing coercive
field for increasing antiferromagnetic anisotropy [38]. We expect that Hc as a function of

K, behaves different for different exchange constants.

4.3.6 Interface Coupling

The dependence of the exchange bias field and coercivity on the interfacial coupling
strength Aap_p is shown in Fig. 4.35. Although the characteristic fields fluctuate for
|Aap—r| 2 11072 J/m, their mean values are almost independent of the interfacial cou-
pling strength due to the constant ratio C/Cpax =~ 29 %. Moreover, Axp_r does not
act on the relevant energy terms Fex ar and Eun. For |Aap_r| < 11072 the percent-
age C/Chax decreases rapidly with decreasing interface coupling constant. For exam-
ple C/Chax = 6.1 % for App_r = —0.5-1072 J/m. Obviously, He, and Hg vanish for
Aar_r — 0 J/m (coherent rotation of the ferromagnet).

For given parameters of the bilayer system a minimum strength of the spin flop coupling

74



T T T T T T | T
16+ — —
o—o HyHy
E—EHOHeb \
121 A-AuoHC |
~ | _
S5
T 8r
o
=
4 _
1 | 1 | 1 | 1 | 1 | 1 | 1
o‘d 1 2 3 4 5 6 7

-12
Aupp (107 Im)

Figure 4.35: H.,, Hs, and H¢ as function of the negative interfacial coupling constant
—Aap_p. For |[Aap_p| 2 1-10712 J/m the characteristic fields fluctuate but the general
behavior is almost independent of Axrp.

is required to switch all possible antiferromagnetic grains. A further increase of |Axp_r|
does not result in a higher percentage s of switched grains. Hence Hg, and H¢ remain

nearly constant.

The difference between H,, and ﬁeb is negligible because stable configurations cannot be
originated by changing the interfacial coupling strength.

4.3.7 Grain Size

Experimentally, the role of the grain size in exchange bias remains more or less unclear
[27]. Some of the effects of the grain size are expected to be similar to the thickness effects.
The results from different studies, however, seem to depend on the specific system and
conditions. As the grain size changes, probably other parameters are affected substantially
as well. Some systems show an increasing bias field for increasing grain size while other
experiments resulted in an inverse behavior.

Fig. 4.36 shows the results of our simulations for Ap = 0.5-107'% J/m. H( increases
continuously while Hg, exhibits a maximum (puoHep &~ 10 mT) between | ~ 8 nm and

I ~ 13 nm. King et al. [14] calculated average grain sizes of 7-8 nm for NiFe/IrMn bilayers
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Figure 4.36: Dependence of Hg,, Hg, and Hg on the grainsize [. The function of
H¢ times 2 gives the right coercive field. The behavior of H( results from the anisotropy
energy term. The bias field attains its broad maximum of about 9 mT on average between
[~7—13 nm.

by randomly measuring a large number of crystallites (> 40) from dark field Fresnel im-
ages. Since [ plays an important role in all energy terms of Eq. (3.1) a rigorous explanation

of the characteristics in Fig. 4.36 is not possible.

If one increases the grain size [ one increases the antiferromagnetic anisotropy energy,
the spin flop term and the Zeeman energy relatively to the exchange energy terms. Thus
the increase of the coercive field can be explained analogously to Sec. 4.3.5. For [ 2 15
nm the percentage s of switched grains decreases rapidly (s = 20.7 % for [ = 10 nm,
s = 10.4 % for [ = 17 nm), yielding a decreasing hysteresis shift. Although s increases
with decreasing [, the ratio C'/Cpax remains almost constant (C/Cpax =~ 22 %). The
energy difference AF between the remanent states (stored in antiferromagnetic domain
walls) decreases. Since AE mainly influences the bias field, the hysteresis shift also falls
off.

360° domain walls may occur for [ 2 13 nm , indicating that the ferromagnetic exchange
energy is then weak enough relative to the antiferromagnetic anisotropy energy. Such
stable configurations are the reason for the differences between H, and I:Teb for | = 13,
14 and 15 nm.
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4.3.8 Remarks on the Antiferromagnetic Anisotropy

A comparison of Fig. 4.29, Fig. 4.34 and Fig. 4.36 clearly reveals a strong correlation
between a variation of {xr, K; and [. The energy term responsible for the observed
similarity is the antiferromagnetic anisotropy term which mainly determines the behavior

of the pinning layer and thus of the whole system.

The antiferromagnetic thickness also affects the antiferromagnetic exchange term. But
the fact that H¢ decreases with increasing Ap is apparently eliminated or overlapped by

the anisotropy term.

The grainsize [ plays a role in all energy terms. The exchange energies depend linearly on
| whereas the other terms in Eq. (3.1) vary with (2. Since Hg, and H¢ are not strongly
affected by the interface coupling (see Fig. 4.35) and the Zeemann term only acts on the

ferromagnet, a variation of | primarily influences the antiferromagnetic anisotropy.
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4.4 Textured films

The results of the previous sections assumed a flat distribution of anisotropy axes over all
possible orientations. This is not the best approximation of several experimental samples
where the structure of granular materials may show on average a preferred orientation
for antiferromagnetic crystalline axes. For example, King et al. [14] conclude from x-ray
diffraction patterns taken on NiFe/IrMn bilayers that the granular IrMn layer is highly
textured with the (111) direction of the grains perpendicular to the interface. Fuke
et al. [7] investigated IrMn single layer films deposited on thermally oxidized Si(100)

substrates. The fcc IrMn film also showed a (111) preferred orientation.

IrMn for exchange biased bilayer systems are used in the disordered fcc () phase [1]
(Tx =~ 600 — 750 K depending on at% Mn). The average spins on each (002) plane
are aligned parallel along the c-axis with alternating signs on neighboring (002) planes.
In terms of magnetic anisotropies, a (111) texturing corresponds to an average angle
between the easy axes and the interface normal of

_ 1
0 = arccos — = 54.74° . 4.21
7 (4.21)
The problem at hand is to generate easy axes with the requested distribution on the

surface of a sphere with the mean value of 6.

4.4.1 General Aspects of Arbitrarily Distributed Easy Axes

Easy directions are represented in spherical coordinates 6 € [0, 7] and ¢ € [0, 27). Fig. 4.37
depicts an unit sphere with surface elements AA = sin § AOA¢. For randomly distributed
easy axes in space surface elements that are equal in size have the same probability to
contain easy axes. Since AA varies with sin @ for constant Af and A¢ the distribution
of the azimuth angle has to be uniform whereas the randomly chosen polar angle has to
show a sin f distribution in order to find easy axes actually random in space. For example
Fig. 4.37 shows two surface elements AA; and AA, at § = § + ¢ with the same Af and
A¢ but different sizes. In the (8, ¢)—diagram below they are represented by AA; and
AA,, equal in size. That is, a uniform distribution of polar angles would not lead to a

uniform distribution in space.

Now consider an arbitrary distribution function f(6) on the surface of the unit sphere
with the symmetry condition f(f + &) = f(0 — £). f(0)AA gives the number of easy
axes within AA at §. If f(f) denotes the distribution function in the two dimensional

(0, #)—diagram, the relation

f(O)AA = f(0)sinf AOAG = F(O)AOA = f(O)AA (4.22)
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Figure 4.37: Unit sphere with surface elements AA; and AA; (AA; > AA;) symmet-
rically arranged at § ~ 54.74°. For given Af and A¢ the area of a surface element AA
varies with sin@. In the (0, ¢)—diagram below the areas are represented by the equally
sized elements AA; and AA,. Thus, for randomly oriented easy axes the probability for
the polar angle 6 is sin 6.

must be fulfilled. Hence we get

f(0) = f(0)sinf | (4.23)

i.e. to obtain the correct spatial distribution of the easy directions, the probability function
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Figure 4.38: The von Neumann rejection method for generating random points x with
the weight w(z). According to the test (4.24) we accept z; and reject xo.

of the polar angle @ must be f(#). To originate f(#) we make use of the von Neumann

rejection method.

Rejection Method of von Neumann

Von Neumann introduced a simple method for generating random points with a proba-
bility distribution w(z) [18]. Suppose a graph of w(x) versus z within a box limited by
a horizontal line at wy and a vertical line at z, as depicted in Fig. 4.38. The condition
wo > w(zx) for all values of x within the box must be fulfilled. Now we generate uniform
distributions in x and y with the maximum ¥y value equal to the height of the box wy and

make the following test for each pair (z;,y;):

if y; <w(x;) ... accept z;, (4.24)
if ;> w(z;) ... reject ;. '

The accepted x; values will have the weighting w(z).

80



u@® 9@)

0?0
- -
0 T11/2 Tt
u@
). sin@
| Y
s T[/2 o 0 T2 11

Figure 4.39: Above: Uniform (u(f)) and Gaussian (g(#)) distributions of the antifer-
romagnetic easy axes in space, symmetrically arranged about 7/2. Below: Demanded
distributions for the polar angle  according to Eq. (4.23).

4.4.2 Uniform and Gaussian Distributions

Additionally to the totally random orientation of the easy axes we considered uniform
(u(0)) and Gaussian (g(f)) distributions in space with the mean value § ~ 54.74° and

standard deviation ¢ according to

W) = %@_M(e—e‘) , (4.25)

g(0) = ﬁexp{—%} , (4.26)

with the modified Heavyside function

®a b(J?) =

)

(4.27)

1, fora<z<b
0, else.

In order to improve the numerical behavior the directions kap in Eq. (3.1) are chosen
symmetrically around 6 = 7/2. Fig. 4.39 illustrates the probability functions. () and
g(0) are calculated via Eq. (4.23). For ¢ — oo both functions converge to sin @, i.e. to the

fully random case.
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Figure 4.40: poH., and ,uOItN[eb for uniformly distributed easy axes versus the distribu-
tion width ¢ compared with the results for totally random oriented preferred directions

(standard parameters and Ar = 0.5-107'2 J/m). o has to exceed ~ 35° to provide enough
easy directions nearly parallel to the film plane, resulting in high bias fields.
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Figure 4.41: Dependence of poH., and uoffeb on the standard deviation o for the
Gaussian probability function (standard parameters and Ar = 0.5-107'% J/m). The
shift of the hysteresis curve increases more rapidly with increasing o than for the uniform
distribution. At o = 40° the difference between poHe, and pgHep is considerably large
due to stable 360° walls formed within the ferromagnet (see also Fig. 4.43 and Fig. 4.44).
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Figure 4.42: Dependence of s on ¢ for uniform and Gaussian probability functions
compared with the percentage Sranqom Obtained for fully randomly oriented axes (standard
parameters and Ar = 0.5-10 2 J/m). s, increases more rapidly because the probability
function is broader than for the uniform one. For ¢ 2 35° we found s, > s, due to the fact
that the uniform distribution function leads to more grains with easy directions almost
in plane than the Gaussian probability function.

Fig. 4.40 gives the calculated bias fields for uniform distribution of the easy axes for
different widths o of the probability function. The results for Gaussian distributed
preferred directions are shown in Fig. 4.41. We used the standard parameters and
Ap =05-10712 J/m.

The axes distribution has the largest effect on the bias field only when the spread in angles
is small. The reason for this is that only the fraction of grains with easy axes relatively
well aligned parallel to the interface contribute to exchange bias. In the uniform case the
bias field is small in a wide range of o compared to the random field Hep, random because
unless o ~ 35° no easy directions are parallel to the interface (f = 90° means easy axis
parallel to the film plane). For Gaussian distribution the bias field starts to increase
already at about 15° due to g(7/2) >0, Vo > 0.

In both cases easy directions almost perpendicular to the interface (f =~ 0) are suppressed.
Therefore the bias field for randomly distributed axes will in general be less than the bias

fields for textured samples with all other factors being equal if the assumption of large
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Figure 4.43: Hysteresis curves for Gaussian distribution and ¢ = 40° (standard param-
eters and A = 0.5-107'2 J/m). Two stable 360° lines lead to a huge deformation of the
first hysteresis cycle in the third quadrant. At ugH = —80 mT the first line disappears
whereas the second remains up to ugH = —106 mT (see Fig. 4.44).

standard deviations is fulfilled. It is relevant to note that the maximum bias field does

not strongly depend on the shape of the probability function.

Fig. 4.42 shows the percentage s of switched grains, reflecting the characteristics of the
bias fields. That is, the width o of the distribution, the percentage s of switched grains
and the bias shift are clearly correlated. In particular it shows that for ¢ < 30° more
grains switch irreversibly for the Gaussian distribution. C'/Ch,.x behaves very similar and

is therefore omitted.

Contrary to the bias field, the coercive field is not strongly affected by the width of the
probability functions and fluctuates almost independently of o between 15 and 25 mT.
Irreversible switching in the antiferromagnet is necessary for bias field formation. Coer-
civity observed through the ferromagnet may be enhanced by irreversible switching in the

antiferromagnet, but ferromagnetic coercivity may also exist independently.

The large difference between pgHe, = 6.9 mT and uoffeb = 15.0 mT for Gaussian distri-
bution and o = 40° (see Fig. 4.41) results from extremely stable 360° walls formed in the

ferromagnet. Fig. 4.43 shows the hysteresis curve which exhibits a huge deformation in
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An image sequence of the formation and disappearance of two extremely
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0.5-10712 J/m). The first line disappeared at —80 mT, the second at —106 mT.

stable 360° lines for Gaussian distribution and ¢ = 40° (standard parameters and

Figure 4.44
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Figure 4.45: Exchange bias field as a function of ¢t for textured and untextured films.
A Gaussian distribution of the antiferromagnetic easy directions with ¢ = 20° was used to
mimic the textured pinning layer. The maximum clearly shifts towards lower thicknesses
for textured films. Namely from between 22 and 28 nm for the untextured film to 16 nm
for the textured layer.

the third quadrant due to stable configurations, leading to a three times larger external

field (=106 mT) required to saturate the ferromagnet.

Fig. 4.44 presents an image sequence of these stable 360° lines parallel to the x-axis. The
upper line disappears at puoH = —80 mT yielding the first distinct step in the hysteresis
curve. An external field of ugH = —160 mT also annihilates the lower line and saturates

the ferromagnetic layer, indicated by the second step in the hysteresis cycle.

Texture and Antiferromagnetic Thickness

Van Driel et al. [38] explored antiferromagnetic/ferromagnetic bilayers of Ir;9gMng; and
NiggFegq or CogoFeyg, respectively. The exchange bias field was found to depend strongly
on the degree of the crystallographic (111) texture of the bilayer system. Ta was used as
a seed layer to induce (111) texture in the antiferromagnetic film, analyzed with TEM.
They obtained a shifted maximum of the bias field for textured films as a function of
the antiferromagnetic thickness tpr towards lower thicknesses. A strong similarity was
found between the behavior of the (111) texture and the bias field as a function of the
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antiferromagnetic thickness.

We performed simulations for the standard parameters and Gaussian distribution with
o = 10° and o = 20°, respectively. However, the bias fields for o = 10° were too small to
point out a tendency of the maximum. Fig. 4.45 thus only shows the results for o = 20°
and untextured films (taken from Fig. 4.29). In fact the textured curve is shifted towards
lower tar. The maximum for untextured films lies somewhere between 22 and 28 nm
whereas the bias field for textured films attains its maximum for ¢, &~ 16 nm. That is,
the results of our IG model for textured films agree considerably well with experimental

observations.

Positive Exchange Bias

In several simulations the direction of the hysteresis shift depends on the cycle number.
For example for Gaussian distribution and ¢ = 15° (Ap = 0.5-107'2 J/m) we found
poHe, = 7mT (Mﬂﬁeb = 7.2mT) for the first cycle and pgHe, = 1.9 mT (uofleb =1.2mT)
for the third one although the energy difference AE, ¢, g, was still positive. This is an
impressive argument of our statement that the knowledge of the energy difference between

the remanent states is not sufficient to explain or calculate exchange bias.

Moreover, some simulations lead to negative (i.e. normal) bias fields Hg, but positive
f]eb. For instance, for Gaussian distribution and ¢ = 20° we found for the standard
parameters and tar = 2 nm poHe, = 0.8 mT and Moﬁeb = 0.1 mT. The hysteresis curve
for this set of parameters is quite narrow and thus extremely sensitive to small variations

of the ferromagnetic domain structure.
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Outlook

The influence of finite temperatures on the exchange bias field and the coercivity has not
been investigated yet. One of the problems will be that the hysteresis curve depends on

the waiting time in the reversed state when the temperature is taken into account.

Our simulations assumed periodic boundary conditions. Experiments show that the mag-
netization configuration and the hysteresis curve depend on the shape and the size of the
bilayer system due to strayfield minimization. Thus, it would be interesting to perform

simulations for more realistic boundaries of the bilayer system.

Up to now only a uniaxial anisotropy was considered. It remains to be seen how cubic
anisotropy affects the switching behavior and the shift of the hysteresis loop.
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