Coupling phenomena and scalability
of CoFeB/Ru/CoFeB sandwiches

Dissertation zur Erlangung des Grades
eines Doktors in Naturwissenschaften
der Fakultat fiir Physik der
Universitat Bielefeld

vorgelgt von
Nils Wiese
aus Steinhagen

Februar 2006



Erklarung:

Hiermit versichere ich an Eides statt, dass ich die vorliegende Arbeit selbstéandig verfasst
und keine anderen als die angegebenen Hilfsmittel verwendet habe.

Glasgow, 27. Februar 2006

(Nils Wiese)

Gutachter:

Prof. Dr. Giinter Reiss

Prof. Dr. Markus Sauer

Datum des Einreichens der Arbeit: 27. Februar 2006



Contents

[Introduction] 1
3
[L.1 Tunneling Magnetoresistance (TMR)| . . . . . ... ... ... ... ... .... 3
[1.1.1  Tunneling phenomena in thin film systems|. . . . . . . . . .. . ... .. 3

[1.1.2  Spin-dependent tunneling phenomenal . . . . . ... ... ... ... .. 4

[1.1.3  Typical stack systems for TMR experiments|. . . . . . .. ... .. ... 5

1.2 Interlayer exchange coupling|. . . . . . .. .. ... ... ... ... ... ... 6
[1.2.1  Coupling through non-magnetic spacer layers| . . . . .. ... ... ... 7

[1.2.2  Exchange Bias| . . . . . ... ... ... 12

[1.2.3 Néel coupling| . . . . ... .. ... 14

[1.2.4  Direct ferromagnetic coupling via pinholes| . . . . . . . .. ... ... .. 19

[1.2.5 Stray field or dipolar coupling . . . . . . . ... ... ... . 19

1.3 Magnetization reversal in sub-micrometer magnetic elements|. . . . . . . . . .. 21
[1.3.1  Stoner-Wohlfarthl . . . . . .. ... ... oo 21

[1.3.2  Demagnetization tactors| . . . . . . . . . ... ... 23

[1.3.3  Coercivity in dependence on aspect ratio|. . . . . . . . . ... ... ... 24

1.4 Switching of sub-micrometer sized Ak1 layers| . . . . . ... ... ... ... .. 24
[1.4.1 Spin-flop switching scheme|. . . . . . . . . .. ..o 26

[1.4.2  Spin-transfer switching| . . . . . . . . . . ... oL 27

[L.5  Micromagnetic simulation| . . . . . . . ... oo Lo 28

|2 Preparation and characterization| 32
[2.1 Sample preparation and corresponding techniques|. . . . . . . . . ... ... .. 32
[2.1.1  Thin film deposition| . . . . . . . .. .. ... o 32

[2.1.2  Lithography | . . . . . . . . . . 34

[2.2  Characterization techniques| . . . . . . . . . . .. ... oL 37
2.2.1 Alternating Gradient Magnetometery (AGM)| . . . . . ... ... .. .. 37

[2.2.2  Magneto-optical Kerr Effect (MOKE) Magnetometery| . . . . . . .. .. 39

[2.2.3  Scanning Electron Microscopy (SEM) and electron beam lithography| . . 42

2.2.4  X-Ray Diffractometery (XRD)| . . . . ... ... ............. 42

[2.2.5  Transmission Electron Microscopy (TEM)| . . . . . ... ... ... ... 43

2.2.6  Atomic Force Microscopy, Magnetic Force Microscopy (AFM/MFM)| . . 45
[3__Results and discussionl 48
[3.1 Unpatterned CoFe/Ru/CoFe and CoFeB/Ru/CoFeB| . . . . ... ... ... .. 48
[3.1.1  Experimental and simulated magnetization loops| . . . . . . .. . .. .. 48

13.1.2  Coupling versus spacer thickness| . . . . . .. ... ... ... ...... 49

13.1.3  Dependence of coercivity on () value] . . . . . . . ... ... ... ... 51




Contents iii
[3.1.4  Annealing temperature dependence and stability] . . . . . ... ... .. 53

[3.1.5  Temperature dependence of AF coupling/. . . . . ... ... ... ... . 56

[3.2  Structural investigations on CokeB| . . . . . ... ... ... ... 0. 61
3.2.1  XRD measurements . . ... ... .. ... L 61

[3.2.2 HR-TEM immages . . .. ... ... ... ... ... . ... ... . 63

[3.3  Transport properties| . . . . . . . . .. 64
[3.3.1  MTJ with CoFeB/Ru/CoFeB based soft electrode| . . . . ... ... .. 64

[3.3.2  Improvements of TMR with amorphous CokeB electrodes| . . . . . . .. 65

[3.4  Sub-micrometer sized CoFeB/Ru/CoFeB elements| . . . . ... ... ... ... 66
[3.4.1  Micromagnetic simulation| . . . . . . ... ... ... L. 67

[3.4.2  Experimental results and discussion| . . . . .. ... ... ... ... .. 70

[3.4.3  Spin-flop switching| . . . . . .. ... Lo 76

3.44 MIFM on sub-micrometer scaled elementsl . . . ... ... ... ... .. 79

3.5  Exchange bias|. . . . . . .. .. 34
[3.5.1 Suitability of CokFeB based AFis as a hard magnetic electrode] . . . . . . 84

[3.5.2  Sub-micrometer scaled, CokeB based hard electrodes| . . . . . . . .. .. 86

o1
[A_NanoMOKE2™ 94
AT OVIVIEW! -« o o v v o o e e e 94
[A.2 Specifications| . . . . . . . .. 94
IA.3 Hardware modificationsl . . . . . . . . . .. .. ... oL 95
[A.3.1 Temperature stage| . . . . . . . . . ... 95

|A.3.2 Simultaneous measurement of Kerr and magneto-transport signal| . . . . 95

[A3.3 Strain sensorl . . . . . ... 96

[A.4 Software add-onsl . . . . . . . . . .. 96
[A.4.1 Automated asteroid measurement and evaluation| . . . . . . .. ... .. 96

[A.4.2 Position dependent measurement (Mapping)[. . . . . . . . ... .. ... 96

[A 4.3 Alignment|. . . . . . ... 97

[A4.4 Field Calibrationl . . . . . . . .. ... oo 97
[Acknowledgement] 99
References 109



Publications

e N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, H. Briickl, and G. Reiss, Antiferromag-
netically coupled CoFeB/Ru/CoFeB trilayers, Appl. Phys. Lett. 85, 2020 (2004)

e T. Dimopoulos, G. Gieres, J. Wecker, N. Wiese, and M.D. Sacher, Thermal annealing of
Junctions with amorphous and polycrystalline ferromagnetic electrodes, J. Appl. Phys. 96,
6382 (2004)

e N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, H. Briickl, and G. Reiss, Antiferro-
magnetically coupled CoFeB/Ru/CoFeB trilayers, J. Magn. Magn. Mater. 290-291, 1427
(2005)

e N. Wiese, Untersuchung von sub-jum Strukturen mit dem NanoMOKE2™ - ein Anwender-
bericht, LOT-Spectrum 99, p. 7, (2005)

e T. Dimopoulos, G. Gieres, N. Wiese, J. Wecker, Y. Luo, and K. Samwer, Large tunnel
magnetoresistance with plasma oxidized MgO barriers, J. Appl. Phys. 98, 073705 (2005)

e N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, and G. Reiss, Switching behavior of
sub-um sized, antiferromagnetically coupled CoFeB/Ru/CoFeB trilayers, J. Appl. Phys. 98,
103904 (2005)

e T. Uhrmann, L. Bér, T. Dimopoulos, N. Wiese, M. Riihrig, and A. Lechner, Magnetostric-
tive GMR sensor on flexible polyimide substrates, submitted for publication in J. Magn.
Magn. Mater.

e N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, G. Reiss, J. Nogues, and J. Sort, Strong
temperature dependence of antiferromagnetic coupling in CoFeB/Ru/CoFeB, in preparation.

e N. Wiese, M. Riihrig, J. Wecker, A. Drechsler, G. Tarrach, and H.J. Hug, MFM imaging
of uncompensated spins in sub-micrometer sized IrMn/CoFeB samples, in preparation.

Conferences

e N. Wiese, T. Dimopoulos, G. Gieres, M.D. Sacher, and J. Wecker, Comparative study
of magnetic tunnel junctions with CoFe and CoFeB ferromagnetic electrodes, DPG Friih-
jahrstagung 2004, Regensburg, Germany

e N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, H. Briickl, and G. Reiss, Untersuchung
der antiferromagnetischen Kopplung in CoFeB-Systemen, DPG Friihjahrstagung 2004,
Regensburg, Germany

o N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, H. Briickl, and G. Reiss, Magnetic
properties of antiferromagnetically coupled CoFeB/Ru/CoFeB, Joint European Magnetic
Symposia (JEMS), 2004, Dresden, Germany



e N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, and G. Reiss, Schaltverhalten amorpher,
nanostrukturierter CoFeB Elemente, DPG Friihjahrstagung 2005, Berlin, Germany

e N. Wiese, T. Dimopoulos, M. Riihrig, J. Wecker, and G. Reiss, Switching of sub-micrometer
CoFeB/Ru/CoFeB artificial ferrimagnets, Euromat Congress 2005, Prague, Czech Republic

e N. Wiese, T. Dimopoulos, M. Riihrig, and G. Reiss, Strong temperature dependence of
antiferromagnetic coupling in CoFeB/Ru/CoFeB, submitted contribution for the DPG
Friihjahrstagung 2006, Dresden, Germany



Introduction

In the past decades, the increasing demands of information and communication technology
have been the driving force for the rapid improvements of semiconductor devices. The future
demands for all fields of semiconductor production are regularly predefined by the International
Technology Roadmap for Semiconductors (ITRS) that identifies the technological challenges
and needs over the next 15 years H It requires high efforts to continue with this fast progress,
making smaller and faster devices that consume less power and operate with higher reliability.

Furthermore, additional functionalities like non-volatility or fast reconfigurable logic devices
are desirable. By using not only the charge of an electron, but also the spin degree of freedom,
the so-called magnetoelectronic (or spinelectronic) devices promise to fulfill these requirements.

Using thin magnetic multilayer systems, a variety of magnetoelectronic devices and potential
applications have been developed, e.g., sensor elements in read heads of hard disks [I], angle
[2] or strain sensors [3], magnetic random access memories (MRAM) [4], or even magnetic logic
devices (M-Logic) [5 [6].

Although, possible applications are one of the challenging aspects for studies of spinelectronics,
they just have been enabled by a variety of fundamental scientific results, that have been
published in this field within the past decades. Milestones in science related to spin-dependent
devices have been, e.g., the discovery of spin-dependent tunneling phenomena by JULLIERE in
1975, the giant magnetoresistive (GMR) effect by GRUNBERG ET AL. in 1986, the effect of
oscillating coupling in thin multilayer systems of two ferromagnets separated by a thin non-
magnetic spacer layer by PARKIN ET AL. in 1990, the studies of exchange bias effects between
thin layers of antiferromagnetic and ferromagnetic layers by MEIKLEJOHN and BEAN in 1956, the
spin-injection experiments by JOHNSON and SILSBEE in 1985 [7], the proposed spin-transistor
by DATTA and DAs in 1990 [§], and the spin-transfer switching predicted by SLONCZEWSKI
and BERGER in 1996 [9, [I0]. Reviews about the emerging field of spinelectronic for both
fundamental research and industrial applications are given, e.g., in Refs. [111, 12} 13], 14} [15].

The work of this thesis has to be seen in the context of magnetoresistive phenomena and
their applications. It was the aim of this thesis, to implement a new material system, an
amorphous CoFeB alloy, and to study its properties in magnetic tunnel junctions (MTJ). Main
focus was the investigation of the coupling phenomena in these materials and the effect for
their technical application. The work is relevant for application in magnetoresistive devices and
partly has been carried out within the project "Magnetoresistive logic devices". The financial
support of the German Ministry for Education and Research is gratefully acknowledged (grant
no.13N8208).

In order to compete with the rapid downscaling in feature size of silicon semiconductors,
the spin-dependent devices will also have to be scaled down to the sub-micrometer range. In
the second part of this thesis, therefore, the aforementioned concepts have been transferred
to elements of sub-micrometer size. In order to get access to this small scale at experiments,
patterning has been performed by electron-beam lithography, leading to sizes comparable to

the latest version and additional information about the ITRS can be found at http://public.itrs.net/



Introduction 2

recent MRAM devices. In order to characterize the resulting patterns, a magneto-optical Kerr
effect setup has been purchased, installed, and modified. A systematic study of the switching
behavior as well as the related coupling phenomena at sub-micrometer size is presented.
Emphasis is given at the interlayer exchange coupling and the exchange bias effect.

Most of the phenomena for spin-dependent devices listed above are relevant for the discussion
of the measurements presented in this thesis. Therefore, the first chapter covers a short
introduction to most of them. The second chapter highlights the measurement methods used
within this thesis. In the third chapter, the experimental results are presented and discussed.
This chapter is separated into three main sections, covering the experiments at unpatterned
magnetic multilayers, at patterned samples, and the studies of exchange bias effect. In the last
chapter, the thesis is summarized and an outlook for further interesting investigations is given.
In the appendix, the software and hardware modifications done at the magneto-optical Kerr
effect setup are presented.

Comment on the units in magnetism

In the field of magnetism, the cgs system is still often used for magnetic properties. Wherever
possible and useful, the SI system is used in this thesis. Nevertheless, since all micromagnetic
simulation software use cgs units, the cgs system is sometimes used in the discussion of simulation
results. The cgs system is also used in some of the figures which have been reproduced from
other publications.

An overview of the most important magnetic quantities and their cgs and SI units is given
in table along with conversion factors.

Parameter cgs unit conv. factor Sl unit
Magnetic flux density B gauss (G) 10~* tesla (T), Wb/m?
Magnetic flux ¢ maxwell (Mx), G-cm? 1078 weber (Wb), Vs
Magnetic field strength | H oersted (Oe) 103 /47 A/m
(Volume) magnetization | M emu/cm? 103 A/m
(Volume) magnetization | 47 M gauss (G) 103 /47 A/m
Magnetic moment m emu, erg/G 1073 A-m? J/T
Permeability w dimensionless 4 x 1077 | H/m, Wb/(A-m)
Demagnetization factor | N dimensionless 1/47 dimensionless
Anisotropy constant K, erg/cm3 107! J/m3
Interlayer coupling J erg/cm? 1 mJ/m?

Tab. 0.1: Magnetic quantities and their units in the cgs and S| systems, respectively. In order to
convert from cgs units into Sl units, one has to multiply the cgs units with the given
conversion factor.



1 Theory

The main motivation for investigating coupling phenomena in CoFeB based thin film systems
is their use in magnetoresistive devices. In this chapter, the basics needed for understanding
the discussed phenomena are introduced.

Therefore, the first section will include a short overview of tunneling phenomena in thin film
systems, with a special emphasis on the spin-dependent tunneling effect used in magnetoresistive
devices. In the second section, there is a treatment of the coupling phenomena in magnetic
multilayer systems, that are important for the samples under investigation. In the third section
the switching properties of sub-micrometer magnetic elements by means of the Stoner-Wohlfarth
model are discussed. This model is then applied in the following section to sub-micrometer
scaled artificial ferrimagnets.

1.1 Tunneling Magnetoresistance (TMR)

1.1.1 Tunneling phenomena in thin film systems

From the classical point of view, a particle can overcome an energy barrier only if its energy is
higher than the barrier height. If tunneling processes are taken into account, they have to be
described using the quantum mechanical framework. Here the tunneling process is described as
a transmission probability of particles (e.g. electrons passing from one to the other electrode)
through a potential barrier (e.g. a thin film of insulating material like AlO, or MgO).

In figure the tunneling in a metal-insulator-metal (M/I/M) system is visualized. Consid-
ering an incident electron wave W(0) crossing a potential barrier, a part of it will be reflected,
and the other part will enter the barrier. Its intensity decays exponentially across the barrier
thickness. If the barrier is thin enough (of the order of one nm), the wave function ¥p at the
right side of the barrier differs from zero. Therefore, the electron will not have a vanishing
probability of passing the barrier, given by T'(E) = %.

In a tunneling system with an applied bias voltage, V', the number of electrons tunneling
from the left to the right electrode is given by the product of the density of states at a given
energy in the left electrode, D;(E), and the density of states at the other electrode, Dy(F),
multiplied by the square of the matrix element |M|?, describing the probability of tunneling.
Furthermore, one has to take into account the probability that the states at the left electrode
are occupied, described by the Fermi-Dirac function f(FE), and the probability that the states
at the right are empty, [1 — f(E + eV)]. This results in a tunneling current, given by [17]

La(V) = / " Di(B) Dy(E + eV)\MPFE) L - f(E +eV)|dE (11)

A similar equation can be given for the electrons traversing from the right to the left, and
the total tunnel current is given by I; 2 — I2 1. If no bias voltage is applied across the barrier
(i.e. eV = 0), the quantity of electrons traversing from left to right and from right to left will
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Fig. 1.1: Tunneling in metal-insulator-metal structures. (a) Electron wave function decays exponen-
tially in the barrier region, and for thin barriers, some intensity remains in the right side.
(b) Potential diagram of a M/I/M structure with applied bias eV [16].

balance each other. The system will stay in equilibrium, with the Fermi levels at the same
energies.

One simple way to solve equation [1.1| has been shown by SIMMONS [18]. As approximation of
an arbitrary barrier, he assumed a rectangular energy barrier of mean height ¢. He then used
a step-function, i.e. the Fermi-Dirac function at 7' = 0, and the WKB approximation (named
after Wenzel-Kramers-Brillouin) to obtain the matrix elements of |M|?. Simmons’ approach
only takes into account a symmetric M/I/M system with the same material and density of
states on both sides. This simple model was extended by BRINKMAN ET AL. describing an
asymmetric M/I/M junction by using an additional asymmetry parameter Ay [19].

Neither of the models considers the dependence of the transport characteristics on the
electronic density of states (DOS) in the electrodes. However, the simplified models of Simmons
and Brinkman can qualitatively describe the experimentally observed I — V' characteristics in
spin-dependent tunneling elements at least for small bias voltage.

1.1.2 Spin-dependent tunneling phenomena

Spin-dependent tunneling was discovered by TEDROW and MESERVEY in the early 1970s.
They measured the conduction electron spin polarization (P) of electrons tunneling from
a ferromagnet into a superconducting Al film [20, 21]. Their experiments showed that the
conduction electrons in ferromagnetic materials are spin polarized and that the spin is conserved
during the tunneling process [12].

The first evidence of spin-dependent tunneling was demonstrated by JULLIERE in Co/Ge/Fe
junctions in 1975 [22]. He observed, at low temperatures (7" = 4.2K), a change in resistance
depending on the relative orientation of the magnetizations of the electrodes. He described
the tunneling magnetoresistance (TMR) depending on the spin polarization, P; 2, of the two
ferromagnetic electrodes as

AR_RAPpr_ 2P P

TMR=— = 1.2
R Rp 1-P P ( )

where Rp and Rap are the resistances in the parallel and antiparallel orientation of the
ferromagnetic electrodes, respectively.
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Finally, in 1995, two groups (MIYAZAKI ET AL. and MOODERA ET AL.) independently
reported room temperature measurements of the TMR effect in FM/I/FM systems [23, [24].
These results led to intensive experimental efforts, since the room temperature TMR effect
is the basis for various magnetoelectronic applications, as pointed out in the introduction. A
detailed overview on spin-dependent tunneling can be found, e.g., in Ref. [12].

Influence of barrier material on TMR

After the demonstration of the TMR effect at room temperature, AlO, has become by far
the most commonly studied tunnel barrier. Combined with polycrystalline CoFe or/and NiFe
(permalloy) electrodes, TMR values as high as 50% at room temperature have been obtained.
Recently, amorphous FM electrodes have been employed [25] and, in particular the use of
CoFeB, has further increased the effect to nearly 70% [26].

Due to the technological requirements, a further decrease in the resistance area product
(RA) of the barrier has to be achieved, especially for sensor elements in hard disk drives and
for MRAM applications. This constraint requires a further shrinking of the barrier thickness,
with proven detrimental effects for the TMR (e.g. pinholes) [27]. An alternative to reducing
the barrier thickness, is the use of different barrier materials in order to lower the RA value,
e.g. TaO, ZnS, AIN, and YO, [28| 29, B0, 31]. Unfortunately, to date, almost all alternative
barriers have also led to a smaller TMR.

Experimental efforts have particularly concentrated the last few years on MgO barrier. The
motivation arose from the theoretical predictions that a huge TMR effect of several hundred
percent is to be expected in perfectly ordered (001) Fe/MgO/Fe [32] 33] and CoFe/MgO/CoFe
[34] junctions. The first successful experimental reports were for epitaxial Fe/MgO /Fe junctions
grown by molecular beam epitaxy (MBE), where a TMR effect of 80% was obtained at room
temperature [35]. Recently, for MBE-grown Fe/MgO/Fe MTJs, a room temperature TMR
of 230% has been reported, with a dependence on the barrier thickness in accordance with
the theoretical predictions [36]. Most interestingly, similar results have been simultaneously
reported for sputtered multilayers [37]. There, the MgO barrier has been deposited reactively
in an Ar/O9 mixture. To our knowledge, in the only work concerning plasma oxidized MgO
barriers, a low TMR of ~ 5% has been reported [38]. The low effect has been attributed to the
lack of texture in the barrier, which comprised a mixture of polycrystalline and amorphous
regions. In a recent publication, we have shown that sputter deposited junctions with plasma
oxidized MgO barriers can lead to high TMR values of nearly 60% and additionally offer
low resistance-area product and unsurpassed thermal stability [39]. The current record for
published results on TMR effect has been announced by IKEDA ET AL. from Hitachi with a
TMR of 355% at room temperature and 578% at 5K, forming the barrier by sputtering from a
MgO target [40].

1.1.3 Typical stack systems for TMR experiments

The simplest TMR multilayer system consists of two ferromagnetic electrodes separated by
a thin insulating barrier as shown in figure (a). One of the ferromagnetic layers acts
as a reference or hard magnetic electrode (HE), the other one as a sense or soft magnetic
electrode (SE). The HE should keep its magnetization in the operational field window, while
the orientation of the SE can be changed by an external magnetic field.

This simplest layout of a magnetic tunnel junction device has been improved by several
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(a) (b) (c) (d)

> <«
AFi SE
<« SE - SE < >
-«—> e E— e —
SE , AAF[ AAF{
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—> HE —> —>
+—— HE AFM AFM AFM

Fig. 1.2: Schematics of the "evolution” of MTJ stacks: (a) Single ferromagnetic layer hard and soft
electrode (HE and SE, respectively), (b) exchange biased hard electrode, (c) exchange
biased AAF as hard electrode and (d) exchange biased AAF as hard electrode and AFi as
soft electrode. The arrows indicate the direction of magnetization in the two remanent
states, in case of the antiferromagnet (AFM) they indicate the exchange bias direction.

steps of "evolution" as shown in figure [I.2] To achieve a more rigid reference electrode, the
so-called exchange bias effect, a direct coupling between a ferromagnetic layer and a natural
antiferromagnet (AFM) has been implemented to the multilayer system (see figure (b)). To
reduce the magnetic stray field from the reference layer and to further stabilize the reference
electrode, the ferromagnetic layer within the hard electrode has been substituted by a system
of two antiferromagnetic coupled ferromagnetic layers as shown in figure (c) These systems
are called an Artificial Antiferromagnet (AAF) or Artificial Ferrimagnet (AF'i), depending on
their net magnetic moment. Recently, such a coupled system was also discussed for use as a
soft magnetic electrode as shown in figure [1.2(d).

The underlaying concepts of the above mentioned coupling phenomena (interlayer exchange
coupling, exchange biasing, etc.) will be addressed in the following paragraphs.

1.2 Interlayer exchange coupling

In magnetic multilayers, an indirect interlayer exchange coupling between two ferromagnets
(FM) separated by a non-magnetic spacer (NM) layer is often used. As we will see, these
systems can exhibit a stable ground state, where the two ferromagnetic layers are oriented
antiparallel to each other in zero field.

This antiferromagnetic coupling can be used to compensate the moment of an electrode in
elements used for magnetoresistive devices or sensors, therefore reducing the stray field of this
electrode. Furthermore, the indirect antiferromagnetic (AF) exchange coupling increases the
rigidity of these systems in comparison to a single ferromagnetic layer [41] [42].

In the following, the AF coupled systems will be called Artificial Ferrimagnets (AFi) or
Artificial Antiferromagnets (AAF), depending on the net moment mye; = mj; — mg of the
two layers at the ground state (mAkE' # 0 in case of the AFi, and m{4F = 0 in case of the
AAF). In the literature, the name Synthetic Antiferromagnet (SAF or SyAF) is also found for
these systems. Furthermore, we define such AF coupled systems as a positive (negative) AFi if
t1 > to (tl < tg).

One has to consider different coupling contributions in magnetic multilayer systems, separated
by a non-magnetic spacer. The total interlayer exchange coupling can be regarded as a
superposition of different mechanisms, that can be ferromagnetic (F), antiferromagnetic (AF),
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or both:

e Ruderman-Kittel-Kasuya-Yosida (RKKY) like coupling (F or AF type, depending on
spacer layer thickness)

e Néel coupling (F type, roughness induced magnetostatic coupling)

e stray field coupling (AF type, magnetostatic coupling, only in patterned magnetic
multilayers of importance)

e direct ferromagnetic coupling by pinholes (F type)

In the following sections, we will discuss these coupling terms, as they are important for the
samples investigated in this thesis.

1.2.1 Coupling through non-magnetic spacer layers

The first evidence of antiferromagnetic coupling between two ferromagnetic layers, separated
by a thin non-magnetic layer, was reported by GRUNBERG ET AL. in 1986 in a multilayer
system of Fe/Cr/Fe [43].

Two years later, GRUNBERG’S and FERT’S group discovered the giant magnetoresistance
(GMR) effect |44, [45]. This effect refers to the dependence of a sample’s resistivity on an
applied external magnetic field and depends on the relative orientation of the magnetizations
of the ferromagnetic layers. If the layers are antiferromagnetically coupled for zero applied field,
then the magnetizations of the two layers are antiparallel in orientation. GROUNBERG and FERT
found that this antiparallel state has a significantly higher resistance than the parallel state,
which can be obtained in an external magnetic field larger than the saturation field. This effect
is therefore called giant magnetoresistance.

In 1990, PARKIN discovered oscillatory behavior of the dependence of the giant magnetoresis-
tance on the thickness of the non-magnetic spacer layer [46]. He showed, that these oscillations
were not due to variations in the transport properties but rather, variations in the coupling
between the ferromagnetic layers. For some thicknesses, the coupling was ferromagnetic, fa-
voring parallel alignment of the magnetization directions at zero field. For these thicknesses,
there was no change in the relative alignment of the magnetizations when a magnetic field was
applied; hence, the magnetoresistance was almost zeroE]

To explain the physical origin of the oscillating coupling between magnetic layers mediated by
a non-magnetic spacer, PARKIN also suggested the Ruderman-Kittel-Kasuya-Yosida (RKKY)
coupling as one possible origin of the observed exchange coupling [46].

The RKKY coupling originally describes the coupling between two magnetic impurities in a
non-magnetic host. Hybridization between the s-p conduction electrons of the host metal and
the d- (or f-) electrons of the magnetic impurity produces an effective on-site exchange coupling
at the impurity site. This coupling between the two impurities oscillates in sign and decreases
in amplitude with the distance (see figure [47, [48]. Several groups transferred the RKKY
model to the multilayer case, assuming the interaction between two two-dimensional sheets
of impurities (the ferromagnetic layers) embedded in a non-magnetic host (the non-magnetic
spacer) [49] 47, 50]. These models give a coupling that oscillated as

sin(2kpt)

2 for t> A

'Only a small change in resistance exists due to the anisotropic magnetoresistance (AMR).
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where ¢ is the interlayer thickness, kp the Fermi wave vector of the interlayer material, and
A= % the period of the oscillation. The period is the same as in the case of the coupling
between two magnetic impurities in a free electron host metal, but, in the planar case, the
coupling decays more slowly than in the impurity case (1/t? instead of 1/¢%) [49, 511, 47].
While the RKKY model describes many
of the observed properties in FM/NM/FM
sandwiches, there are several disagreements

in comparison to real multilayer systems. One
of the most important is that the oscillation A"'
period, approximately 1 nm, was much longer - /\

than was expected from estimates based on v \/
the analogy with the RKKY interaction [52]. /

In more recent publications about inter-
layer exchange coupling, a Quantum Well
Model is assumed to describe the electronic
states in the non-magnetic spacer layer. In
this model, a spin-dependent electron confine-
ment is the origin of the interlayer exchange

coupling
(@]

| | 1 1 | | | |
8 9 10 11 12 13 14 15
number of monolayers

Fig. 1.3: Coupling as a function of the spacer layer

coupling. thickness as calculated within the con-

The origin of ferromagnetism is an imbal- tinuum version of the RKKY model [47].
ance of the spin-up and spin-down electrons The dashed line indicates the so-called
in the 3d sub-band. The density of states "aliasing effect” due to the discrete thick-

of the majority band is shifted downwards ness variation of the spacer. Therefore,

with respect to the Fermi energy, Er, and the rapidly varying oscillation is sampled

the minority band is only partially occupied. and appears to be a slower varying func-
Hence, there are free states in the minority

band and a lack of free states in the majority

band. If the electrons are traversing from one

ferromagnetic electrode to the other, the probability of scattering is proportional to the density
of states. For parallel alignment of the magnetizations of the electrodes, this probability is
much higher for the minority electrons. The majority electrons can propagate through the stack
system with a low scattering probability. The minority carriers are reflected at both interfaces
and, therefore, confined in the spacer material. The reflection of minority spin electrons at both
interfaces leads to an interference of electron waves and standing electron waves will occur.
In the case of an antiparallel orientation of the magnetizations, both minority and majority
carriers are reflected by one of the interfaces. Therefore, the condition for quantum confinement
is not fulfilled [53].

In the frame of the quantum well theory, the oscillation periods are related to the oscillation
of the reflection coefficients at the magnetic/non-magnetic interface. The results, however, are
the same as within the RKKY theory [54].

There are several review papers on the interlayer exchange coupling and its theory, see, e.g.,
Ref. [55] in the book "Ultrathin Magnetic Structures II11".

tion.

Phenomenological description of interlayer exchange coupling

In a simple phenomenological model, such an AF coupled system can be considered as a rigid
magnetic body with a reduced net moment, showing a rotation like magnetization reversal
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(Stoner-Wohlfarth behavior). This assumption is valid, since in strongly coupled systems it
has been found that the rotational reversal process is favored in comparison to the domain
nucleation processes [56].

The total energy of an uncompensated AFi system can be written as the sum of the anisotropy
energy (Fy), the coupling energy (Ec) and the Zeeman energy (Ez) [57, 58]:

E = FEg+ Ep+ Ey,

= —Jiincos(p1 — 2) — Jbq cos(p1 — 2)
+Kitq sin2 1+ Kato sin2 ©2 (13)
—poH (Mt cos p1 + Mata cos p2)

where M2 and 12 are the magnetic moments and the thicknesses of the ferromagnetic
layers, ¢1 2 are defined as the angle between the magnetization vector of the layers with respect
to the direction of the applied field H (see figure a)).

The first two terms in describe the interlayer exchange coupling energy, where Jy;, is
the linear and Jy,q the second order (biquadratic) contribution. The following terms describe
the anisotropy contributions of the two individual layers. Only uniaxial anisotropies are taken
into account, and K7 and K5 are the anisotropy constants per unit volume for the two layers.
Finally, the fifth term is the Zeeman energy of the two ferromagnetic layers with respect to the
applied field H.

In figure the result of the energy minimization problem for a simulation of the M (H)
dependence of a typical AF coupled system is given. Within the calculation, the parameters
for a CoFeB-AFi are assumed: My = My = M, = 8602%131, Sin = —0.1%, Jbq = 0 and
K =Ky=K =5x10° fﬁ% The thicknesses of the FM layers have been chosen so that
t1 = 4nm and t5 = 3nm. The basic characteristics of the simulation result will now be discussed
step-by-step:

o H > Hgy
For large applied magnetic fields the Zeeman contribution is dominating and therefore
the magnetic moments of the AFi are aligned in parallel.

o Hy, < H < Hgat
At this field region, the magnetic moment of the thinner layer of the AFi begins to rotate
in order to be aligned antiparallel to the magnetic moment of the thicker AFi layer
(see figure [1.4[b)). While ¢, opens up from 0 to 180° in the flank region, the magnetic
moment of the thicker AFi experiences angle rotation to the opposite direction and flips
back to its initial position parallel to the field direction. Finally, the antiferromagnetic
alignment is established at the plateau field, H.

e ~H,<H<H,
Due to the dominating AF coupling term, the AFi is in its antiparallel ground state at
this field region. At the coercivity of the AFi, HAF! the reversal of the two layers takes
place. Due to the strong AF coupling, the AFi could be considered as a rigid body with
a reduced net moment of myuey = my1 — ma, and the switching can be considered as a
coherent rotation of both layers. Here, the magnetization of the thicker layer tries to
turn parallel to the applied external field.

o —Het <H<—H,
For increasing opposite fields, the Zeeman energy increases and gradually dominates over
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Fig. 1.4: Numerical calculation of (a) the variation of the angles 1 and @2 between the two layers
within the AFi and (b) the hysteresis curve of the AFi. Parameters of CoFeB-AFi have
been assumed for the calculation.
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the AF coupling energy. Again, the thinner layer has to rotate by 180°. The thicker layer
just exhibits small angle variations and flips back to the direction parallel to the field at
the saturation field.

o H < —Hgyy
In this field region, the Zeeman energy is the dominating factor again, and the two
ferromagnetic layers are oriented parallel to the applied field.

The interlayer coupling strength, Jyi,, can be expressed in terms of the saturation field, Hgat,
by the relationship [41]
Myt Msts

B e 1.4
Mty + Moty (1.4)

Jlin = _,UOHsat

Rigidity enhancements due to AF coupling

VAN DEN BERG ET AL. has shown in Refs. [41], 42], that indirect antiferromagnetic exchange
coupling increases the rigidity of AFi systems in comparison to a single ferromagnetic layer.
The AFi can be regarded as a rigid magnetic body with a reduced magnetic moment but with
full presence of the intrinsic switching friction of both layers:

ITAFI _ tm +tamy mitme 0T+ taTy
© My —taMy  my —mo t1 My + ta My

(1.5)

where My, My, t1,t2 and 71, 70 are the saturation magnetization, the thickness and the volume
density of the frictional torque of the two composite ferromagnetic layers. H?Fl is the resulting
coercivity of the AF coupled system. With Q) = % quantifying the gain in coercivity with
respect to a single layer, one achieves

HAY = Q. HE (16)

Therefore, the @ value and the coercivity HAF! can be tailored easily by modifying the
thickness of the ferromagnetic layers. One should, however, note that equation [I.5] is valid only
as long Hg,t given by the coupling strength in equation is larger than H..

Such AFi systems have been first integrated into magnetoresistive devices, due to their
increase in rigidity, as a hard magnetic (or reference) layer. The stability of these systems can
be increased further by combining them with an exchange biasing to a natural antiferromagnet
(see section , and they are widely used in today’s magnetoresistive devices [59) 60].

Also, in recent years, several groups investigated the properties of these systems for use
as a soft magnetic (or sensing) layer. By the compensation of the two ferromagnetic layers
in the soft magnetic layer, the stray field can be decreased additionally. This enables one to
further increase the integration of magnetoresistive devices in applications like MRAM or
M-Logic. Furthermore, it has been shown that such AFi free layers show a smaller switching
field distribution [61], and patterned elements with a small aspect ratio more easily retain a
single domain structure [62]. Both is originated by the increased effective anisotropy and the
reduced demagnetizing fields at the edges of sub-micrometer size AFi elements.

While, so far, only AFi systems with polycrystalline materials have been treated in the
literature, it was the purpose of this thesis to extend the knowledge about AFi soft electrodes
towards amorphous alloys. We have used an amorphous alloy of the composition CoggFegpBay,
separated by a thin Ru spacer layer. The results are presented in section [3.I] and have been
recently published in Refs. [63] 64].
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Temperature dependence

Shortly after the first experiments of oscillating coupling phenomena in FM/NM/FM systems,
a strong temperature dependence of the coupling strength was observed [65]. Several theoretical
studies have focused on the temperature dependence of interlayer exchange coupling [50, [66}, [67],
concluding that the velocity of electrons at the extremal points of the Fermi surface, vg, governs
the temperature dependence:

T/T)
JT) =Jo——rmr— 1.7
(T) OSinh(T(Ty)) (17)
The characteristic temperature, Ty is given by
hvp
To=——" 1.8
0 2wk BtNnMm ( )

This relationship first was experimentally confirmed by ZHANG ET AL. in Co/Ru/Co trilayer
films using ferromagnetic resonance [68]. In these studies the characteristic temperature for
Ru is of the order of 100K, resulting in a Fermi velocity of vp ~ 107cm/s. The Fermi velocity
in Ru is, therefore, about one order of magnitude smaller than for a typical free electron gas
in most non-magnetic metals, where vp ~ 10® [54] [69]. In these materials, the characteristic

temperature is of the order of T ~ 1800K and J(300K) ~ 0.99.J(0) and frequently can be
ignored. The low characteristic temperature of Ty ~ 100K in the case of Ru leads to J(JLOT) < 0.3.
Therefore, this property can be considered as the origin for a strong temperature dependence
in AFis with Ru as a non-magnetic spacer.

It is worth mentioning that this theory just takes into account the bilinear coupling. Therefore,
a temperature dependence as described by equation [1.7]is a good verification of dominating

bilinear coupling.

1.2.2 Exchange Bias

In 1956, MEIKLEJOHN and BEAN reported "a new type of magnetic anisotropy, which is best
described as an exchange anisotropy. This anisotropy is the result of an interaction between
antiferromagnetic material and a ferromagnetic material” |70} [71]. Of particular technological
interest is the exchange bias effect produced in ferromagnetic films that are coupled to an
appropriate antiferromagnetic film, e.g., IrMn or PtMn.

Cooling a FM/AFM thin film bilayer from T' > Tx(AFM) (but keeping T' < Tc(FM)) in a
saturating magnetic field produces an unidirectional anisotropy that shifts the magnetization
loop of the pinned FM layer along the field axis. Until now, no basic, generally applicable model
to describe the exchange bias effects has existed. The reason is that the essential behavior
depends critically on the atomic-level chemical and spin structure at a buried interface [72].
The most important models for exchange bias are:

e phenomenological model with ideal interfaces
e interfacial AFM domain wall model (MAURI et al., Ref. [73])
e random field model (MALOZEMOFF, Ref. [74, [75])

e spin-flop perpendicular interfacial coupling (KooN, Ref. [76])
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e uncompensated interfacial AFM spins (MEIKLEJOHN and BEANS, experimentally verified
by TAKANO et al., Ref. [77])

A complete review of experimental results and theoretical models can be found, e.g., in
references [72, [78, [79]. In this thesis, the focus will be on the phenomenological model and the
model of uncompensated spins.

The first model of exchange bias assumes an ideal interface between the ferromagnetic and
antiferromagnetic layers, i.e. atomically smooth and single crystalline. The AFM is composed
of ferromagnetically oriented spins with anti-parallel alignment between adjacent planes (see
figure (a)), resulting in a plane of fully uncompensated spins at the FM/AFM interface.
During the reversal of the FM magnetization in this ideal model, the spins of the FM layer
rotate coherently, while the spins of the AFM layer remain fixed. The energy cost is equal to
the interfacial exchange energy and the resulting exchange bias field is given by

Ao _ 2JexS¥M - SAFM
Mrevtem a® Mpmtem

(1.9)

where Ao is the interfacial exchange energy density, Jex is the exchange parameter, Sgy and
SarMm are the spins of the interfacial atoms, and a is the cubic lattice parameter [72].

(a) (b) Interfacial Stress
S > o Ferromagnetic
Ferromagnetic i # | Layer (metal)
Layer ; !
- - : : Interfacial
~—INTERFACE : ™ | Roughnoss
. v v | Interfacial
. . Diffusion
Antiferromagnetic - v =
Layer — v v
s ~ —
s P =¥
i ~¥ | Antiferro-
s - ~¥ | magnetic
- v P Layer (oxide)
- v P
Grain Crystallographic
Boundaries Orientation

(disorder)

Fig. 1.5: (a) Schematics of an ideal FM/AFM interface. The AFM interfacial plane consists of
a plane of fully uncompensated spins. (b) Schematics of the interfacial complexity of a
polycrystalline FM/AFM interface. The X marks identify the frustrated exchange bonds,
i.e. the interfacial spins that are coupled antiferromagnetically. Figures taken from Ref.

[72].

The experimentally observed exchange fields are typically less than a few percent of the
values predicted by this idealized model [77]. This is attributed to the fact that this simple
model does not represent realistically the FM/AFM interfacial environment. Phenomena such
as diffusion at the interface or roughness have to be taken into consideration for the reduction
of the exchange biasing. Figure (b) schematically shows the interfacial complexity of a
polycrystalline FM /AFM interface. Roughness, in the form of interfacial atomic steps, could
produce neighboring antiparallel spins, thereby reduce the number of interfacial uncompensated

spins (see figure [L.5|b)).
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The first experimental proof of uncompensated spins as the origin for exchange bias has
been presented by TAKANO et al. for polycrystalline CoO/NiFe bilayers. They determined
the magnetic moments of the uncompensated spins by measuring thermoremanent moments
(TRM) in CoO/MgO multilayers. This moment is interfacial and is ~ 1% of the spins in a
monolayer of CoO. Furthermore, the TRM exhibited the same temperature dependence as the
exchange bias field of NiFe/CoO bilayers. Since the TRM originates from the uncompensated
interfacial AFM spins, they appear to be the spins responsible for the unidirectional anisotropy
[77].

From a technological view, it is interesting to investigate the exchange bias phenomena in
sub-micrometer scale magnetic elements. This is discussed in section of this thesis, for
material systems and lateral sizes that are comparable to MRAM demands.

1.2.3 Néel coupling

In 1962, Néel introduced a theory to describe the magnetostatic coupling between two ferromag-
netic layers separated by a non-magnetic spacer, which is due to the topographic irregularities of
the two interfaces involved [80]. This phenomenon, therefore, is called Néel coupling. Sometimes
the terminology orange peel coupling is used instead.

In magnetostatics, discontinuities in the magnetization at the boundaries of the magnetic
material act as magnetic poles (—divM = poﬁ ). With the correlated roughness of the magnetic
layers as shown in figure [I.6] the "mountains" and "valleys" produce small magnetic dipoles.
The most stable orientation is the one where the magnetizations of the two ferromagnetic
layers are parallel, because only then the charges on both sides of the spacer cancel out each
other. Therefore, the contribution of the Néel coupling is of the ferromagnetic type.

(a) - )
tse m h e
soft electrode — . — SE_ 4) tep
++ 2° o+t - -
— -+ 3
spacer { ta ) i
o= + 4 a = - 44 : v
m
hard electrode — m ¢ __HE 2 -
HE ) HE L+t

Fig. 1.6: (a) Schematic of the original Néel model with magnetic films of infinite thickness and
correlated interface roughness, and (b) structure with conformal waviness and finite
thicknesses of the magnetic layers used by the model of Kool'’s

The original Néel model assumes a correlated waviness with amplitude h and wavelength
A between the two ferromagnetic layers of infinite thickness and saturation moments M o,
separated by a non-magnetic spacer with thickness txy (see figure [1.6] (a)).

The interlayer coupling energy, Jn, due to the Neel coupling is given by [80]

27/ 2tm )

212

JIN = po—— 1.10
N Moﬂ)\ ( )

M1M2 - exp (— b\

In magnetoresistive devices, where one magnetic layer remains fixed (hard electrode, HE),
and the soft magnetic layer (soft electrode, SE) is switched under application of an external
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magnetic field, the shift is determined by the magnetostatic Néel coupling [80]

B J B m2h2
poMsetse  V2Mtsg

Hy (1.11)

2 2t
Mig - oxp (_W\gNM>

Néel coupling for finite electrode thicknesses

This simple model can be expanded by taking into account statistical roughness of the interface
[81] and by regarding the finite thickness of the ferromagnetic layers [82, 83]. KOOLS ET AL.
extended the Néel model for spin valves with finite magnetic film thicknesses and conformal
waviness (see figure [L.6|(b)) [82, B4]. In this case, the offset field of the Néel coupling is given by

7r2h2MHE ( 27'1'\/§7fNM>
Hy = exp | ————

V2)tsE A

X [1 —exp <—WftSE>] [1 —exp (—WftHEﬂ (1.12)

In equation the original Néel equation is corrected by the magnetostatic contributions
of the upper interface of the soft electrode and the lower interface of the hard electrode. It
has been found that the coupling field increases slightly with the pinned layer thickness and
decreases with the free layer thickness [84].

From both models, one can extract the basic features of the roughness induced coupling
effects that have been experimentally found for magnetic multilayer devices by various groups
[81} [85]. In figure the dependencies have been calculated using Néel’s and Kool’s equations
for reasonable interface parameters (given inside the figure).

e dependence on roughness parameters (wavelength A\ and amplitude h):

For small wavelengths, the interfacial roughness is dominated by the exponential function
in equations and [I.12] Therefore, a strong increase of the coupling field, Hy, with
the wavelength is found. For large wavelengths, the 1/\ term is dominating and Hy
decreases. Kool’s correction for finite thicknesses of the magnetic layers causes a stronger
decrease of Hy for large wavelength.

An increasing amplitude, h, of the roughness causes a strong increase in Hy with a h?
behavior.

e dependence on soft electrode thickness tgg:
The Néel coupling field, Hy. increases for decreasing soft layer thickness, tsg, as the
surface contribution of the ferromagnetic Néel coupling becomes more dominant.

e dependence on hard electrode thickness tyg:
Only Kool’s model considers the influence of the finite thickness of the hard electrode.
The additional interface causes a reduction of Hyx with respect to Néel’s model. For
increasing tyg, the Néel coupling field, Hy, increases with the total magnetic moment of
the hard electrode.
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Fig. 1.7: Calculated Néel coupling field, Hy, and its dependence on (a) roughness wavelength,
A, (b) roughness amplitude, h, (c) soft electrode thickness, tsg, and (d) hard electrode
thickness, tye. The red lines are the calculations for the original Néel's model with infinite
thicknesses of the electrodes, the blue lines are calculations for Kool's model with finite

thicknesses of the electrodes.

Néel coupling for devices with pinned AFi hard electrodes

Kool’s model can easily be extended for magnetic multilayered systems with more than two
ferromagnetic layers. The model has been extended for magnetic tunnel junctions comprising
an exchange biased artificial ferrimagnet as a reference electrode and a single magnetic layer
as a sensing layer (soft electrode) (see, e.g., Refs. [56] [85] 80]).

Néel coupling for devices with AFi soft electrodes

In the investigation of AFi as the soft electrode in magnetic devices, it is also interesting to
look at the influence of AFi layer thicknesses on the Néel coupling. Therefore, we assume
a full stack system comprising a single layer hard magnetic electrode with thickness tyg, a
barrier of thickness t},, and a soft electrode of an Artificial Ferrimagnet with thicknesses t;
(first ferromagnetic layer, FM1) and ty (second ferromagnetic layer, FM2), separated by a
non-magnetic spacer of thickness txy (see also figure[1.8|(a)). For this case, the interfaces will
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Fig. 1.8: (a) Scheme considered for the calculation of the Néel coupling field Hy for a tunneling
device with a single reference layer and an Artificial Ferrimagnet as soft electrode. (b)
Calculated dependence of Hy on the AFi layer thicknesses t1 and ty. The use of an AFi
as soft electrode in magnetoresistive devices can significantly reduce the Néel coupling in
comparison to a single layer (—).

give the following contributions to the Néel coupling field:

Hxygot = Haz— Hyy— Hos+ Hog— Hi3+ Hyg+ His— Hig (1.13)

B w2h? _27?\/§tb B _27r\/§(tb + 1)
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In figure (b), the resulting Néel coupling fields depending on the AFi layer thicknesses are
shown. For the calculation, the following parameters comparable to the AFi systems investigated
within this thesis have been assumed: tyg = 4nm, ¢, = Inm, ¢ty = Inm, Mg = 1000A /m,
A = 20nm, and h = 0.5nm. The thicknesses of the ferromagnetic layers within the AFi (¢; and
t2) have been varied between 0 and 10nm.

The opposite magnetization in FM2 results in a decreased Néel coupling field Hy in compar-
ison to a single layer sample (black line). For small thicknesses of FM1, the contributions of
FM2 can surpass the ones of FM1, resulting in a compensated Néel coupling field, or even a
change in sign (in this example, at ¢; < 1nm).

It is worth mentioning that the direction of the shift in a complete magnetoresistive device
is influenced further by the direction of the net moment of the AFi (schematically shown in
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Fig. 1.9: Schematic magnetization minor loop for (a) a positive AFi (t; > t2) and for (b) a negative
AFi (t1 < ta). The direction of Néel shift depends on the sign of net moment. (c)
Calculated Néel coupling fields taking the direction of the Néel shift into consideration.

figure [1.9[(a) for a positive and (b) a negative AFi). For a positive AFi, the Néel shift acts
as in a magnetoresistive device with a single layer soft electrode. For a negative AFi, the
magnetization directions of the AFi layers are directed to the opposite at the ground state (at
zero applied field), causing a shift to the other direction. The calculated data from equation
therefore, have been corrected by (—1) for negative AFi systems. The resulting Néel
coupling fields taking this effect into consideration are shown in figure [1.9(c).

In summary, the influence of Néel coupling cannot be controlled solely by smoothness of the
interfaces. A further reduction of the Néel shift is possible by using Artificial Ferrimagnets as
soft electrodes. However, the above discussed instability of Néel shift around the compensation
point of the two FM layers within the AFi forces one to keep a small net moment of the AFi.
As we will see in the next section, it is favorable to choose a positive AFi system to sustain
the possibility to compensate for stray field coupling effects in sub-micrometer scaled devices.
For this reason, in section [3:4] only positive AFi systems have been patterned and investigated
in sub-micrometer sizes.
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1.2.4 Direct ferromagnetic coupling via pinholes

Direct coupling via defects at the non-magnetic spacer or barrier causes a ferromagnetic
coupling between the two ferromagnetic layers [87]. This coupling term is one reason for a
parallel orientation in AFi structures, especially if the non-magnetic spacer is thin. The direct
ferromagnetic coupling via pinholes is sometimes also described as a special case of RKKY like
coupling with a vanishing non-magnetic spacer, i.e. tnpy — O.

1.2.5 Stray field or dipolar coupling

Stray field or dipolar coupling effects occur at
the edges of patterned magnetic multilayers. To + m i,
compensate for the magnetic poles at both ends of + -
the patterned device, an antiparallel orientation of
the soft and hard magnetic layers is favored (see
figure [87, 88]. Therefore, this coupling ef- Z —E 5
fect is of antiferromagnetic character, i.e. the stray
field coupling acts to the opposite of the Néel cou-
pling. The dipolar coupling energy is proportional  Fis 1.10: Schematics of the stray field cou-
to the magnetic moment of the ferromagnetic lay- pling for patterned magnetic mul-
ers; hence, it can be reduced by compensating the tilayer samples.
moment with artificial ferrimagnets.

+
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In dense arrays of magnetoresistive devices, an-
other type of dipolar coupling can influence the 40

switching properties of sub-micrometer sized ele- _ Q a»
ments: the direct dipolar coupling between the E ? o>
individual elements of the array favors a homo- § 20+ O
geneous magnetization direction of all elements -\g 0 ‘
along the easy axis of the elements. 2 A

Further integration (i.e. decrease of lateral dis- @ 0
tance) of magnetoresistive cells in MRAM or M- 42 single layer
Logic devices requires a reduction of the dipolar ——AFi
interaction between the single bits. As calculated _200 200 400 600
for figure[I.11] this can be achieved by substitution d (nm)

of commonly used single layered soft electrodes
with ones consisting of a partially compensated Fig. 1.11: Calculated stray fields in easy axis

Artificial Ferrimagnet. For the calculation, a ho- direction of 250nmx400nm ellip-
mogenous magnetized ellipse of 250nm x400nm tical shaped single layer and AFi
has been assumed, using a saturation moment of elements (with a net thickness of
Mg = 860kA/m? and layer thicknesses of 4nm Inm) in dependence on the dis-
in case of the single layer, and ¢; = 3nm and tance d from the edge of one el-
to = 4nm in case of the AFi, respectively. The lipse.

calculations have been performed with the LLG
Scheinfein program described in section [I.5] For
large distances between the cells (d > 40nm), the stray field of both the single layer and the
AFi, decreases approximately with 1/d. The stray field coupling can be reduced proportional
to the net magnetic moment by the use of an AFi. The behavior of the AFi sample deviates
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from the single layer only for small distances (d < 40nm). This is because of the dominating
contribution of one layer near the element.

Furthermore, it has been shown that the dipolar interaction can significantly influence the
switching field distribution in dense MRAM arrays [89]. If the elements are spaced closely
enough, so that the magnetic dipole field from the neighboring elements is large compared to
the intrinsic switching field distribution, then a significant change in the loop squareness can
occur (see Ref. [90]):

e As the easy-axis pitch is reduced, a general sharpening of the transition occurs, together
with a reduction in the mean switching field. The elements tend to switch in a triggered
fashion and the measured switching field in this case is roughly that of the lowest switching
field device along each row, with a tightened distribution.

e As the hard-axis pitch is reduced, a broadening of the transition is seen, and a slight
increase in switching field occurs. This is caused by a frustrated state in which two
adjacent elements lock into opposite directions of magnetization, inhibiting the complete
transition of both elements, and resulting in a widened transition.

To reduce the effect of dipolar interaction on the coercivity as well as on the switching field
distribution, the arrays investigated within this thesis have been patterned with large lateral
distances (a pitch distance approximately three times the dimension of the elements has been
chosen). A worst case scenario was calculated before the patterning process, assuming elements
of a single layer magnetic material 5nm thick and a saturation moment of My = 1000kA /m?.
In a point dipole model, the cumulative stray field of the nearest neighbors is less than 1 Oe.
This result is also reflected by the calculated stray field in figure where the stray field for
a single element is much less than 0.1 kA /m (for d > 200nm). A significant influence of stray
field coupling on the coercivity and switching field distribution, therefore, can be excluded for
the elements investigated within this thesis.
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Fig. 1.12: (a) Definition of geometry for the planar Stoner-Wohlfarth model. (b) Simplified phase
diagram based on micromagnetic simulations for the presence or absence of domains, ap-
plicable to cubic particles with uniaxial anisotropy [91]. For sizes smaller than ~ 7/ A/ K
a single-domain (SD) state is favored.
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1.3 Magnetization reversal in sub-micrometer magnetic
elements

Magnetic elements exhibit different equilibrium zero field domain states depending on their size.
The magnetization reversal is strongly influenced by these domain states, as we will discuss
later. Qualitatively, three kinds of micromagnetic states can be expected: the single-domain
state (SD) for small particle sizes, the regular multi-domain state (MD) for large particles,
and for low-anisotropy particles, an intermediate, continuously flowing or vortex state (V) [92].
In Ref. [91] RAVE ET AL. have calculated a phase diagram for cubic particles with uniaxial
anisotropy (see figure [1.12|(b)). As a critical size for a SD state, approximately 6 to 7 times
the domain wall width, A, of a magnetic particle can be assumed. For particles with uniaxial
anisotropy, A is given by \/A/K, where A is the exchange stiffness constant and K, the
uniaxial anisotropy constant of the material. For the investigated CoFeB alloy, A =~ 325nm
with A = 1.05 - 10~ %rg/cm and K, = 1000erg/cm?.

If the size of the elements are comparable to the domain wall width, A = /A/K,, the
assumption of uniform magnetization in the element can be considered as a good approximation.
Such single-domain particles can be treated using the so-called Stoner- Wohlfarth theory (see Ref.
[93]) and the resulting switching fields can be used as a first approximation for their coercivity.
Within this model, the reversal of magnetization is accomplished by coherent rotation of the
uniformly magnetized sample.

1.3.1 Stoner-Wohlfarth

Consi.der%ng ?L planar problenr'l with the (2) unselected
magnetization in the plane (as is the case H=0
in thin film elements), only the angle ¢ be-
tween the anisotropy axis (easy axis) and
magnetization vector, and two components
of the magnetic field, Hy and Hy, have to be

taken into account (see ﬁgl'lre (a)) The (b) half selected
total energy of such a particle then is given H  =0or

easy

by [927 93] ]{Jm‘d =0

h

Bt = / [Ku sin2(g0) — poHy M cos ¢
. c) selected
—HyM;sin @] dV (1.14) © H  +0and

easy

H,,..%0
where dV is the volume unit element. The hard e

magnetization vector always adjusts to its

energy minimum; hence, %Etot = 0 and

%Etot > 0 has to be fulfilled for all con- Fig. 1.13: Energy barrier model of magnetization
figurations of ¢ and H [93]. As the applied reversal, illustrating (a) unselected (b)
field, H, is varied, these minima shift position half-selected and (c) selected cells in a
with respect to ¢, reflecting the rotation of MRAM array [94].

the moment, and they can also change in sta-
bility. When a minimum changes to a saddle
point, the system becomes metastable and
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jumps into an adjacent available minimum (see figure . By calculating the positions of
these minima and the conditions for them to change into saddle points, one can map out the
hysteresis loops as shown in figure b).

The transition between stable and unstable energy states is defined by ;—;Etot = 0. If this

constraint is fulfilled, the magnetization reversal happens and the switching curve (Hy, Hy),
the so called Stoner-Wohlfarth asteroid, then is defined by

2/3
Y = H2P 4 12 (1.15)

The calculated asteroid is plotted in figure [1.14|(a) in reduced units of the magnetic fields
(h = H/Hy) with Hy = 2K/(uoMs). It is worth mentioning that for a zero magnetic hard
axis field, where Hy = 0, the switching field H along the easy axis is given by Hy = Hy in
accordance with equation

(@) 1 (b) 4
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45°
¢ ——90°
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Fig. 1.14: (a) From equation calculated Stoner-Wohlfarth asteroid of an ellipsoidal, uniaxial

particle. The fields are plotted in reduced units h = H/Hy. (b) Corresponding hysteresis
loops for various angles .

Addressing and switching of MRAM cells

The sub-micrometer scaled elements investigated in this thesis can be approximated by SD
particles with a Stoner-Wohlfarth-like reversal mechanism (i.e. coherent rotation of the SD
state). Therefore, the asteroid switching curve of magnetic elements discussed before and shown
in figure [I.14](a) can be used to understand the conventional switching scheme in a MRAM
array

Such a MRAM device consists of an array of TMR elements arranged in a matrix at the
crosspoints of orthogonal metal lines (see figure . The switching of the free layer is
accomplished by crossed magnetic fields, which are generated by currents applied to the lines
crossing the MTJ devices. If currents are passed through two of the orthogonal conducting
lines (also called word and bit lines), only the bit at the crosspoint is selected. All other bits in

2A more sophisticated writing scheme utilizing the properties of patterned AFi structures will be discussed in section

LR
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the array either see only one of the magnetic fields (half selected) or no field at all (except
crosstalk from neighboring current lines). For these elements, the applied field is inside the
switching asteroid and the energy barrier between the two magnetization states, therefore,
cannot be overcome (see figure . Only with the superposition of both fields the stability
region (reflected by the switching asteroid in figure is surpassed and the magnetization of
the selected cell will flip.

Fig. 1.15: (a) Schematics of the bit addressing of a MRAM array [94].

1.3.2 Demagnetization factors

The magnetic field created by the magnetic stray field inside a magnetic body tends to
demagnetize the material and is called demagnetizing field, Hy. It acts in the opposite direction
to the magnetization, M, which creates it and is proportional to it, namely

Hy = —NgM (1.16)

where Nq = Z—g is the demagnetizing factor. Nq depends on the shape of the body but can
only be calculated exactly for an ellipsoid where the magnetization is uniform throughout
the sample [95]. For the general ellipsoid with ¢ > b > a, where a,b, and ¢ are the ellipsoid
semi-axes, the demagnetization factor along these axes, n,, ny, and n., respectively, are given

by

_abe [T 2 2 2 -
=5 | [(a + )V (a® + ) (0% +n)(c +77)] dn (1.17)

Analogous expressions apply to np and n.. The sum of all three coefficients is always equal
to one [92].

For special rotational ellipsoids (e.g., prolate, oblate, or slender ellipsoid), there are analytical
solutions of the integral function (see, e.g., in Refs. [95, [96]). For the magnetic patterns
investigated in this thesis, the patterns can best be approximated by an ellipsoid with thickness
t, length ¢ and width w under the assumption of a very flat ellipsoid (t < w < £). In this case
the demagnetization factors are calculated in Ref. [97] to be

n() = /0 T + VT ] ds

ny(u) = g/ooo [(14—5)\/(u2—i—s)(l—i—s)s}i1 ds (1.18)
ng(u) = ny(u) —nx(u)

where u = é is the aspect ratio of the patterns. The integrands of equation can be solved
only numerically and their dependence on u is plotted in figure [1.16
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Fig. 1.16: Calculated demagnetization factors in dependence on the aspect ratio uw = {/w.

1.3.3 Coercivity in dependence on aspect ratio

If magnetic tunneling devices are patterned into micrometer sized elements, the uniaxial
anisotropy is dominated by their shape. Assuming that the elements can be approximated
by an elliptical shape of the thin film thickness ¢, length ¢, and width w with ¢t < w < ¢, the
uniaxial anisotropy can be derived as [97]

t
Hy = ,uOMSE(ny — Ny) (1.19)

For the sub-micrometer scaled elements within this thesis, the switching process can be
approximated by a Stoner-Wohlfarth like reversal mechanism (coherent rotation of a SD
state). Therefore, the coercivity is directly linked to the shape anisotropy (see and the
dependence on geometry is then given by equation [I.19

1.4 Switching of sub-micrometer sized AFi layers

The interest in small elements of the AFi system, as described in section has increased
in recent years. These investigations are driven mainly by several reported advantages of
these systems for use in magnetic random access memories (MRAM). In such MRAM cells,
the reference layer is usually an artificial ferrimagnet (AFi) exchange biased by a natural
antiferromagnet. For the soft electrode, single layers of polycrystalline material, e.g NiFe and
CoFe, have mostly been used [98]. Recently, soft electrodes of polycrystalline AFis, based
on ferromagnetic materials like CoFe and NiFe, have been investigated. They show a further
reduction of stray field due to the reduced net moment, smaller switching field distribution and
an easier establishment of a single domain structure in patterned elements with small aspect
ratio [61] [62].

The switching characteristics of sub-micrometer sized elements of these AFi system cannot
be explained explicitly within the model that considers the AFi as one rigid ferromagnetic
layer with a reduced moment. One further has to take into account the increase of effective
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anisotropy due to the antiferromagnetic coupling, the dipolar coupling effects within the two
layers of the AFi, and the demagnetization fields in both layers [64) [99]. Therefore, the situation
in sub-micrometer sized AFi soft electrodes is much more complicated, as in the case of single
layers.

WORLEDGE has presented a model describing the total energy of these systems in Ref. [99]
and has extended this model to consider two FM layers with a thickness asymmetry in Ref.
[100]. The fundamental assumption he makes is that the two magnetic particles (layers) can be
treated as single domain elements. This assumption is a good approximation for the structure
sizes of interest in this thesis, as pointed out before. Furthermore, he assumes elliptically
shaped elements with an in-plane magnetization, caused by the large shape anisotropy of thin
film elements (¢t < w,¥). A smaller in-plane anisotropy due to the aspect ratio of the elements
is directed along the long axis of the element, additionally a uniaxial intrinsic anisotropy is
taken into account. Together with the Zeeman energy arising from an external applied field,
the total energy density is given by [100]

e(p1,p2) = —hyx[zcospr + cospa] — hy [2sin 1 + sin o]
+(ny — jz) cos 1 cos Y2 + (ny — jz) sin @1 sinps

—I—g(ny — ny + hy)sin? ¢ + ziz(ny — ny + hiz) sin? @y (1.20)
where e = Ew/n?M2lwtity, hyyi = Hyyiw/4mMsty, j = Jw/AnM2t2, 2 = t1/ta > 1, E is
the energy, ¢12 are the angles of the moments of the two layers measured from the z axis,
H; is the intrinsic anisotropy in the x direction, t; 2 are the thicknesses, ¢ is length in the x
direction, w is width in the y direction, nyy are the reduced demagnetizing factors in the x
and y directions, Mg is the magnetization, J is the exchange coupling between the layers, and
Hy y are the applied fields in the z and y directions [100].

(@) metamagnetic via AP P (b) v=,
2n_f ]
T\
b by hy
=) Spi]’l ﬂOp x/f Pt -hy
\ y L>h
5C
jf j % AR <1.59
oy i b <
' H, H,
0

0 n n,

Fig. 1.17: (a) Magnetic phase diagram for patterned AFi elements as a function of intrinsic anisotropy
h; and exchange coupling j [99]. (b) Examples of the four basic types of easy axis hysteresis
loops produced by two coupled layers [100].

By minimizing the total energy, one can map out the hysteresis loops as a function of hj, j
and the aspect ratio (which determines ny and ny). WORLEDGE calculated the phase diagram
for an aspect ratio of u = 2 and a compensated AFi (t; = t2), as shown in figure [1.17|(a). For
an uncompensated AFi, he figured out four basic types of easy axis hysteresis loops, shown
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in figure (b) It is noteworthy that, for the loops, only the stray field coupling of the two
layers within the AFi has been considered (Jap = 0). If antiferromagnetic interlayer coupling
is additionally considered (Jap < 0), the plateau and saturation fields increase significantly.
Thus, the fourth magnetization loop (bottom right in figure [1.17|(b)) only occurs for very high
aspect ratios [101].

Neglecting the intrinsic anisotropyE] the saturation field of the AFi can be expressed by
two contributions: one originating from the antiferromagnetic interlayer coupling, and the

other resulting from the stray field coupling. Whereas the first depends on —M—{)%,

derived from equation the latter depends on qusttTOtnx [99], where tior = t1 + to is the
total thickness of the AFi. The second contribution depends only on the z-component of the
demagnetization factor, ny, since the y-components in the case of an AF coupled system are
compensated for external magnetic fields larger than the plateau field (H > Hp).

as

1.4.1 Spin-flop switching scheme
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Fig. 1.18: Schematics of the spin-flop switching scheme [102].

The conventional MRAM switching scheme discussed in section has one main disad-
vantage: the energized current lines reduce the energy barrier of all half-selected bits, making
them more susceptible to disturbance mechanisms (see figure .

Recently, a novel switching scheme has been suggested that avoids this disadvantage. It
utilizes an AF-coupled system as the soft electrode, but the magnetic bits are oriented in a
45°C angle with respect to the word and bit lines of the MRAM array [103]. A first working
4Mb MRAM device using this spin-flop switching (also called toggle-bit or Savtchenko switching
in the literature) has been presented by Freescale/Motorola at the "International Electron
Devices Meeting (IEDM)" in 2004 [102], [60].

3The intrinsic anisotropy is small in comparison to the anisotropy induced by stray field, the shape and the interlayer
coupling for the samples within this thesis
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The field sequence used for writing the bit and the response of the two AFi layers is shown
in figure [1.18] Switching is initiated by applying two orthogonally oriented, time delayed field
pulses, H; and Hs, oriented in-plane at +45° with respect to the easy axis of the elements.
The switching can be separated into five time steps, to to 4. At the initial state (tg), no
external field is applied and the moments are aligned antiparallel. If only one of the field
lines is energized (¢1), the magnetization vectors form a so-called spin-flop or scissors state,
resulting in a small net moment along the applied field axis. If the second field is applied
at to, this net moment is turned by 45° and finally by 90° if the first field line is switched
off (t3). These states relax to the final state if all fields are switched off (¢4) and the bit has
reversed its magnetizations relative to the initial state. Because of the inherent symmetry, this
sequence toggles the bit to the opposite state with respect to the existing state of the initial
magnetization directions. Therefore, a disadvantage of this switching scheme is that a pre-read
is necessary to determine if a write is required. The spin-flop switching, however, also has
strong advantages, making it a promising candidate for future MRAM devices:

e switching fields and write disturbance
The field required to switch the bit under half-select can be many times larger than the
field required for full select, greatly improving the write select problem. Furthermore,
the activation energy initially increases under application of a half-select field, providing
greatly enhanced selectivity over the conventional approach [100].

o scalability
If the elements are scaled down, the write margin, defined as Hg,/Hp increases, because
Hyg, increases faster than H}, for small patterned elements. Furthermore, toggle cells
scale better than cells used for conventional Stoner-Wohlfarth like switching, because the
net moment is reduced. This greatly reduces the bit-to-bit magnetostatic interaction (see

section [1.2.5)) [100].

e unipolar current drivers
Only unipolar current pulses are required, improving the array efficiency over conventional
MRAM because the unipolar pulses do not require area-consuming drive transistors for
the opposite polarity [102].

In recent publications, attention has been given to the dynamics of spin-flop switching in
AF1i structures [104, [105]. In these numerical calculations, it has been shown that an ultrafast
writing process in less than 2.5ns can be achieved, i.e. operational speeds in the GHz regime
are possible. Furthermore, NEMBACH ET AL. have shown in computer simulations that direct
writing without a pre-read is possible at these speeds. Therefore, they suggest unipolar current
pulses that are positively or negatively time-delayed with respect to each other [105].

1.4.2 Spin-transfer switching

So far, the presented methods to switch the magnetization in a magnetoresistive device have
been based on currents generating a magnetic field. In 1996, SLONCZEWSKI and BERGER
have theoretically predicted that the reversal of the magnetization can also be achieved by
a current perpendicular to the plane of magnetic multilayers [9, [10]. The central idea of this
novel method is a spin transfer from a polarized current to the magnetization of the free layer.
In 2000, the experiments of the Cornell group at Co/Cu/Co nanopillars have demonstrated
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for the first time that the magnetization of a magnetic layered structure is indeed switched
back and forth by an applied current through the multilayer (critical currents of approximately
1 x 10"A/em? are needed) [106], [107].

Recently, spin-transfer switching at MTJs with low RA products have been reported [108§].
In order to reduce the critical current density, various methods have been presented, e.g., the
use of low moment free layers such as CoFeB [109], the introduction of additional scattering
layers like Ru [I10], and so-called dual spin-filters (DSF') [108§].

OCHIAI ET AL. have presented spin-transfer experiments in current-perpendicular-plane
GMR nanopillars with an AFi-like free layer comparable to the ones investigated in this thesis.
Their experiments with spin-transfer switching show a reduction in the critical current density
to ~ 1 x 10% A /em? required to turn the magnetization. Furthermore, these AFi free layers
can be switched between the two states by the same polarity of the current. These interesting
behaviors of the AFi free layer is attributed to a majority electron spin transfer torque from
the thick to the thin FM layer, enhanced by the presence of a Ru layer [111].

1.5 Micromagnetic simulation

Only the macroscopic model of Stoner-Wohlfarth has been discussed so far to explain the
magnetization reversal in magnetic elements. Other models describing magnetic properties can
be classified by their typical length scale into a hierarchy of descriptive levels[112]:

e Phase, or magnetic texture analysis (> 0.1mm):
The phase theory goes back to NEEL, and describes the domain areas of equal magnetiza-
tion directions as a phase. More generally, it describes the distribution function (texture)
of magnetization directions. Therefore, the knowledge of single domains is not necessary
in this picture.

e Domain, or magnetic microstructure analysis (1...1000um)
Within this length scale, the magnetic microstructure of a sample, the shape, and detailed
spatial arrangement of domains and domain boundaries are described.

e Micromagnetic analysis (1nm ... 1um):
Description of the internal magnetic structures (including domain walls) and their
substructures in terms of a continuum theory of a classical magnetization vector field.
The principles of the theory go back to LANDAU and LirsHITZ [I13], and will be discussed
in more detail in this chapter, since the investigated magnetic patterns can be treated
within this theory due to their characteristic sizes in the sub-micrometer range.

o Atomic level theory (< 1nm):
Description of the origin, interaction, mutual arrangement, and statistical thermodynamics
of elementary magnetic moments.

The most physical way to describe a magnetization state is achieved by the atomic level theory,
which only takes into account physical (real) parameters and interactions (exchange interaction,
crystalline anisotropy caused by the spin-orbit interaction, dimensions of atomic magnetic
moments, etc.). For samples on the larger scale, a lot of atoms are involved and, therefore, a
description on the atomic level is too complicated. To achieve a simplified description of the
magnetization state the micromagnetic description is used that introduces phenomenological
parameters (energy contributions).
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Total free energy

In the micromagnetic approach, the vector field of magnetization directions is chosen so that
the total free energy reaches a minimum [92]. We will focus first on the contributions to the
total free energy of a magnetic sample:

e FExchange energy
The volume exchange energy, Fey, describes the preference for a constant equilibrium
magnetization direction, m, and is the fundamental property of a ferromagnet. Deviations
from this ideal case invoke an energy penalty, which can be described by [113] [02]

Eoyx = /A(F) (Vm(r))? d’r (1.21)

where A is the exchange stiffness constant.

e Stray field energy
The stray field energy simplifies the dipole-dipole interaction between single spins by
using a phenomenological quantity, as the calculation of the interactions of the magnetic
moments would be very time consuming due to their long range character.

The stray field, Hgiray, is defined as the field generated by the divergence of the magne-
tization. The sinks and the sources of the magnetization act like positive and negative
"magnetic charges" for the stray field. This stray field adds to the external field and acts
like a demagnetizing field in the interior of a sample. The energy connected with the
stray field is given by [92]

1 =
Estray = _QMS/Hstraym av (122)

If the stray field energy is large in comparison to the exchange energy, as is the case for
magnetically soft materials, its contribution can be reduced by forming magnetization
patterns with parallel orientation to the interfaces (edges). Therefore, the reduction of
Egiray is often one reason for domain formation.

o Anisotropy energy
The dependence of the energy of a ferromagnet on the directions of the structural axes is
described by the anisotropy energy term. This basically depends on the crystal anisotropy
of the material. In the simplest case of uniaxial anisotropy, which is fulfilled for the
materials investigated in this thesis [114], the anisotropy energy, E,, can be described by
92]

Eoumi = / K sin®(0) dV (1.23)

where 6 is the angle between anisotropy axis and magnetization direction, and K o are
the anisotropy constants of the material.
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e Zeeman enerqgy
The interaction energy of the magnetization vector field of the sample with an external
field, Heyt, is given by the Zeeman energy [92]

Ey = —Ms/HeXtm av (1.24)

The Zeeman energy favors the magnetization parallel to the external field. Therefore, the
application of an external field causes domain nucleation and magnetization reversal in
the sample.

If other energy terms, like magnetoelastic energies or anisotropy energies of higher order, are
neglected, the total free energy is given by the sum of the discussed energy contributions:

Ef = Eex + Estray + Ea,uni + By (125)

Landau-Lifshitz-Gilbert equation

Micromagnetic simulations are based on a variational method which is derived from thermody-
namic principles, as established initially by LANDAU and LirsHITZ [113]. According to this

principle, the vector field of magnetization directions, m = 1\/}\1}5)’ is chosen so that the total

free energy reaches a minimum (under the constraint of normalization m? = 1) [92].
The effective field, Heg, at the location X can be described by [115]

OE;

Hg(X) = o

— VaEy = A2m (1.26)

where A is a scalar called Lagrange multiplicator. By vectorial multiplication with M(x), one
gets the equation

M(x) x Heg = 0 (1.27)

For a solution to this equation, the torque has to vanish. Therefore, the magnetization and
the direction of the effective field have to stay parallel. The magnetization will vary with time
as long as this condition is not fulfilled, leading to

M=yMxHeg  or m =ym X Heg (1.28)

The constant y is called the gyromagnetic ratio. Equation describes a precession of the
magnetization around the effective field. During this motion, the angle between magnetization
and field remains unchanged as long as no losses (eddy currents, Barkhausen jumps, diffusion
of lattice defects, spin scattering effects, etc.) are taken into account. To describe unspecified
local or quasi-local dissipative phenomena, like the relaxation of magnetic impurities or the
scattering of spin waves on lattice defects, a dimensionless empirical damping factor, ag, is
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introduced in the Landau-Lifshitz- Gilbert equation. The damping term allows the magnetization
to turn towards the effective field until both vectors are parallel in the static solution [92].

I.III—’)/GmXHeg— aGmxr'n (1.29)

The Landau-Lifshitz-Gilbert equation is usually not solvable analytically. A magnetic state,
my, that minimizes the total free energy of the system, therefore, is found by numerical
methods.

For the simulation of the switching behavior of the investigated samples, a commercially
available simulation program was usedﬁ The algorithm allows one to numerically calculate a
solution to equation for a given problem under consideration of the above described energy
terms. In comparison to other codes (e.g., the Object Oriented Micromagnetic Framework
(OOMMF) [116], the Scheinfein program allows one to easily define a multilayer problem and
considers the interlayer coupling between two ferromagnetic layers, as discussed in chapter [3.1]

“LLG Micromagnetics Simulator "™developed by M.R. Scheinfein, see http://llgmicro.home.mindspring.com



2 Sample preparation and characterization
techniques

The investigated samples have been deposited, processed and characterized by different methods
that will be described in the following paragraphs. The deposition was done by RF and DC
magnetron sputtering processes at Siemens. For electron beam lithography, the facilities at
the University of Bielefeld have been used. Most of the characterization has taken place at
Siemens, using a wide range of methods, e.g., Alternating Gradient Field Magnetometery
(AGM) and Vibrating Sample Magnetometery (VSM) for magnetic characterization of the
unpatterned films, and spatial resolved Magneto-Optical Kerr Effect (MOKE) for investigation
of sub-micrometer sized magnetic elements{ﬂ Multilayer systems for the characterization of the
spin-dependent transport properties have been patterned by a simple contact mask process with
ultraviolet lithography at Siemens and at the University of Bielefeld. These samples have been
characterized electrically by a four-probe measurement method. Finally, the measurement setup
of the high resolution magnetic force microscope (HR-MFM) at Swissprobe AG is discussed.
This has been used to obtain several high resolution MFM images of antiferromagnetically
coupled sandwiches and exchange bias systems.

2.1 Sample preparation and corresponding techniques

2.1.1 Thin film deposition

Several methods are used for technical thin film deposition, e.g., evaporation, Chemical Vapor
Deposition (CVD), Molecular Beam Epitaxy (MBE), laser ablation, and sputtering. From the
point of technical relevance, the sputtering process is the most important one, and has been
used for the preparation of the samples discussed in this thesis.

Sputtering processes have various advantages [117]:

e almost any material can be sputtered - including metals, multi-component films (alloys,
compounds, etc.), and insulators

e the ability to control the sputtering parameters (like pressure, sputtering gas, and energy),
allows one to adjust deposition rates, thickness, uniformity and smoothness with high
accuracy

e high deposition rates in comparison to other thin film deposition techniques

e scaling from laboratory devices to large scale production is possible

'The NanoMOKE2™system of Durham Magneto Optics Ltd. has been purchased and installed under my responsi-
bility during the time of the PhD. Various hardware modifications and software add-ons have been developed by
myself to implement additional measurement procedures and to automatize the standard MOKE measurements
at our lab (see Appendix A).

32
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The sputtering process involves the physical deposition of a material from a target to a
substrate by the usage of a plasma. The plasma is generated from a sputtering gas; usually,
an inert gas like Ar is used. Sputtering processes can be classified by the way the plasma is
generated.

The easiest way to generate the plasma is the so-called glow discharge. The simplest setup for
this consists of a constant voltage source, a cathode (positively charged) and a target material
that is used as an anode (negatively charged). By applying high voltages between the electrodes,
a plasma is generated, and the positive ions of the sputtering gas are accelerated towards
the anode. The ions bombarding the target may have enough energy to cause the ejection of
surface atoms and emission of secondary electrons, which will cause further ionization of the
sputtering gas in the chamber. The principal source of electrons to sustain the plasma is the
secondary electron emission caused by the bombardment of the cathode by the ions, so that
a self-sustaining condition is established. The target atoms that are struck out by the ions
will traverse the chamber and be deposited on the substrate. Since the chamber is large in
comparison to the mean free path of the atoms, the atoms are deflected by scattering events.
Therefore, a sputtering process results in an almost undirected (isotropic) deposition of the
material on the substrate.

To deposit material from insulating targets (like oxide materials) a radio frequency (RF)
field is used instead of the DC voltage. The RF-powered discharge operates in similar to
the dc-powered. In both cases, a voltage is applied between the cathode and the anode, a
breakdown occurs and a plasma is formed then sustained.

A further optimization of the sputtering process, and an increase in deposition rate can be
achieved by the so-called magnetron sputtering. An additional magnetic field (the magnetron
field), together with the electrical field, forces the secondary electrons into a circular orbit
above the target. This enhances the density and efficiency of the plasma approximately by a
factor of 10. Therefore, the magnetron sputtering can be operated with lower gas pressures
and voltages in comparison to glow discharge plasmas.

A detailed description of the sputtering processes discussed above can be found, e.g., in the
articles of MAISSEL and WEHNER in the "Handbook of Thin Film Technology" [117, [118].

Deposition of investigated samples

All thin film systems investigated in this thesis have been deposited by RF and magnetron
sputtering using two different commercial sputtering tools, one manufactured by Leybold
GmbH (Germany), the other one by Kenotec Srl (Italy). In both systems, it is possible to
produce full stack GMR, and TMR sequences without breaking the vacuum. A detailed control
of the sputtering and oxidation conditions is possible and thin film systems with the necessary
high homogeneity and smoothness over a full 3” wafer (or 5”7 in case of the Kenotec) can be
deposited.

All samples have been deposited on thermally oxidized SiOs wafers at a base pressure of
5-10~®mbar. A magnetic field of approximately 4kA/m was applied during deposition in
order to induce the easy axis in the magnetic layers. Unless otherwise noted, all investigated
AFi samples for use as soft magnetic electrodes have been grown on a 1.2nm thick Al layer,
oxidized in an Ar/Oy plasma for 48 seconds without breaking the vacuum, to have similar
growth conditions as in a MTJ. Subsequent deposited Ta/TaN layers served as a capping layer.
It has been confirmed by Auger electron depth profiling that the capping used was sufficient to
protect the sample for heat treatment up to 350 to 400°C at ambient conditions.
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It was the purpose of this work, to integrate an amorphous ferromagnetic alloy into the
magnetic tunneling stack and to characterize these samples by various means. As the amorphous
alloy CoggFeagBog has been chosen, because of its high spin polarization leading to high TMR,
values [26]. For the study of artificial ferrimagnets, which are of special interest in this thesis,
the ferromagnetic layer of commonly used CoFe/Ru/CoFe or NiFe/Ru/NiFe trilayers has been
substituted by this amorphous CoFeB alloy, while still using the Ru as the non-magnetic spacer
to mediate the antiferromagnetic coupling.

2.1.2 Lithography

For transferring patterns onto the multilayers, different lithography techniques are available.
In principal, they can be divided into mask based (parallel) and writing (serial) processes.
The advantage of parallel processes is a rapid duplication of images of the mask, but the
disadvantage is the complicated and expensive mask production. In serial processes, a direct
writing with a focused beam of electrons (e-beam lithography), ions (FIB - focused ion beam
lithography) or photons (laser direct writing) is used.

For the electrical measurements of TMR junctions and the characterization of sub-micrometer
scaled magnetic elements by spatial resolved MOKE experiments, different lithographical
techniques have been chosen.

As the electrical measurements on full-stack elements have only been used to check the
basic electrical properties of the magnetic tunneling devices, i.e. the resistance area product
(RA) and the current versus voltage (IV') characteristics, a simple UV light mask lithography
process was chosen. It was not the purpose of this study to investigate the electrical properties
of sub-micrometer scaled TMR elements; this has been done elsewhere (see, e.g., Ref. [I19]).

The sub-micrometer scale elements investigated by various measurement methods have
been patterned by an electron beam (e-beam) process described later. This process has been
chosen because it gives the possibility to easily write small arrays with different shapes, aspect
ratios and sizes. Only by using this technique, it was possible to access the sub-micrometer
range with reasonable efforts and costs. Furthermore, three different techniques have been
evaluated for the use to generate sub-micrometer scaled elements on full wafer scale: Laser
interference lithography (University of Duisburg) [120, [121], step and flash imprint lithography
(S-FIL™by Molecular Imprints Inc.) [122] [123], and electron beam lithography at a mask
producing company (ML&C Jena). All the methods had their own disadvantages. This led
us to the conclude, that the conventional e-beam lithography technique described in the next
section was the most flexible tool for generating the sub-micrometer scale patterns.

The sizes of the investigated patterns are in the sub-micrometer to micrometer range and
are comparable to up-to-date feature sizes used for MRAM prototypes that are announced by
major semiconductor companies, e.g., Freescale, Altis and Cypress. With advanced lithography
processes, like Phase-Shift-Projection, it is possible to scale down CMOS devices to sizes smaller
than the resolution limit given by the Raleigh law [124] [125]. With these methods, patterns at
feature sizes of 0.09um are currently used in semiconductor fabrication and can also be used
in the future for fabrication of magnetic memory devices (state of autumn 2005).

The investigation of magnetic and transport properties in magnetic tunnel junctions in the
deep sub-micrometer range, that may find an application in MRAM devices, have been recently
investigated by many groups (see, e.g., KOOP ET AL. in Refs. [126] 127]).
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E-beam lithography

Since the de Broglie wavelength of 10kV electrons is of the order of 1/100nm, the image
definition of electron beam written structures is not diffraction-limited. The diameter of the
spot is limited by spherical abberations in the electromagnetic lenses [128]. As an example, the
minimum spot diameter of the Zeiss/LEO 1530 scanning electron microscope (SEM) used for
e-beam lithography is specified as approximately Inm [129].

As a basis for electron beam lithography, conventional scanning electron microscopes (SEM)
are utilized. These microscopes can be equipped with special hard- and software, converting
them to a relatively low priced lithography system for the given resolution. One of these "SEM
conversion tools" has been used for preparing the sub-micrometer size samples investigated
in chapter consisting of a "Zeiss/LEO 1530"EI electron microscope and the "Elphy-Plus"
lithography system from Raithﬂ

For commercial use (e.g., for mask production), special electron lithography systems with a
higher wafer throughput are available. Examples of these kind of tools are vector-scan-systems,
spot-mask-writer, shaped-spot- and cell-projection-systems [130].

If the electron beam penetrates the resist and the sample during the pattern writing, various
interactions between the electrons and the resist or the sample occur. Some of these effects are
summarized as "proximity effects" and broaden the written features, thus limiting the feature
size of patterns written by electron beam lithography:

e Backscattering and large-angle scattering:
The backscattering of electrons on the sample surface is a long range effect. The backscat-
tered electrons have almost the same energies as the incoming beam and can therefore
easily exposure the resist.

e Forward scattering:
Electrons scattered in a forward direction within the resist broaden the volume of exposure.
This can only be avoided with thinner resist thicknesses or higher acceleration voltages
of the electron gun.

e Secondary electron diffraction:
The generation of secondary electrons in the resist cannot be avoided. These low energy
electrons broaden the exposured volume around the spot [131]. Special resists with low
free mean pathes for low energy electrons have therefore been chosen.

Preparation of sub-micrometer scale structures

The sub-micrometer size samples investigated in section of this thesis have been patterned
by single step e-beam lithography and an Ar-ion etching process. A positive e-beam resist was
usedE], leading to patterns with a small edge roughness and high reproducibility across the
whole array. At every sample, different arrays of ellipses with a nominal width of 250nm and
varying lengths have been defined. The lateral distances have been chosen to be three times the
dimension of the elements. Therefore, dipolar coupling between the individual ellipses within
an array can be neglected [90]. Each of the arrays extends over 25 x 25um.

2see http://www.smt.zeiss.com for further information

3see http://www.raith.com/ for further information

“The positive, PMMA based resist AR-P 610.03 supplied by Allresist GmbH (Germany) was used. See Ref. [132]
for product sheet.
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After the developmemﬂ7 the written patterns have been covered by a Ta layer of appropriate
thickness (ranging from 8 to 15nm). This capping was removed in a lift-off process in a bath of
solvent under application of ultrasonic agitationEl During etching with a 80 gA/cm? Ar ion
current, the samples were tilted by approximately 30 degrees and rotated to obtain a uniform
etch profile over the whole sample. The etching depth was monitored by a secondary ion mass
spectrometer (SIMS) attached to the etching facility.
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Fig. 2.1: SEM image of one of the investigated samples, showing elliptical shaped elements of the
size of 0.27 x 1.17um?.

As an example for the fabricated arrays, figure shows a SEM image of a completely
patterned array with elliptically shaped elements of 0.27 x 1.17um?. The image confirms the
high uniformity of the patterns. The sizes and the uniformity of all the arrays have been
characterized by scanning electron microscopy after the patterning process, and show a width of
250-270nm. Due to a tendency to over-exposure, ellipses with larger aspect ratios (u = [/w > 5)
show slightly larger widths (up to 300nm).

UV lithography

For preparation of the investigated full stack TMR, junctions, a conventional photolithography
process with a contact mask has been used. In photolithography processes, the sample has
to be covered by a photo-resist, that shows a high absorption for wavelengths between 200
and 450nm [I36]. Parallel light from a UV source is transmitted through a mask and an image
of the patterns is projected onto the sample. Three different methods are commonly used in

5Developer AR 600-55 and Stopper AR 600-60 supplied by Allresist GmbH (Germany) was used. See Refs. [133, [134]
for product sheets.
5The solvent AR 300-70 supplied by Allresist GmbH (Germany) was used. See Ref. [I35] for product sheet.
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Fig. 2.2: The basic methods of photo lithography: (a) contact, (b) proximity and (c) projection
mode [136].

lithography processes: contact, proximity and projection mode (see ﬁgur [137].

In contact mode lithography, the substrate is directly applied to the mask. Because of the
direct contact, a high resolution is possible, but there is a high possibility of misalignment
and defects in the resist [136]. For the investigated samples, the simple contact mask method
has been chosen, since the pattern definition consisted of a single step lithography process,
avoiding the problem of misalignment. As the other methods are not relevant within this thesis,
a detailed discussion is omitted.

2.2 Characterization techniques

2.2.1 Alternating Gradient Magnetometery (AGM)

The Alternating Gradient Force Magnetometer (AGM) is a type of a Vibrating Sample
Magnetometer (VSM), but with a higher magnetic sensitivity (10~%emu). The magnetic sample
is mounted on the end of a cantilevered rod that incorporates a piezoelectric element. The
sample is magnetized by a dc field (variable in magnitude), and is simultaneously subjected to
a small alternating field gradient. The alternating field gradient exerts an alternating force on
the sample, proportional to the magnitude of the field gradient and to the magnetic moment
of the sample. The resulting deflection of the cantilever rod is measured by the voltage output
of the piezoelectric element. By operating at or near a mechanical resonance frequency of the
cantilever, the output signal is greatly amplified [138].

A commercially available tool from Princeton Measurement Corp. was used for AGM
measurements within this thesis. The principle setup is shown in figure The additional
gradient coils are put in a (a), (—a) configuration and generate an alternating gradient field
in the sample plane. The gradient field can be adjusted between approximately 150e/mm
(gradient 1), 1.50e/mm (gradient 0.1) or 0.150e/mm (gradient 0.01), depending on the selected
sensitivity of the tool. The field is varying with time by Hsin(wt). The field gradient, %,
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Fig. 2.3: (a) Principal of the geometry at the AGM setup and (b) geometry of the coils generating
the gradient field [138].

exerts an alternating force proportional to the magnetic moment:

dH
Fx = mx7x
dx
The sample is placed on a probe that is free to oscillate. The force acts on the sample and
causes the probe to move with period, wt, that is measured by piezo-electrical crystals. The

fundamental resonance frequency of the probe, fy, is given by

1t Y
fo—%ﬁ ;

where t and £ are the thickness and the length of the cantilever, Y is the elastic modulus
and p is the density [138].

Before making a measurement, the correct frequency and phase has to be found in an
autotune procedure. During this procedure, the phase of the lock-in amplifier is adjusted so
that the in-phase and quadrature output voltages, V and V*, behave as shown in figure
when the frequency is varied. The magnetic moment, mx, of the sample and the amplitude of
the gradient field are held constant as the frequency is slowly varied. The mechanical gain at
resonant frequency can be expressed by a quality factor, (), which can be determined by

fO(Vmax)
fB(VmaX/2) - fA(VmaX/Q)

Q=

Here, f4 and fp denotes the frequencies at which the in-phase lock-in output drops to half
its peak value [I38].

Two things have to be considered: first, the resonance frequency is lowered by attaching a
mass to the end of the rod. The mass of the sample should be chosen to be small so that the
resonance frequency is not reduced below 100Hz [139]. Second, centering along the gradient
axis is particularly important when measuring a material which has a low coercive field, since
the net ac field from the gradient coils is only zero at the center and increases with the amount
of offset along the gradient axis [138].
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Fig. 2.4: In-phase and quadrature lock-in output as a function of the gradient frequency [138].

Therefore, the size of the samples measured is always a compromise between the S/N ratio
(possible to increase by higher moment/larger sample or higher gradient field) and the accuracy
in measuring of H¢ and switching field distribution, o(Hc), due to the influence of the gradient
field. The sample size was chosen to be (4 — 5mm)? for the measurements within this thesis.
For accurate evaluation of the moment, a high gradient field was chosen (150e/mm); for
investigation of the coercivity and the hysteretic behavior, a smaller gradient field was applied
(1.5 or 0.150e/mm).

2.2.2 Magneto-optical Kerr Effect (MOKE) Magnetometery

Observations of magnetic domain patterns by magneto-optical methods have a long history. In
opaque materials, the Faraday effect [140], and in reflection, the Kerr effect is used [141], 142].
Both effects are based on changes in the properties of polarized light interacting with a material
that is subjected to a magnetic field.

The Faraday effect can rarely be applied, as only few magnetic materials are transparent.
Since all materials investigated within this thesis are metallic and highly reflective, only the
Kerr effect is of interest here. Most of the models explaining magneto-optical effects describe
the earlier discovered Faraday-effect. Nevertheless the reader should keep in mind that almost
all described effects have a counterpart in the reflective Kerr effect.

The origin of the magneto-optic effect is presently described in the context of either macro-
scopic dielectric theory or microscopic quantum theory. In the latter, the coupling between
the electrical field of light and the electron spin within a magnetic medium occurs through
spin-orbit interaction. In the following we will focus on the phenomenological (macroscopic)
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Fig. 2.5: (a)Polar, (b) longitudinal (parallel polarization), (c) longitudinal (perpendicular polarization)
and (d) transverse geometry of the magneto-optical Kerr and Faraday effect. RN is the
regularly reflected electric field amplitude. The magneto-optical amplitudes Rk and Rg
are the Kerr and Faraday amplitude, respectively, and can be conceived as generated by

the Lorentz motion, vior [92)].
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description, as it is based on Maxwell’s discussion [143]. A complete review of the microscopic
model is given in Ref. [144].

Maxwell’s description of the magneto-optic effect is based on the analysis of the dielectric
properties of a medium. He expressed linearly polarized light as being a superposition of
two circularly polarized components. He so realized that the Faraday effect is a result of the
different propagating velocities of the two circular modes. There are two processes observable
in a magnetized medium. First, the two circularly polarized modes gain different phase shifts
due to their different propagating velocities, resulting in a rotation of the polarization plane.
This process is the conventional Faraday rotation. Second, the different absorption rates of the
medium for the two circularly polarized modes affects the ellipticity. In general, both effects
exist in a magnetized medium and the amount of rotation and ellipticity is proportional to a
component of the magnetization [144].

There are different setups possible for MOKE experiments, depending on geometrical relations
between the polarization direction, the plane of incident and the magnetization direction [92]:

e Polar Kerr effect (figure[2.5(a)):

For the polar geometry, the magnetization points along the surface normal. The effect
is strongest at perpendicular incidence of the beam, and it is then independent of the
direction of polarization. The polar effect results in a rotation of the plane of polarization.

e Longitudinal Kerr effect (figures[2.5(b)/(c)):

For the longitudinal Kerr effect, the magnetization has to be in the plane of incidence and
parallel to the surface of the sample. Since the signal is proportional to sin(dy), where
Jp is the angle between surface normal and the incoming beam, the signal is vanishing
for an incoming beam in the direction of the surface normal. Therefore, the beam has
to be inclined relative to the surface to obtain a measurable signal. Furthermore, the
longitudinal Kerr effect can be differentiated into the parallel and perpendicular case,
depending on the orientation of the polarization direction with respect to the plane of
incident. The magnitude of both configurations is the same but of opposite sign.

e Transverse Kerr effect (figure[2.5(d)):

For transverse orientation, the magnetization is perpendicular to the plane of incidence
but still lies in the plane of the sample. Light of parallel polarization will result in an
amplitude variation of the reflected beam. It is noteworthy that in transmission there is
no transverse effect for either polarization.

Due to the chosen magnetic materials and the thin films studied within this thesis only
the in-plane magnetization is of interest. Therefore, the magneto-optical setup used for the
characterization utilizes the longitudinal and transverse Kerr effects. An angle of ¥y = 45°
has been chosen between incidence and the sample normal. In figure the setup of the
NanoMOKE2™ setup is schematically shown. The light is generated by a temperature and
power stabilized diode laser system and has a wavelength of 635nm. The diode is specified
for a maximum output power of 2.25mW (continuous wave). The emitted light is coupled
into a glass fibre to obtain a single mode beam and is linearly polarized in the plane of the
optical table and, therefore, it is parallel to the plane of incidence. The beam is then focused
on the sample to achieve a spatial resolution of the measurement. Several lens systems are
available, resulting to spot diameters of 2.8um to 5um for the standard quadrupole magnet
system (10um spot diameter in case of the dipolar magnet system). The beam reflected from
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Fig. 2.6: (a) Schematic and (b) photograph of the NanoMOKE2™ setup.

the sample is split in two components by a half-transparent mirror. The transmitted part of
the beam is analyzed by a polarizer and a photo-detector, therefore detecting the longitudinal
Kerr effect. Alternatively, a rotatable % plate (also called compensator) can be placed in front
of the analyzer. This compensator converts the elliptically polarized signal back into linearly
polarized light which can again be detected by the analyzer and polarizer. The reflected part
from the mirror is attenuated to fit the dynamic range of a second photo detector. The signal of
this detector is, therefore, sensitive to variations in the amplitude of the signal, thus measuring
the transverse Kerr signal. The complete MOKE setup is sensitive to both effects (longitudinal
and transverse) at the same time.

2.2.3 Scanning Electron Microscopy (SEM) and electron beam lithography

As described in section a Zeiss/LEO 1530 Scanning Electron Microscope has been used
for e-beam lithography. This tool has also been used for detailed characterization of the lateral
dimensions of the patterned elements. Although this method has some disadvantages (e.g.,
no topological information can be extracted from the images, charging effects at the polymer
residuals can increase the inaccuracy of the evaluated dimensions), it has been chosen for its
high data acquisition rate in comparison to other methodd’]

2.2.4 X-Ray Diffractometery (XRD)

X-ray diffractometery (XRD) is a technique in which the pattern is recorded, that is produced
by the diffraction of X-rays through the lattice of atoms in a specimen. This diffraction pattern
is then analyzed to reveal the nature of the lattice. This leads to an understanding of several
structural properties, like the crystalline, grain, defect and phase structure of the sample.

A detailed description of the XRD methods has recently been given, e.g., in the thesis of S.
HEITMANN. Therefore, the reader is referred to Ref. [145] for further information.

"More than 450 arrays of sub-micrometer sized elements have been patterned and had to be characterized during
these studies
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2.2.5 Transmission Electron Microscopy (TEM)

For the structural investigation of full magnetic tunnel junctions, high resolution transmission
electron microscopy (HR-TEM) has been used. In analogy to an optical microscope, a TEM
uses a wide beam of electrons passing through a thin specimen. This transmitted beam is then
projected onto the viewing screen (or CCD camera), forming an enlarged image of the specimen.
Due to the above mentioned high energies of the electrons used in electron microscopes, the
resolution is not diffraction-limited. The electron lenses have more imperfections or aberrations
than a glass lens for light and this has important implications for the resolution of the electron
microscope.

A main advantageous characteristic of a transmission electron microscope is the possibility
to obtain information in real space (imaging mode) and reciprocal space (diffraction mode)
almost simultaneously. Depending on the used mode, different properties of the material can
be observed (see also figure [146], 147):
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Fig. 2.7: Schematics of the different TEM modes: (a) Brightfield (BF), (b) darkfield (DF), and (c)
electron diffraction (ED) mode [146].

e Brightfield (BF) mode:
An aperture is placed in the back focal plane of the objective lens which allows only the
direct beam to pass. In this case, mass-thickness and diffraction contrast contribute to
image formation: thick areas, areas in which heavy atoms are enriched, and properly
oriented crystalline areas appear with dark contrast.

e Darkfield (DF) mode:

One or more diffracted beams are allowed to pass the objective aperture. The direct
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Fig. 2.8: Several kinds of diffraction patterns obtained from (a) an Al single crystal, (b) a polycrys-
talline Au, and (c) an amorphous carbon sample. Change in the scattering amplitude for
an (d) polycrystalline, and (e) amorphous specimen. All images are taken from Ref. [148].

beam is blocked by the aperture. In contrast to the direct beam, the diffracted beam has
interacted strongly with the specimen, and often very useful information is present in
DF images, e.g., about planar defects, stacking faults or particle size.

e FElectron diffraction (ED) mode:
Electron diffraction is a collective elastic scattering phenomenon with electrons being
scattered by atoms in a regular array (crystal). The incoming plane electron waves interact
with the atoms, and secondary waves are generated which interfere either constructively
or destructively with each other. The scattering event can be described as a reflection
of the beams at planes of atoms (lattice planes). The Bragg law gives then the relation
between interplanar distance, d, and diffraction angle, 6:

nA = 2dsin 6

Since the wavelength, A, of the electrons is known, interplanar distances can be calculated
from ED patterns. Furthermore, information about crystal symmetry can be obtained.
Consequently, electron diffraction represents a valuable tool in crystallography.

In figure 2:8 diffraction patterns obtained from different samples are exemplarily shown. In
case of a crystalline sample, where all atoms are placed on a well defined lattice, the intensity
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of the diffracted beams has a maximum at specific angles around the central spot, given by
Bragg’s equation.

In a polycrystalline film, where all crystal orientations are uniformly distributed, the diffrac-
tion pattern will consist of sharp rings around the central spot, as shown in figures [2.8(b)/(d).
For an amorphous specimen, the atoms are almost (but not quite) randomly arranged. A
random arrangement would result in a continuous decrease of amplitude with scattering angle,
given by the so-called scattering factor (see e.g. Ref. [148]). However, there are certain inter-
atomic spacings that tend to occur in an amorphous structure, e.g., first- and second-nearest
neighbor spacings are usually relatively well defined. As a result, the amplitude of diffraction
is stronger at some angles than at others, which we see as rings of diffuse intensity shown in
figures [2.8(c)/(e).

It is, therefore, hard to distinguish between really amorphous or (sub)nanocrystalline material
in diffraction mode, and this question is still debated in the scientific community. Although the
diffraction pattern looks similar to that from polycrystalline material, the rings are broader
and there are no diffraction spots (speckles) [148].

For further information, a complete review of all TEM methods, including electron diffraction
and analytical electron microscopy, can be found, e.g., in Ref. [148].

2.2.6 Atomic Force Microscopy, Magnetic Force Microscopy (AFM/MFM)

Since the first invention of Scanning Tunneling Microscopy (STM) by BINNIG and ROHRER in
1982 [149], various kinds of scanning probe measurements (SPM) developed to useful tools
for studying surface properties of materials from atomic to the micron size. Most common
and available as commercial tools are Scanning Tunneling Microscopes (STM), Atomic Force
Microscopes (AFM) and Magnetic Force Microscopes (MFM).

The basic setup for a SPM con-
tains a cantilever with a small probe A
tip, a piezoelectric scanner which Force
moves the tip over the sample, and repulsive force
a feedback mechanism to control the ﬁ
vertical (z) position of the tip. Fi- intermittent-
nally, a computer is used that drives contact
the scanner, measures and converts
the data into an image.

In AFM mode, the surface of a contact distance

sample is probed with a sharp tip, 1 (tip-to-sample sepa}ration)

some microns long and often less
than 10nm in tip diameter. The tip
is located at the free end of a can- '
tilever that is 100um to 200um long. non-contact
Forces between the tip and the sam-
ple surface cause the cantilever to attractive force
bend or deflect. A detector measures
the cantilever deflection as the tip is
scanned over the sample [150].

Fig. 2.9: Interatomic force versus distance curve [150].
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The AFM cantilever is deflected by several forces between the tip and the sample. For short
distances the repulsive force originated by the Pauli principle is dominating. The long-range
interaction can be described by van-der-Waals forces and is attractive. The interaction between
tip and sample can be described as a superposition of these forces, as for example described by
the Lennard-Jones potential V (r) ~ (ro/r)'* — (ro/r)®, with ro being the hard sphere radius.
This results in the force versus distance curve schematically shown in figure 2.9} Depending on
the distance between sample and tip, one differentiates between contact mode (repulsive range)
and non-contact mode (attractive range) AFM.

For MFM, a magnetically coated tip is used instead of the non-magnetic one. Therefore, it
is possible to additionally detect the magnetic interactions between the sample and the tip.
Basically, there are two different operation modes in magnetic force microscopy possible:

e Scanning at constant distance to the sample (varying height):

In this MFM mode each line is scanned twice in a row. For the first scan, the sample
is scanned in a close distance between the cantilever and the sample. Therefore, the
attractive van der Waals force dominates, and the image reflects the topological properties
of the sample. In the second scan, the tip is lifted to typically 50 — 100nm above the
surface and the distance between the tip and the sample surface, acquired in the first
scan, is held constant. Here, the long-range magnetic interaction between the out of plane
component of the magnetization (or the stray field in case of in-plane magnetization)
and the magnetic tip dominates.

e Scanning at constant height of the cantilever (varying distance):
In this mode, the height of the tip is held constant and the deflection of the cantilever is
detected while scanning over the surface. Therefore, the signal consists of a convolution of
the different forces, i.e. the topological contrast and the magnetic interaction between tip
and sample are superimposed. To separate the topological from the magnetic information,
one has to perform two measurements on the same area with reversed magnetization of
the tip.

The first method is used in the MFM setup of DI/Veeco Instruments, as it has been used
for several MFM measurements. Due to problems in the signal to noise ratio and with periodic
signal oscillations, the sensitivity of this tool was not sufficient to obtain satisfying images of
the low moment samples under study.

The MFM measurements on sub-micrometer scaled magnetic elements presented in section
and have been performed with a high resolution magnetic force microscope (HR-MFM)
in a collaboration with Swissprobe AG, Switzerland. The system is operated at ambient
temperature and high-vacuum conditions (< 10~°mbar). The mechanics of this system is
thermally compensated and the complete setup is thermally and acoustically insulated. Thus,
the tool is specified for a spatial resolution of < 0.2nm and a magnetic resolution of < 10nm
[I51]. Therefore, it has been possible to image the magnetic properties of AFi samples as well
as exchange biased samples with sub-micrometer sized elements.

The HR-MFM setup of Swissprobe utilizes the second measurement method, where the
height of the cantilever is held fixed. As a disadvantage, one always gets a convolution of the
topological contrast and the magnetic interaction between tip and sample. This measurement
method has clear advantages for flat samples with low topology (e.g., harddisk media). In
case of patterned samples with a pronounced topology, the scan has to be performed twice
with different orientations of the tip magnetization. In order to obtain the information about
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the magnetic interaction, both images have to be digitally subtracted. Since this procedure is
very time consuming for the samples studied in section [3.4] the results shown are obtained
in a single scan. Therefore, the presented data always contain both effects, topological and
magnetical interactions.

For all presented data, the magnetic tip was magnetized with the magnetic south pole (S) at
the apex of the tip. Therefore, a negative (positive) pole at the sample acts as an attractive
(repulsive) force, thus originating an increase (decrease) in the detected frequency shift. Thus
it is also possible to correlate the dipolar contrast at the MFM images to a magnetization
configuration within the magnetic particles.



3 Results and discussion

This chapter covers the experimental results obtained on either AF coupled or exchange
biased systems and their discussion. In the first part, emphasis is on the use of artificial
ferrimagnets as soft magnetic electrode in magnetoresistive devices. The first section reports on
the unpatterned thin film systems, and a comparison between polycrystalline AFis containing
CorzsFegs and amorphous AFis containing (CozsFeas)g0Bag is given. In the following sections,
the structural and transport properties of these systems are discussed. The fourth section
covers the investigation of sub-micrometer scaled CoFeB/Ru/CoFeB systems in comparison
to magnetic single layers of the same area. Finally, a short discussion is presented about the
potential of CoFeB based hard electrodes in magnetoresistive devices.

3.1 Unpatterned CoFe/Ru/CoFe and CoFeB/Ru/CoFeB

As discussed in section and

ot as described by equations [1.5] and
the concept of an artificial fer-
rimagnet allows one to adjust the
~M . magnetic properties of the soft layer.

easy axis
hard axis

o Compared with a single ferromag-

(\p - netic layer the AFi can be regarded

as a rigid magnetic body with a

-— reduced magnetic moment and en-
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the coercivity of the AFi, Hé*Fi =
QHSY, can be easily tailored by
modifying the thickness of the fer-
romagnetic layers.

So far, only AFi systems of poly-
crystalline materials like CoFe and
NiFe have been discussed in litera-
ture. It was the purpose of the stud-
ies within this thesis to extend the knowledge of AFi soft electrodes to include amorphous
alloys.

Fig. 3.1: Major loop AGM  measurement of a
CofFeB(4)/Ru(1.1)/CoFeB(3) AFi in direc-
tion of easy and hard magnetization axis. The
inset shows the minor loop measurement of the
same sample in easy axis configuration.

3.1.1 Experimental and simulated magnetization loops

A typical room temperature magnetization curve, M (H), of an antiferromagnetically (AF)
coupled system with a Ru spacer is shown in figure after annealing at 250°C. The M (H)
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Fig. 3.2: (a) Magnetization loop M(H) for sample A3 (CoFeB(4.5)/Ru(0.95)/CoFeB(3)) obtained
by AGM at RT. (b) Simulated magnetization loop obtained by energy minimization of the
total energy of the AFi with J = —0.06mJ/m? and K, = 2000J/m?>, in good agreement
with experimental data.

curve shows a well defined anisotropy and a good antiparallel alignment during the magneti-
zation reversal of the net moment of the AFi. A strong AF interlayer exchange coupling can
be determined from the loop. From the AGM measurements, one can extract the saturation
field, Hgat, the total and the net moment of the AFi, allowing calculation of the measured
Q-value, Q) = %ﬁ, the individual magnetization of the layers, mq 2, and the coupling energy
J = —poHgat Tgﬁf}% The coupling, J, of the sample shown in figure can be evaluated to
—0.071 4+ 0.003 mJ/m?.

Figure|3.2|(a) shows the M (H) loop of a similar CoFeB based AFi that will also be investigated
in the following sections. For this sample, a slightly higher net moment and a Ru thickness of
0.95nm has been chosen. Figure (b) presents the simulated loop calculated by minimization
of the total energy of the AFi. Taken into account were: the experimentally obtained moments
and bilinear coupling energy, the uniaxial anisotropy energy and the Zeeman energy. No
biquadratic contribution has been considered. The very good agreement of the experimental
and simulated M (H) loops shows that, indeed, the biquadratic term can be neglected for the
samples under study.

Comparing the experimental and simulated M (H) loops, one can also conclude that all
samples show a very strong anisotropy at room temperature. If the coupling strength and
the magnetic moments evaluated from the AGM measurements are taken into account, the
experimental data are best fitted with an uniaxial anisotropy constant K, = 2000J/m3. Most
interestingly, the experimental data show a pronounced plateau and an abrupt change of the
magnetization for H > Hj,. This behavior is most likely attributed to a narrow distribution of

anisotropy in the amorphous material around the easy axis of the system and is not observed
in comparable stacks of polycrystalline material.

3.1.2 Coupling versus spacer thickness

In order to investigate the coupling characteristics of the CoFeB based AFi in depen-
dence of the spacer layer thickness, a series of samples will be discussed, consisting of
CoFeB(4)/Ru(try)/CoFeB(3). The thickness of the non-magnetic Ru-spacer has been varied
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Fig. 3.3: (a) Experimental results of coupling strength versus Ru spacer thickness, tg,, for artificial
ferrimagnets of CoFeB(4)/Ru(tr,)/CoFeB(3) as published in Ref. [63]. (b) Reproduced
results on the Kenotec sputtering tool. The graph shows comparable oscillating behavior
as in the previous case. (c) Coercivity and (d) measured QQ-value versus the Ru spacer
thickness for samples of the Kenotec series. Lines are guides to the eye.

in the first series of samples between tg, = 0.7 and 1.2nm, in steps of 0.1nm.

The spacer layer dependence of the evaluated coupling is plotted in figure The first
graph is for AFi systems sputtered at the Leybold system and the results have been published
in Ref. [63]. They show an oscillating behavior in the antiferromagnetic region in accordance
with the model of interlayer exchange coupling discussed in section The coupling has its
second antiferromagnetic maximum at spacer thicknesses of 1.0 to 1.1nm and achieves a value
of approximately —0.08 mJ/m?. Therefore, the coupling is approximately by a factor of 10
lower and the second maximum of AF coupling is slightly shifted to higher spacer thicknesses
than in artificial ferrimagnets of polycrystalline CoFe/Ru/CoFe [2], 56]. As will be discussed in
detail in section [3.1.4] the coupling at room temperature does not change significantly after
annealing treatment with temperatures up to 325°C. Nevertheless, from studies at elevated
temperatures, a strong temperature dependence of the coupling is found (see section .

After these promising results, the same target materials have been installed in our second
sputtering tool (Kenotec), and similar multilayers have been deposited. Results obtained from
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the same FM combination are shown in figures [3.3(b)-(d). The basic features, i.e. the absolute
value of the coupling strength and the oscillating behavior, could be reproduced. However,
the position of the second maximum of AF coupling is less pronounced and shifted to slightly
lower Ru-thicknesses, resulting in a maximum of coupling at x = 0.9 — 0.95nm. This difference
of about 0.1nm (less than 1 monolayer) is most likely attributed to differences in thickness
calibration of the sputtering tools.

Due to higher process stability in the Kenotec sputtering tool, a wider range of spacer
thicknesses could be investigated with the second series of samples. In the "as deposited" state
one achieves high coupling strength even at spacer thicknesses below 0.6nm. After annealing
at 280°C, the AF coupling vanishes for these thicknesses, most likely caused by an increase
in direct coupling through pinholes, but also, a ferromagnetic interlayer exchange coupling
due to the RKKY like behavior is possible. Independent of the origin, the coupling is of
ferromagnetic type for the annealed samples, as can be concluded from the coercivity data
shown in figure [3.3(c). For stable AF coupling a HAT of 0.8kA /m was found, whereas the
coercivity at 2 < 0.6nm decreased to ~ 0.1kA /m. Regarding the relation HAF! = QHS", the
system can be considered as a single ferromagnetic layer for small layer thicknesses. For large
thicknesses (z > 1.1nm), the argument of pinholes does not hold anymore. Most likely that
the system enters the regime of ferromagnetic interlayer exchange coupling, as it is described
by the RKKY-like, oscillating coupling behavior.

3.1.3 Dependence of coercivity on () value

12 A series A (Co,Fe, B,)

2020
m series B (Co,Fe,)

meas

Fig. 3.4: Dependence of coercivity on the measured (Q value of CoFe and CoFeB based AFi systems.
Data points shown are evaluated for all samples at different annealing conditions, increasing
the number of points.

The dependence of coercivity on the @) value will be discussed by focusing on two series
of samples with varying () values. All material systems have been sputtered starting with an
Ta/AlO, seed layer to ensure the same growth conditions, as in case of the top electrode in
full stack MTJ systems, and are capped with 10nm of Ta to protect them from oxidation.

Series A consists of three positive AFis of CoFeB(t1)/Ru(1.1)/CoFeB(3). The thickness of the
first CoFeB layer was t1=3.8, 4 and 5nm, which gives nominal Q-values of 8.5, 7 and 4, respec-
tively. Additionally, one negative AFi has been sputtered with CoFeB(3)/Ru(1.1)/CoFeB(3.8).
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Qnom Qmeas (ad) Qmeas (2700(:) J (27OOC)
[mJ/m?]
series A
CoFeB(3.8)/Ru(1.1)/CoFeB(3) | 8.5 2.7 25 -0.05
CoFeB(4)/Ru(1.1)/CoFeB(3) 7.0 5.0 4.0 -0.07
CoFeB(5)/Ru(1.1)/CoFeB(3) 4.0 3.0 2.7 -0.04
CoFeB(3)/Ru(1.1)/CoFeB(3.8) | 8.5 0.4 15.2 -0.11
series B
CoFe(5)/Ru(0.9)/CoFe(8) 4.3 4.2 4.3 -1.18
CoFe(7)/Ru(0.9)/CoFe(10) 5.7 5.1 5.1 -1.18
CoFe(3)/Ru(0.9)/CoFe(6) 3.0 2.9 2.9 -1.11
CoFe(3)/Ru(0.9)/CoFe(7) 25 2.4 2.4 -1.13
CoFe(3)/Ru(0.9)/CoFe(9) 2.0 1.9 2.0 -1.16

Tab. 3.1: Overview of the samples considered for the study of the coupling dependence on Q) value
and annealing temperature. The nominal and measured () values in the as deposited state
(ad) and at an annealing temperature of 270°C are given. The last column shows the
coupling strength, J, after annealing at 270°C.

Series B consists of CoFe(t1)/Ru(0.9)/CoFe(t2) with various thicknesses t1 and tq, leading to
nominal @ values in the range of 2 to 5.7. All investigated samples are listed in table with
their nominal and measured () values at the given annealing conditions.

From the minor loops, one can extract the coercivities, HfFi, of the AF coupled systems.
When plotted against Queas, the coercivity shows a linear behavior as predicted by equation
(see figure . The linear fit of the data gives HAF = (0.29-Q — 0.17)kA /m in the case of
the amorphous CoFeB-AFi, and HAF! = (3.2 Q — 3.5)kA /m for the polycrystalline CoFe-AF1,
respectively. Considering equation , this leads to single layer coercivities of 0.29kA /m and
3.16kA /m, respectively, in good agreement with the measured coercivity of H" = 0.27 to
0.35kA /m for a 3.5 nm thick single layer of CoFeB and HCSL = 2.4 to 3.0kA/m for a 5nm thick
single layer of CoFe.

Due to the linear behavior, the coercivity can easily be tailored within a large window by
varying the @) value of the system. Most interestingly, the coercivity of the CoFeB-AFis is
approximately nine times smaller than in artificial ferrimagnets consisting of polycrystalline
CorsFess (see figure , qualifying this AFi-system as an promising material combination for
soft magnetic electrodes in magnetoresistive applications.

For all CoFeB samples it is found that Qmeas depends slightly on the annealing temperature.
For samples of series A, Qmeas significantly deviates from the nominal @) value. This is most
likely attributed to microstructural differences between the two series, originated by the use of
two different sputtering tools for sample preparation. The discrepancy between nominal and
measured () values in the case of series A can be explained by the observed thicker magnetically
dead layers of the upper CoFeB layer in comparison to the bottom layer. This already holds
in the "as deposited" state. As verified by Auger depth profiling, the capping layer of 10nm
of Ta protects the multilayers against oxidation up to annealing temperatures of 400°C [152].
This ensures that the difference in the magnetic dead layer thickness between the two CoFeB
layers originates from a stronger intermixing of the upper CoFeB interfaces rather than an
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Fig. 3.5: (a) Measured Q value, (b) coercivity HAF" and (c) coupling J of the CoFeB-trilayers versus
annealing temperature Ts,,. The values in parentheses are the nominal layer thicknesses,
t1 and ta, of the AFi.

oxidation of the upper layer. This leads to an increase in mye; and, therefore, a decrease in
Qmeas in the case of the positive AFis. For the same reason the negative AFi of series A shows
a much higher Queas in comparison to the nominal ) of 8.5.

3.1.4 Annealing temperature dependence and stability

As already presented in figure [3.3((a), the coupling at the second AF maximum remains stable
against annealing up to more than 300°C. It was the purpose of a further study to investigate
the magnetic properties of the CoFeB-AFi in dependence of the annealing conditions. Therefore,
the samples of series A have been annealed on a hot plate at constant temperatures between
200 and 350°C for 15 min and have been protected from oxidation by a constant Ar-flow.
The ramp-down times varied between 1 and 2 hours, depending on the applied annealing
temperature. A field of approximately 400 kA /m was applied along the deposition-induced
easy axis during annealing and cooling.

All samples were then investigated by Alternating Gradient Magnetometery (AGM). From
the major and minor loops, the key parameters characterizing the magnetic properties have
been extracted: the saturation field of the AFi (Hgat), the plateau field (H,), the total and
net area magnetization (myor and myet, respectively), and the coercivity (H?Fi). From these
data, one can calculate the coupling strength, J, and the measured @). All data evaluated from
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Fig. 3.6: (a)/(b) Major and minor loop magnetization measurements of a CoFe based AFi of
series B, and (c)/(d) for a CoFeB based AFi of series A in dependence on the annealing
temperature.

series A are shown in figure [3.5

Apart from the significant deviation of the measured () value to the nominal one, as discussed
before, a slight decrease with annealing temperature is found for the positive AFis (see figure
3.5(a). In the case of the negative AFi, a strong increase of ) value for temperatures up to
270°C is found, which is also reflected by a constant rise in coercivity in this temperature
range, as expected by equation

However, the increase of coercivity for Tan, > 300°C is also seen in the positive samples of
series A, where the argument of an increasing @) value does not hold. For those systems, the
coercivity slightly decreases in the temperature range of 200 to 300°C and for temperatures
higher than 300°C, it strongly increases (see figurd3.5|(b)). This abrupt increase is observed
regardless of the thickness of the CoFeB and the materials interfacing it. This strongly suggests
that the origin of the coercivity increase at these temperatures is not caused by interdiffusion,
but by the change from amorphous to polycrystalline phase as reported for other CoFeB alloys
[153]. Furthermore, the same abrupt increase of coercivity is also seen in tunnel junctions using
a single layer of CoFeB as the soft electrode in the same temperature window [152].

The third key factor affecting the coupled trilayers is the coupling energy; this can be
evaluated from the experimental data using equation As can be seen in figure (c), the
coupling is already set in the "as deposited" state for all samples. In the temperature window
between 300°C and 340°C, the coupling decreases. Above 340°C, the plateau field, Hp,, quickly
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disappears. Figures (a) and (b) show the major and minor loops for different annealing
temperatures of CoFeB(4)/Ru(1.1)/CoFeB(3). A similar behavior of the magnetization loops
is found for the CoFe based AFi of series B as shown in figures [3.6(c) and (d). It is worth
mentioning that for T,,, > 340°C, the saturation field is still pronounced for both samples,
excluding the possibility of pinhole formation at this temperature because a direct FM coupling
would result in an abrupt switching of the two layers at a much lower coercivity. Therefore, the
vanishing plateau is either related to an increase in the distribution of the anisotropy direction
or to a transition from a bilinear to a dominating biquadratic coupling [154].

The AF coupling strengths, J;s = —J,
varies for the positive samples of series A
between 0.037 and 0.063m.J /m?, whereas the
negative AFi shows a coupling of 0.12mJ/m?.
This discrepancy can be explained by the
fact that the magnetic dead layer thickness &
is larger for the upper FM layer. In the case 2 :
of the negative AFi, this leads to a decrease ;o 0.4- simulaton parancers
of its net moment with a resulting increase in :;lu ;21%%% i/;m
the saturation field and in Jap. Nevertheless, 024 ! t1s= anm
as a first approximation, the coercivity of the t,=3nm
unpatterned AFi systems can be considered 0.0 +——+— - .

00 02 04 06 08 10

to be independent from the absolute value of J. (mJ /mz)

coupling for the samples under study. This
is confirmed experimentally by the linear be-
havior of the coercivity versus ) value in
figure [3.4] To further prove this assumption,
calculations of the magnetization reversal in
dependence on the coupling have been per-
formed within the simple energy model of the
unpatterned AFi presented in section [1.2.1]
The resulting dependence of coercivity on the
coupling strength, Ja¢, is shown in figure [3.7] For small coupling strength, the coercivity is
strongly increasing and it asymptotically reaches a constant value for large coupling strength.
The experimental window of Jy¢ is indicated in the plot, and a change in coercivity by the
increasing coupling strength is less than 10%, thus underlining the aforementioned assumption.

Fig. 3.7: Dependence of the normalized coerciv-
ity, He/H(J,¢ = 10mJ/m?), on the AF
coupling strength, J,r = —J,. The dat-
apoints have been obtained by simulation
using the energy model of the AFi pre-
sented in section[I.2.1]

In summary, the CoFeB/Ru/CoFeB sandwiches exhibit a stable coupling for annealing up to
Tonn = 325°C. The onset of transition from a bilinear to a biquadratic dominated coupling takes
place at similar annealing temperatures as it is the case at the polycrystalline CoFe samples. At
the same time, the coupling energy, J, of the CoFeB based AFis is in the order of —0.1mJ/m?;
this is by one magnitude smaller than in polycrystalline CoFe based AFis. The coercivity of
the amorphous AFi is by a factor of nine smaller than in the polycrystalline samples and scales
linearly with the measured Q-value. Combined with the high spin polarization of this CoFeB
alloy, reflected by a measured TMR effect of approximately 70% [26], this material system may
be a potential candidate as a soft magnetic electrode in magnetic tunnel junctions. Therefore,
the CoFeB based AFi will be investigated in sub-micrometer scale elements in section
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series A

CoFeB(t1)/Ru(0.95)/CoFeB(3)

Al: t1 =3.5 29.8 | -0.060 | 53.4+0.6 | 1429+1.2 | 1.12+£0.01

A2:t1 =4 26.3 | -0.060 | 44.1£0.4 | 149.8+1.3 | 1.18 £ 0.02

A3:t1 =45 239 | -0.060 | 40.4+0.2 | 146.24+0.7 | 1.14 4+ 0.01

series B

CoFeB(3.5)/Ru(try)/CoFeB(3)

Bl: tr, = 0.8 23.9 | -0.061 | 50.3£0.7 | 140.7+1.4 | 0.93 £ 0.01

B2: tgr, = 0.85 23.1 | -0.053 | 49.0£0.7 | 135.3+1.3 | 0.95+0.01

B3: try = 0.95 208 | -0.060 | 53.4+£0.6 | 142.94+1.2 | 1.124+0.01

B4: tgr, = 1.0 19.1 | -0.036 | 48.24+0.4 | 120.0+1.3 | 0.99 £ 0.01

B5: tgr, = 1.05 10.7 | -0.022 | 33.44+0.4 | 103.24+1.4 | 0.89 £0.01

Tab. 3.2: Saturation field (HASM) and coupling strength (JA°M) evaluated from AGM measure-
ments, zero temperature saturation field (Hsat ), characteristic temperature (Ty) and

Fermi velocity (vr) evaluated from fittings of the experimental data with equation [1.§

3.1.5 Temperature dependence of AF coupling

The reliable switching of sub-micrometer sized elements in dense MRAM arrays is limited
by the thermal stability limit of the elements; this is comparable to the problem in magnetic
storage devices [I55]. To increase the thermal stability, materials with high intrinsic or shape
anisotropy have to be used in order to increase the relative energy barrier (see figure . As
a drawback, the coercivity of the magnetic bits is also increasing, which therefore increases the
currents needed for reversing the magnetization of the bits. To compensate for this disadvantage,
a heat assisted writing scheme for magnetic elements has been suggested [156].

Recently, the so called spin-flop switching has been announced for use in MRAM, using
artificial ferrimagnets (AFi) as a soft magnetic electrode and the concept of bit toggling
rather than switching [60]. As already discussed in section the spin-flop or plateau field,
Hp, has to be overcome in this novel switching scheme, thus inducing a net moment of the
magnetizations of the AFi electrode. The bit is then reversed by a rotation of the net moment.

To combine both approaches, namely the heat assisted writing in a spin-flop switching
scheme, it is necessary to gain a deeper knowledge of the temperature dependence of coupling.
It was the purpose of this study to investigate the saturation field (and therefore the coupling
strength) and the plateau field in CoFeB based AFi systems in an operating range from RT
to 330°C. Due to the stable coupling up to ~ 350°C and the high TMR values that have
been obtained with these CoFeB alloys, the CoFeB based AFi is also a promising candidate
for integration as a soft magnetic electrode in MTJs, while using thermal assisted spin-flop
switching.

Theoretical models predict a temperature dependence of the coupling as discussed in
section [I.2.1] From Equation [1.7] it can be derived that the saturation field should behave as

HOS.HIIZ‘F(/T% with the characteristic temperature given by Ty = %533%' For Ru, the Fermi

velocity is of the order of 107cm /s, and therefore about one order of magnitude smaller than in
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most non-magnetic metals [54]. This comparable low Fermi velocity results in a characteristic
temperature of ~ 100K, originating a strong temperature dependence of coupling versus
temperature in Ru based FM/NM/FM trilayers.

As listed in table [3.2] two series of samples have been prepared. In series A, the thickness
t; of the magnetic layer in contact with the AlO, was varied from 3.5 to 4.5nm, in steps of
0.5nm (CoFeB (t1)/Ru(0.95)/CoFeB(3)). In series B, the Ru thickness (tgry) was varied from
0.8 to 1.05nm around the 2nd AF coupling maximum, while using an almost compensated
CoFeB(3.5) /Ru(try)/CoFeB(3) AFi. After deposition, all samples were heat treated at 300°C
for 10min. and cooled down to room temperature (RT) under application of a constant magnetic
field of ~ 40kA /m, which is well above the saturation field, HAGM,

sat
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Fig. 3.8: Magnetization loops at various temperatures, M (H,T'), obtained by MOKE for (a) sample
A3 and (b) sample B5. See table[3.2 for nomenclature of the samples.

Before performing the MOKE measurements with varying temperature, M(H) loops of all
samples have been obtained by alternating gradient field magnetometery (AGM) at room
temperature (RT). From these measurements, it was possible to evaluate the saturation field,
HAGM 45 well as the net and total magnetic moment, thus allowing calculation of the coupling,
JAGM A an example, a magnetization loop of sample A3 has been already presented in figure
(a). The coupling strength has a constant value of —0.06mJ/m? for the samples of series
A, whereas for series B, the coupling strength varies with spacer thickness from —0.02 to
—0.06mJ/m? with the maximum for tg, = 0.95nm, in accordance with the oscillating behavior
presented before. All results of the AGM measurements are listed in table

The temperature stage of the MOKE setup (see appendix |A] for details) enabled us to
obtain magnetization loops of the samples at varying temperatures between room temperature
and 330°C. Additionally, low temperature measurements have been performed in a similar
NanoMOKE™  setup by J. Nogues and J. Sort in a temperature range between 10K and
300K [T

With both setups, magnetization loops have been recorded in a temperature range from 10K
to 600K in steps of 10K. Due to the strong dependence of coupling in the CoFeB/Ru/CoFeB
trilayers, a strong decrease of saturation and plateau field with the temperature is expected.
Some of the temperature dependent magnetization loops, M (H,T), for samples A3 and B5

'The low-temperature measurements have been performed in a collaboration with the Institucio Catalana de Recerca
i Estudis Avancats (ICREA) at the Departament de Fisica, Universitat Autonoma de Barcelona.
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Fig. 3.9: Saturation and plateau field with varying temperature for (a)-(c) samples of series A and
(d)-(g) series B, respectively. The lines are fits of the (T'/Tp)/(sinh(T"/Ty) dependence to
the experimental data. The extracted values of the zero temperature saturation field, Hy,
and the characteristic temperature, Ty, are listed in table[3.2
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obtained by MOKE are shown in Fig. [3.8] Similar loops of all samples have been obtained
and at RT, they show identically behavior as has been found by AGM measurements. The
significant differences between the MOKE measurements for |H| < H, is attributed to the
different setups for the two temperature ranges. The setups create different phase shifts between
the Kerr signal coming from the two ferromagnetic layers [112]. However, these phase shifts
only affect the detected Kerr rotation, but does not influence the measurement of Hgyy and Hyp,
as can also be concluded from the seamless transition of Hg,y and H}, around RT, as presented
in figure . Here, the behavior of Hg (1) and Hy(T) is shown for all samples.

It is observed, that both, Hg,s and Hy,, decrease with increasing temperature. The saturation
field data have been fitted with the (7'/Tp)/(sinh(7/Ty)) behavior as described by equation
[[:2:1] Most of the samples show a high agreement between the fitted loop and the experimental
data, but some show a deviation from the expected behavior for 7' < 100K . Since the model
only takes into account the temperature dependence of the spacer layer contribution to the
coupling, these deviations may be caused by additional contributions from the interfaces
and magnetic layers [I57]. As the reason for the deviation is not clear, these data have not
been taken into account for the fittings. From these fittings one can obtain values of the zero
temperature saturation field, Hgas,0, and the characteristic temperature, Tp. All values obtained
from the fittings are listed in table [3.2]

Since the Ru spacer thickness and the coupling has been held constant for the samples in
series A, Ty and, accordingly, vy are constant. For the samples in series A, the extracted values
for Ty are approximately 145K. This leads to a Fermi velocity of vr ~ 1.15 x 107cm/s, which
is in accordance with the values obtained in Co/Ru/Co multilayers [68].

Secondly, it is observed from the M(H,T) measurements, that Hg, has a stronger dependence
on the temperature than Hp in the samples under study. Therefore, the quotient Hga/Hyp
decreases as a function of T for almost all samples (see figures . Finally, the separation of
plateau and saturation field, which is necessary for the spin-flop writing of MRAM bits, decreases
for elevated temperatures. Although, samples B4 and B5 show a vanishing plateau field at
elevated temperatures, causing an increase of Hgyt/H, for T > 510K and T> 425K, respectively.
In terms of the magnetic phase diagram calculated for AFi structures by WORLEDGE in Ref.
[99] (see also figure , all samples approach the phase boundary between the spin-flop and
the metamagnetic phase (defined by the condition Hgay = Hy,) with increasing temperature.

To investigate the origin of this behavior, additional magnetization loops of the AFi system
have been simulated using the model mentioned in section The resulting M (H) behavior,
for one branch of the magnetization loops, is shown in dependence of the AF coupling strength
and the uniaxial anisotropy constant in figures [3.10(a) and (c), respectively. The quotient
Hgat/Hp has been evaluated from these loops and is shown in figure 3.10fc) and (d). It is
evident that the margin between spin-flop and saturation field can be increased, if either the
AF coupling is increased or the intrinsic anisotropy of the AFi is decreased.

From the quantum well model of coupling it is predicted that the exchange coupling oscillates
in sign with a period of 7/kp, and the amplitude of the oscillation decays as 1/ t%\IM, where

kp = hmv—f is the Fermi wave vector in the spacer layer [69]. In Fig.|3.11{(a), the coupling strength,
JAGM

, and zero temperature saturation field, Hgat 0, in dependence of the Ru thickness are
presented. Both show the expected oscillating behavior around the 2nd AF coupling maximum.
In Fig. [3.11|(b), the evaluated dependence of vp on the Ru spacer thickness is shown, and a
maximum of Fermi velocity around the second AF coupling maximum (at tg, = 0.95nm) is
found.
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Fig. 3.11: (a) Dependence of room temperature coupling strength (JA®M) obtained from AGM
measurements and zero temperature saturation field (Hsat0) in dependence of the Ru
spacer thickness. Both show the expected oscillating behavior around the 2nd AF coupling
maximum. (b) Evaluated Fermi velocities in dependence on the Ru spacer thickness. The
three data points at tg, = 0.95 are from the samples of series A, showing an almost
constant Fermi velocity irrespective of the net moment.
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In conclusion, the temperature dependence of the saturation field and, therefore, the coupling
strength for CoFeB/Ru/CoFeB trilayers has been investigated in this section. From these
studies, we evaluated the characteristic temperature to be ~ 145K and a Fermi velocity of
1.15 x 107em/s; this is in good accordance with the results of Co/Ru/Co trilayers presented by
others. The AFis based on amorphous CoFeB show a high anisotropy with a low distribution
of the anisotropy direction around the easy axis of the system. While the narrow distribution
is essential for application of these AFis as a soft magnetic electrode in MTJs, the absolute
value of the anisotropy has to be decreased. As a consequence, this would increase the margin
between the plateau and saturation field, necessary for spin-flop switching and especially
important for operation at elevated temperatures or in heat assisted writing schemes.

3.2 Structural investigations on CoFeB

From the annealing studies on series A (in section , it is indicated that the onset of
crystallization for the CoFeB is at around Tyn, ~ 350°C and strongly affects the magnetic
properties of these systems. Since one of the advantages of the chosen CoFeB composition is
its amorphicity and, therefore, its low coercivity, further microstructural investigations on the
phase transition are of interest. It was the purpose of the studies in this section to directly
investigate the structural character of CoFeB thin films.
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Fig. 3.12: (a) 0 — 20 and (b) Grazing incident X-Ray Diffraction (GID) scan of
Ta(5)/Al1.2(oxid.)/CoFeB(20)/Ta(10) after annealing treatments of the sample.

3.2.1 XRD measurements

For X-Ray diffraction measurements (XRD), samples of Ta(5)/Al(1.2, oxid.)/CoFeB(20)/Ta(10)
have been sputter deposited on a Si/SiOy wafer. Because of signal /noise issues, the CoFeB
layer has been chosen to be much thicker than in the investigated systems so far. To have the
same growth conditions as in the previously investigated samples, the same seed layers have
been used. Different pieces of the wafer have been thermally treated at temperatures between
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200°C to 400°C and have been analyzed by XRD. E]

The 6 — 26 scans of the samples are shown in figure [3.12|(a). The CoFeB shows no clear peak,
indicating that there is no preferred texture of the CoFeB layer. This only changes slightly at
Tonn = 400°C, where a broad distribution around 45° appears. These results are also reflected
in the grazing incident X-ray diffraction (GID) scans of the samples shown in figure [3.12|b). In
conclusion, there are no indications from XRD measurements of a strong texture in the CoFeB
layer, thus confirming the assumption of an amorphous phase in our CoFeB thin film systems.
Only at elevated temperatures is a texture, may be this is favorably initiated at the interfaces.

The second piece of information that can be extracted from the XRD measurements is
that the Ta signal of the samples is distributed over different textures. The signal most likely
originates from the capping Ta layer, since the bottom Ta layer usually grows amorphous and
provides a broad background signal [I58]. The decrease in Ta peak intensity with increasing
annealing temperature is most likely caused by an oxidation of the capping layer.

The small angle diffraction scans after the annealing procedure are presented in figure
They show a regular oscillation of the signal with a low decrease in oscillation amplitude with
angle, indicating smooth interfaces in the multilayer stack.
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Fig. 3.13: Small angle diffraction scan of Ta(5)/Al1.2(oxid.)/CoFeB(20)/Ta(10) after annealing
process at different temperatures.

2The XRD measurements have been performed by J. Kanak and T. Stobiecki in a collaboration with the Department
of Electronics at the University of Science and Technology Krakow, Poland.
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3.2.2 HR-TEM images

The microstructural properties of a MTJ consisting of
IrMn(8)/CoFe(3)/Ru(0.8)/CoFe(2.8)/Al(1.2, oxid.)/CoFeb(4) have been investigated
by high resolution transmission electron microscopy (HR—TEM)E' The transport properties of
the same tunnel junction will be discussed in comparison to other MTJ stack systems in the
next paragraph. The resulting HR-TEM images are shown in figure and have also been
published in a comparative study of various amorphous Co based alloys in Ref. [I59].

It is observed that both the top electrode and the AlsOgs barrier reveal a typically non-
crystalline microstructure without long range ordering. To prove this, an electron diffraction
pattern of the CoFeB soft electrode has been acquired.
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Fig. 3.14: (a) Cross section HR-TEM images for MTJ 1 with CoFeB as the soft magnetic electrode,
showing a typical noncrystalline microstructure in the barrier and the upper electrode
layers, and thus a matched common interface. (b) Electron diffraction rings obtained
from the relevant upper electrode layer (courtesy of M. Seibt and Y. Luo, University of
Géttingen, Germany)

As described in section [2.2.5] it is hard to distinguish between amorphous and
(sub)nanocrystalline material in diffraction mode. As shown in figure [3.14[b), the diffraction
image of the CoFeB film under study shows diffuse rings around the central spot El Therefore,
this result most likely indicates a disordered atomic arrangement but with short-range order
for the CoFeB soft electrode (see Ref. [I59] for detailed analysis).

On the other hand, the CoFe at the bottom magnetic electrode shows a polycrystalline
lattice structure, suggesting that the interface with the barrier layer is structurally incoherent.
At a few positions, the interfaces become more or less undulated, which evidently arises from
orientation-dependent growth of the polycrystalline layers, but they remain rather correlated.

The larger magnetoresistive tunnel effect observed within the CoFeB based MTJs in com-
parison to tunnel junctions with polycrystalline electrodes, can be partly attributed to the

3HR-TEM images have been made by M. Seibt, IV. Physikalisches Institut, and Y. Luo, |. Physikalisches Institut,
Universitat Gottingen, Germany

*A similar effect of line broadening can also happen in polycrystalline samples by overexposure or wrong development
of the photographic film. To my knowledge, this possibility has been ruled out during the experiments.
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microstructural match across the amorphous AloO3/CoFeB interface. The spin-independent
scattering and spin transfer of the tunneling electrons may be diminished, compared with
incoherent interfaces [159, [160]. It is worth mentioning that amorphous CoFeB interfacing the
AlQO, barrier on both sides should, therefore, give a further increase of TMR ratio, as it has
been already shown by other groups [26].

3.3 Transport properties

() (B sof
40
s
~ 304
AlO, o
= 204
10
01 ‘ — ‘ :
-240  -160  -80 0 80 160 240
MT.J 1 H (KA/m)

V//////////A CoFeB4 (©) sof e

} CoFe3/Ru0.8/CaFe2.8 40
R
~ 30
=
MTJ 2 — 20
} CoFeB4/Ru0.9/CoFeB3 104
0 ’ ‘ :
} CoFe3/Ru0.8/CoFe2.8 8 4 0 4 P

Fig. 3.15: (a) Schematics of the investigated MTJ stack systems. (b)/(c) Transport measurements
of "MTJ 1" at room temperature showing a TMR ratio of ~ 50%.

3.3.1 MTJ with CoFeB/Ru/CoFeB based soft electrode

To prove the concept of an artificial ferrimagnet as a soft magnetic electrode in magnetic
tunnel junctions (MTJ), we have integrated an amorphous CoFeB-AFi in a complete MTJ
stack system. To compare the results to a commonly used stacking with a single layer soft
electrode, two similar systems have been prepared (see figure [3.15(a)):

e MTJ 1 (CoFeB single layer as soft electrode):
IrMn(8)/CoFe(3) /Ru(0.8)/CoFe(2.8)/Al(1.2,0xid.) /CoFeb(4)

o MTJ 2 (CoFeB-AFi as soft electrode):
IrMn(8)/CoFe(3)/Ru(0.8)/CoFe(2.8)/Al(1.2, oxid.)/CoFeB(4) /Ru(0.9) /CoFeB(3)

Both system have been deposited on an appropriate seed layer and have been protected
from oxidation by a Ta capping layer. After deposition the exchange bias was set with a field
anneal at 270°C. The conventional stack system (MTJ 1) shows a high TMR ratio of ~ 50%
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Fig. 3.16: (a) Major and minor magnetization loops and (b) transport measurements of "MTJ 2"
with CoFeB-AFi as soft electrode.

at room temperature (see figure 3.15(b)/(c)), thus indicating a high spin polarization of the
ferromagnetic electrodes.

Figure (a) shows the major and minor magnetization loops as obtained from MTJ 2.
The soft magnetic AFi sense layer has a coercivity of H. = 1 kA /m that is comparable to
the same AF1i investigated in section [3.1.3] indicating that the additional underlayers only
weakly influence the coercivity. A well defined plateau field (H, ~ 17kA/m) and a saturation
field of Hgyt = 36kA /m is observed for the top AFi. From these values, the coupling energy
can be obtained, which is comparable with the corresponding AFi of series A. The high
Néel-coupling of Hy = 6.4kA /m most likely results from the roughness induced by the buffer
layer which has not been optimized. The magnetoresistive measurement (figure (b)) shows
the same TMR amplitude of ~ 51% as MTJ 1 with the CoFeB single layer as soft electrode.
A rectangular switching of the soft electrode AFi has been achieved at H. = 1.9kA /m. The
increase in coercivity is probably caused by domain-wall pinning at the boundary edges of the
element [161], since SEM images show very high edge roughness of the measured elements with
12.5 x 12.5 pum?.

3.3.2 Improvements of TMR with amorphous CoFeB electrodes

Since these early investigations of CoFeB based MTJs, further improvements have been made
at our lab utilizing amorphous CoFeB as soft magnetic electrodes in combination with an AlO,
barrier. A transport measurement of such an optimized stack system is shown in figure [3.1

The highest TMR ratio that has been obtained was ~ 65% in good accordance to the highest
reported TMR values in literature for comparable material systems [26]. This optimized stack
consists of an almost compensated exchange biased CoFe-AFi as the hard magnetic electrode
and a single layer of CoFeB as the soft electrode. The key factor for these improvements has
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been the systematic study of the oxidation conditions (see Refs. [I52, [160]). As a result, it turns
out that the oxidation times have to be slightly shorter than in MTJs with polycrystalline
materials interfacing the barrier. Concluding from the coinciding MR results obtained from
MTJ 1 and MTJ 2 in section the same improvement of TMR ratio in an optimized stack
system with a CoFeB based AFi as a soft magnetic electrode is expected.
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Fig. 3.17: Transport measurement of an improved MTJ stack with CoFe-AFi hard electrode and
CoFeB soft electrode.

Furthermore, a comparative study of polycrystalline and amorphous electrodes in a magnetic
tunnel junction depending on the annealing temperature has been carried out. The results of
these studies have been discussed in detail in a recent publication [I52]. It turns out that the
thermal stability of the TMR increases for stack systems employing the amorphous alloy. Most
interestingly, more than 20% of TMR is achieved after annealing at 400°C for the case of two
CoFeB electrodes interfacing the barrier. This larger thermal stability is mostly attributed
to the microstructural quality of the AlO, /CoFeB interfaces, as pointed out in section m
However, the drawback of integrating the CoFeB alloy into these systems is a drastic and
unfavorable increase of the resistance area (RA) product of the MTJ.

3.4 Sub-micrometer sized CoFeB/Ru/CoFeB elements

It was one purpose of this study to investigate the switching behavior of the amorphous
CoFeB-AFi in sub-micrometer size elements, where shape anisotropy and the magnetostatic
edge coupling have also to be taken into account. These contributions lead to an effective
anisotropy for patterned elements which is different from the anisotropy of continuous films.
Until now, results combining sub-micrometer size elements of coupled amorphous AFi systems
are rarely published. To our knowledge, only electrical measurements of M'TJs consisting of an
amorphous AFi soft electrode are presented in Ref. [I62]. Therefore, the results presented in
the following paragraph have been recently published by us (see Ref. [163]).
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3.4.1 Micromagnetic simulation

So far, a macroscopic energy model has been used to discuss the properties of unpatterned AFi
systems with respect to various dependencies (e.g., see sections and . For micrometer
and sub-micrometer scale elements, this model is not longer appropriate, as already discussed
in section Therefore, the micromagnetic code of Scheinfein has been used for the simulation
of these patterns.

parameter value

cellsize 5nm

saturation moment | Mg = 860 emu/cm?
exchange coupling | A4;; = 1.05 x 107 erg/cm
uniaxial anisotropy Ky = 2.4 x 10? erg/cm?
bilinear coupling JAF = —4 x 1079 erg/cm
biquadratic coupling | Jgq = 0 erg/cm

Tab. 3.3: Parameters used for micromagnetic simulation, unless otherwise noted in the text.

Unless otherwise noted, the material properties listed in table have been used for the
following simulations. All parameters have been chosen in accordance with experimental results
obtained from CoFeB based trilayer systems. No edge roughness, in addition to the deviation
from the ideal shape caused by the discretization, has been considered. A fully saturated
orientation of both layers with negative saturation was chosen as an initial state. For all field
steps during the simulation, a small bias field of Hy = 0.04kA/m has been applied in order to
break the symmetry of the system and achieve a better agreement between the simulation and
the experimental data. It was previously investigated that this bias field is in a range not to
alter the behavior other than breaking the symmetry.

Figures [3.18] and show the domain patterns of sub-micrometer sized
CoFeB(4)/Ru(1)/CoFeB(3) trilayers for various applied magnetic fields at the switch-
ing and spin-flop range. The lateral sizes of the simulated elements have been set to
250nmx500nm and 250nmx1500nm, respectively. For the small aspect ratio element, the
switching apparently takes place by rotation of the spins. In the larger aspect ratio element a
360° domain wall configuration is found as an intermediate state during the reversal process.
Nevertheless, this configuration is not to be considered as a stable state, and the switching
takes place in a comparably small field window as in the smaller elements.

In the spin-flop range, defined by H,, < H < Hgyt, the thinner layer has to turn into the
direction of the applied field. This process is driven by a larger Zeeman energy in comparison
to the interlayer exchange energy. For the small element, a so called "c-state" is formed; this is
more pronounced in the thin layer than in the thick one because, in the thin layer, the magneto
static energy is smaller. For the larger aspect ratio element, it is energetically more favorable
to turn the magnetization via a multidomain state.

Furthermore, it is observed that the coercivity increases with increasing aspect ratio by
approximately 1.3kA /m. The saturation field, however, decreases with increasing aspect ratio.
Both properties will be discussed within the experimental results in the following sections.
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Fig. 3.18: Finite element simulation of CofFeB(4)/Ru(1)/CoFeB(3) trilayer with a dimension of
250nmx500nm. The domain patterns of the two layers are plotted for various external
magnetic fields at the switching and spin-flop range. The color wheel indicates the angles
of the individual spins.
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Fig. 3.19: Finite element simulation of CoFeB(4)/Ru(1)/CoFeB(3) trilayer with a dimension of
250nmx1500nm. The domain patterns of the two layers are plotted for various external
magnetic fields at the switching and spin-flop range. The color wheel indicates the angles
of the individual spins.
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3.4.2 Experimental results and discussion

In this section, the experimental results on the sub-micrometer scale AFi patterns are presented
in dependence on various parameters (e.g., aspect ratio, net moment and coupling strength).
The results are also compared to micromagnetic simulations, that have been performed for the
CoFeB based AFis.

The sub-micrometer sized patterns have been prepared by electron beam lithography as
described in section [2.1.2] After patterning all samples have been field annealed for 20min. at
150°C and 475kA /m applied parallel to the long axis of the ellipses using a vacuum annealing
furnace to strengthen the easy axis of the elements with respect to the geometry. Magnetization
loops of all arrays have been recorded by our NanoMOKE2 ™ setup with a typical laser spot
diameter of 4um.

sample | system Qmeas | Hsat [%A] J [2—3]
A CoFeB(3.5) / Ru(0.95) / CoFeB(3) | 7.7 20.8 -0.06
B | CoFeB(4.0) / Ru(0.95) / CoFeB(3) | 5.1 26.3 | -0.06
C CoFeB(4.5) / Ru(0.95) / CoFeB(3) | 3.7 23.9 -0.06
D CoFeB(4)

Tab. 3.4: Investigated samples and parameters extracted from the AGM measurements of the
unpatterned layer systems.

Dependence of saturation field on aspect ratio

Room temperature magnetization curves,
M (H), of the unpatterned AF coupled sand-

AGM measurements

tterned
unea Sea,rrr;ile A wiches are shown in figure From the
| —-—sample B M (H) loops, obtained by AGM, one can eval-
----- sample C

uate the coupling to —0.06mJ/m? for all in-
vestigated AFi samples. The values are in
accordance to the oscillatory coupling depen-
dence on the Ru spacer thickness around the
second antiferromagnetic maximum as pre-
sented before. All data extracted from the

_40' o ‘-2'0' - '0' o '2'0 o '40 AGM measurements are given in table [3.4]
H (kA/m) As an example, in figure we show

representative magnetization loops of pat-
terned arrays of all AFi samples as ob-
tained by MOKE measurements. All elements
shown have a constant width of approxi-
mately 250nm to 270nm. The length of the

ples. The saturation field, Hye, and the elements has been varied, resulting in the as-
. 1 sat»

plateau field, H,,, are indicated for sam- pect ratios given in the figure. The strong AF
ple A coupling is maintained after the patterning

and annealing steps. Additionally, the satu-
ration field increases with decreasing aspect ratio (i.e. length or size) of the ellipses, due to

Fig. 3.20: Magnetization loops of unpatterned
samples taken by AGM, showing a well
established coupling for all AFi sam-
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Fig. 3.21: Major magnetization loops of some of the patterned arrays measured by MOKE, showing
a well established coupling and H, > H. for all samples. The width of approximately
250 to 270nm was kept constant for all investigated samples.

an increase in stray field coupling between the layers within the AFi system. For large aspect
ratios, Hg,t achieves the values of the unpatterned samples.

As derived in section the saturation field can be expressed by the contributions of
antiferromagnetic and strayfield coupling. We have also seen that the strayfield contribution
only depends on the z-component of the demagnetization factor, ny, since the y-components
in case of an AF coupled system are compensated for external magnetic fields larger than the
plateau field (H > H,).

The experimental data has been fitted with the ny behavior as shown in figure (a). The
fitting shows a good accordance between the experimental data and the model, thus verifying
the dependence of the saturation field on ny for small aspect ratios. From the fitting parameters,
one can further extract the saturation field for an infinitely elongated ellipse to 28.6 kA /m for
sample A, 24.2 kA /m for sample B and 22.8 kA /m for sample C, respectively. These values
are in agreement with the measured saturation fields of the unpatterned AFi samples which
are directly related to the interlayer coupling (see Tab. . Furthermore, micromagnetic
simulations of AFi elements of comparable size confirm this behavior, as presented in figure
3.23(a).
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Dependence of coercivity on aspect ratio

For H < Hp, the AF coupling remains stable. As can be seen from figure the AFi reverses
its magnetization like a single ferromagnetic layer with a reduced net moment and enhanced
effective anisotropy. Therefore, it is possible to measure minor magnetization loops in a small
field window (£10 to 15 kA /m, depending on H,, of the sample) and extract the coercivity,

H,, of the arrays (see figure |3.22(b)).
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Fig. 3.22: (a) Saturation field, Hsat, and (b) coercivity, H., of patterned samples versus the aspect
ratio w = {/w. The width of approximately 250 to 270nm was kept constant for all
investigated samples. The dashed lines in (a) represent a fit with a function proportional
to the demagnetization factor ny.

For small aspect ratio (u < 4), H. increases with u by approximately 3.5 kA /m and remains
constant for larger aspect ratios (see figure m(b)) Due to a tendency towards overexposure
for the large aspect ratios during lithography, the slight decrease in coercivity for these patterns
is most likely attributed to the slightly larger width of the ellipses. The same behavior of
the coercivity versus aspect ratio holds also for the single layer sample. The increase of H.
for small aspect ratios is caused by the increase in shape anisotropy, which for an ellipse
is Hy = 47TMstnT‘3t(ny — ny) as derived in equation @* Only the demagnetization factor
(ny —ny) depends on the aspect ratio for the patterned samples with constant width. Therefore,
the experimental results of figure [3.22|(b) are in qualitative accordance with the (ny — ny)
dependence on aspect ratio (see figure @D Deviations from the calculated dependence for
large aspect ratios are likely due to micromagnetic differences: small elements are stabilized by
a non vanishing stray field, arising from the magnetic poles of the elements. These stray fields
stabilize the overall magnetization of the elements so that the reversal can be more accurately
approximated by a single domain mechanism. For large aspect ratios, the magnetic poles are
better separated, thus minimizing the stray field coupling and, as a result, a nucleation driven
magnetization reversal, most likely initiated by edge domains, is more favorable, leading to an

almost constant coercivity [161].

Figure (a) shows the dependence of coercivity versus aspect ratio, u = ¢/w, together
with saturation field versus u, as evaluated from micromagnetic simulations for comparable AFi
elements. The discussed behavior is reproduced with qualitative accordance in the simulations.
Nevertheless, in comparison to the fittings within the model, the coercive field depends more
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Fig. 3.23: (a) Simulated dependence of H. and Hsy: on the aspect ratio for elements of
CoFeB(4)/Ru(1)/CoFeB(3). The width of the elliptical shaped elements was held con-
stant at w = 250nm and the length was varied between ¢ = 300 to 2000nm. The lines
are fittings in accordance with the assumed model, with a n, — n, and n, behavior,
respectively. (b) Experimental and calculated dependence of coercivity, H., on the net
thickness, tnet, of the AFi and a single layer, respectively. The experimental data points
are for elliptical shaped elements with the dimension of 250nm x 520nm, the simulated
data are evaluated for the same sample geometry.

strongly on the length for small aspect ratios. This may originate from the deficient treatment
of the micromagnetic variations at the edges of the elements, thus contributing strongly to the
results in smaller structure sizes.

Unlike elliptic elements with a single ferromagnetic layer, the coercivity of the patterned AFi
samples does not scale proportionally to the net magnetic moment. With higher net moment,
the coercivity is decreasing, but always remains larger than for elements of a 4nm thick
single layer. The reason is a superposition of the effective anisotropy due to the AF coupling
(~ Mot /Mnet ), as expressed by equation for the unpatterned films, and the dependence of
coercivity on the net magnetic moment as described by equation [1.19] (~ mpet(ny — ny)/w).
Overall, the influence of the AF coupling is dominating for the investigated CoFeB-AFis and
the coercivity is increased by approximately a factor of 1.4 when decreasing the net thickness
of the AFi, and therefore the net moment, from 1.5 to 0.5nm.

The dependence of coercivity on the net thickness, tnet = to—t1, of the AFi and for single layer
samples with layer thicknesses of ¢ = et have been simulated using the "LLG micromagnetic
simulator" by Scheinfein (see figure [3.23|(b)) [164]. For the simulation of the AFis, the thickness
of the second FM layer, t9, was varied between 3.5 and 6nm, whereas the thickness of the first
FM layer was kept fixed at t; = 3nm, and the thickness of the non-magnetic spacer was chosen
to be Inm. The saturation moment of the FM layers was assumed to be My = 86()emu/cm3,
the uniaxial anisotropy to be K, = 2.4 - 103erg/ cm®, the exchange stiffness constant to be

= 1.05 - 10~ %erg/cm, and the AF coupling constant to be J = —0.004 - 10 %erg/cm in
accordance to experimental results on CoFeB. The coercivity of the simulated elliptic AFi
elements of 250nm x 520nm decreases with net thickness for ¢, < 1.5nm, and increases for
larger e, asymptotically reaching the values of the single layer coercivity. The experimental
data of the AFi arrays with the same geometry show a similar behavior, therefore verifying
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Fig. 3.24: Bias field dependence of the coercivity for all investigated film systems with an aspect
ratio u = 2.2, also illustrating the gain in effective anisotropy by introduction of the
antiferromagnetic coupling and the strong influence of the increased Q-value on the
anisotropy of the system.

the described model for the samples under study.

Figure shows the bias field dependence of the coercivity for samples patterned with
an aspect ratio of u = 2.2. Due to the increase of effective anisotropy with the Q-value (and
therefore basically with the inverse net magnetic moment), the asteroid gets stretched along the
hard axis (bias) field. If used in a conventional writing scheme as a soft magnetic electrode for
applications like MRAM or magnetic logic, the broad asteroid shape of the AFi storage layer
cells limits the choice of Q-value due to field limitations, reducing the proposed advantages of
an AF1i structure reported by others [61] [62].

The AFi based on an amorphous CoFeB alloy shows a strong increase in the effective
anisotropy due to the AF coupling, mediated by a thin Ru interlayer and by the stray field
coupling. This is reflected by a higher coercivity and an increase of the asteroid width compared
to a single CoFeB layer. The dependence of the switching field on the net magnetic moment
cannot be explicitly explained within the model that considers the AFi as a rigid ferromagnetic
layer with a reduced moment. One has to further take into account the increase in effective
anisotropy, which basically scales with the inverse net moment for the investigated combinations
of layer thicknesses. This last factor appears to be dominating in the system under study
and leads to the decrease of coercivity with net moment. Finally, it has been found that
the saturation field of the patterned AFis decreases decreasing with larger aspect ratio and
is asymptotically reaching the saturation field of the unpatterned films. The origin for this
behavior in small aspect ratios can be found in the additional contribution of the stray field
coupling of the two ferromagnetic layers within the AFi, which basically depends on the
demagnetization factor ny versus aspect ratio.

Dependence of coercivity on coupling strength

The dependence of coercivity on the coupling strength for sub-micrometer sized AFi elements
has been investigated by micromagnetic simulation. Therefore, the material parameters for
CoFeB(4)/Ru(1)/CoFeB(3) and elliptical shaped elements with lateral dimensions of 250 x
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1000nm have been chosen. The coupling was varied between Jj, = 0 to —1mJ/m?. Additionally,
two single layers of CoFeB with identical geometry and thicknesses of 1 and 7nm have been
simulated for comparison. The resulting coercivity of all simulations are presented in figure
For large coupling strength, the coercivity of the AFi system is approximately 16kA /m
and decreases with decreasing AF coupling to less than 6kA /m, almost reaching the coercivity
of a single layer element with the net thickness of Inm. For very small AF coupling strength,
0 > Jiin > —0.007TmJ/ m?, the AF configuration of the element cannot be achieved and the
element behaves like a single layer of the total thickness t = t1 +t2 = Tnm with H, ~ 21.5kA /m.

24
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Fig. 3.25: Coercivity versus coupling strength as extracted from micromagnetic simulation of
250 x 1000nm ellipses of CoFeB(4)/Ru(1)/CoFeB(3). The domain patterns represent
the x and y component of the magnetization for a strongly and weakly coupled AFi at
an applied field of 8.8kA/m, respectively. The scaling is identical in both graphs.

The origin of the strong dependence of coercivity on coupling strength is found in the domain
patterns, also presented in figure [3.25] Here, the = and y components of the net moment of
the AFi are shown for an applied field of 8.8kA/m for both a weakly coupled sample with
Jiin = —0.07mJ /m? and a strongly coupled sample with Jj;, = —1mJ/m?, respectively. It is
found, that the low AF coupled sample shows a much higher contrast in the y component of
the magnetization. Therefore, the torque on the magnetization is higher for lower coupling
strength, resulting in a smaller coercivity.

In comparison to these results, the unpatterned layer system shows a much stronger de-
pendence of coercivity on the coupling strengths (see figure and reaches the saturation
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Fig. 3.26: (a) Applied field sequence for the spin-flop switching scheme, (b) definition of fields and
field angle with respect to the elements easy axis, and (c) polar plot of the boxed fields
at different field sweeping frequencies.

of coercivity much faster. The different behavior is most likely attributed to the additional
contribution of shape anisotropy in patterned samples.

3.4.3 Spin-flop switching

In order to test the new spin-flop switching scheme on sub-micrometer sized samples by means
of magneto-optical Kerr magnetometery, the NanoMOKE setup and the software had to be
adapted. This approach promises a fast way to test the switching characteristics of patterned
AFis, thus avoiding the complex patterning process of MRAM bits with field generating
conductance lines and electrical contacts. As already discussed in section two orthogonal
fields have to be applied to the sample at +45° with respect to the easy axis of the magnetic
bits. Since the magnet system is installed in and perpendicular to the plane of incidence, two
possibilities for the application of fields are possible:

e The sample has to be turned by 45° with respect to the x-axis. This results in a decrease
in signal by approximately 30%. The signal difference between the two remanent states of
the patterned AFi systems under study is of the order of S; — .S = 0.1mV, corresponding
to approximately 2 - 10 %rad of Kerr rotation. Since this value is at the resolution limit
of the tool, it is not favorable to lose 30% of the signal by this field configuration.



3 Results and discussion 77

e The applied fields (Hy,) have to be turned by 45° to get the applied fields Hy o of the
spin-flop switching scheme (see figure b)). This can be achieved by a matrix rotation
of the fields in the z-y-plane:

Hy B cos(p)  sin(yp) H,
< H, > N ( sin(p) —cos(p) ) ' ( Hy >

p=45° ViZz o /172 Hy
< (s e ) ()
The applied field sequence for the spin-flop switching scheme is shown for a sweep fre-
quency of 100mHz in figure (a). The driving amplitude of the z and y electromagnets
has been set to 1V, resulting in a spin-flop field amplitude of approximately 8.5kA /m.
Higher amplitudes with up to 60kA/m are possible with the chosen magnet system. Due
to the inductive load of the electromagnet, the field sweeping frequencies are limited to
less than 200mHz. For higher frequencies, it is not possible to achieve the required boxed

field with ¢ up to +45°, as can be seen at the polar plot in figure (c)
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Fig. 3.27: Longitudinal Kerr effect versus the applied magnetic field of the patterned sample used for
the spin-flop experiments. The blue (red) line represents the sweep from negative (positive)
to positive (negative) fields. The negative area under the loop for —H, < H < H,
results from different contributions of the two magnetic layers within the compensated
AFi to the total detector signal, and does not reflect the "real” M(H) behavior.

A first proof of the spin-flop switching in a magneto-optical experiment will be presented
below. The patterns used for this measurement have been of circular shape with a diameter of
350nm. As a layer system, a compensated CoFeB-AAF has been used. The measured Kerr signal
versus applied magnetic field of this sample is presented in figure [3.:27 It shows two remanent
levels with a high difference in the magneto-optical signal of AS = 51 — Sy ~ 1.25mV. The
negative area under the magnetization loop can be explained by the different magneto-optical
signals coming from the two magnetic layers. Due to the high AS in comparison to the so
far discussed patterned elements, this sample was a promising candidate for first spin-flop
experiments with the NanoMOKE setup.

To test the effect of the applied spin-flop field cycle on the magnetic bits, the signal levels
and, therefore, the orientation of the magnetization of the bits, have been recorded after each
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field cycle. The sample was first saturated in a constant external field H > Hg, to make sure,
that all bits were aligned in one direction and the initial signal has been denoted Spy. After
saturation, the toggle field cycle has been applied to the sample twice in a row and the signal
states S7 and Sy have been recorded after each cycle. Ideally, if all bits are switching reliably,
there is a signal change of S; — Sy after the first cycle and So — Sy is zero, i.e. all bits are back
at the initial state after toggling the sample twice in a row. Due to the low signal levels in the
AF1i structures with sub-micrometer sizes, this procedure was repeated several times to obtain
a more reliable dataset.
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Fig. 3.28: Signal changes, S1 — Sy (blue) and Sa — Sy (red), with respect to the initial state, Sy,
after one and two spin-flop cycles, respectively. (a) Histograms obtained after saturation
with +28kA/m and (b) after saturation with —28kA/m.

The results of these measurements are presented in figure [3:28 The two histograms per
applied saturation field show the relative signal levels S; — Sy (blue histogram) and Sy — Sy
(red histogram) after the first and second spin-flop cycles, respectively. In the first row of
experiments (figure [3.28(a)), a positive saturation field of ~ 28kA /m has been applied, and
the sample is magnetized at the lower signal level. After the first toggle sequence, the signal
level is shifted to positive values and returns to the initial state after the second spin-flop
cycle, as can be derived from the almost vanishing shift of the histogram. For figure |3.28(b)
the saturation field was negative, therefore resulting in a signal shift to negative values after
the first spin-flop cycle.

The shift of the maximum in the distribution is a clear indication for the spin-flop switching
and is of the same order as the signal difference between the remanent states obtained from
the majorloop presented in figure 3.27] Furthermore, it has been proven that this shift depends
on the initial state. Nevertheless, the width o = 0.8 of the distribution is broad in comparison
to the signal change. This broad distribution has origins in the statistical noise level of
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the experimental setup, which can be determined to be approximately 1mV for long time
scales. Therefore, it is not possible to obtain important information about the switching field
distribution from these MOKE measurements.

In conclusion, this is the first time the spin-flop switching scheme has been proven for an
array of sub-micrometer magnetic bits by means of MOKE. For further experiments, the S/N
level of the experimental setup has to be increased. If this goal can be achieved, this method
could be valuable for rapid characterization of dense spin-flop MRAM arrays.

3.4.4 MFM on sub-micrometer scaled elements
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Fig. 3.29: MFM images and cross section of the patterned array on a patterned sample of a
CofFeB single layer with 3nm thickness. The lateral size of the elements is approximately
320 x 215nm?. The colored arrows indicate the direction of magnetization inside the
elements.

MFM images of sub-micrometer sized, magnetic elements of a single layer sample and of a
CoFeB-AFi sample are presented within this section. The measurements have been performed
at a HR-MFM at Swissprobe AG, Switzerland (see section for detailed description of the
measurement method and the setup of the MFM). All images have been taken at a remanent
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state after demagnetizing the samples with alternating magnetic fields of decreasing amplitude.

The acquired images for a patterned single layer sample of CoFeB with 3nm thickness are
shown in figures and for two different aspect ratios. Due to the known magnetization
of the tip, the magnetic contrast can be correlated to a magnetic configuration in the interior
of the elements as indicated by the arrows. The patterns imaged for figure [3.29] consist of
elliptically shaped elements of 320 x 215nm. As can be deduced from the 4 x 4pm scan, the
orientation of the magnetization inside the elements is always aligned along the easy axis
of the system. The two different magnetic ground states are almost equally and randomly
distributed over the array. This confirms the assumption in section [I.2.5] that the elements can
be regarded as decoupled. Nevertheless, the magnetization vector seems to be distorted by a
few degrees against the geometrical z and y-axes defined during the lithography process and
this is reflected by the orientation of the whole array. This distortion is most likely related to
some imperfections in definition of the shapes, caused by the beam blanking mechanism of the
electron lithography system. This is confirmed by comparing the magnetization patterns with
the SEM images of these arrays (not shown here).

Most interestingly, all elements show a pronounced dipolar contrast, even for these almost
circular dots with a small aspect ratio of ©w = 1.5. This result can also be seen from the
0.75 x 0.75um? scan and the cross section. This is most likely caused by the comparably high
intrinsic anisotropy of the CoFeB alloy and has also been verified by micromagnetic simulations.

Similar results have been obtained for ellipses with the larger lateral size of approximately
0.31 x 2.25um? (u = 7.3, see figure . For these elements, a magnetization reversal via a
multidomain state is predicted by micromagnetic simulations. Due to the setup of the MFM, it
is not possible to apply in-plane magnetic fields while imaging the magnetization configuration.
From the results obtained in the remanent state, however, a stray field coupling as well as a
multidomain state of the elements can be ruled out for zero applied fields.

The MFM imaging of the AF coupled patterns is much more difficult. Due to the partly
compensated moment of the structures, the magnetic contrast is much lower. The images
presented in figures and are taken from elements of CoFeB(4.5)/Ru(0.95)/CoFeB(3)
with v = 1.3 and u = 6.3, respectively. As can be extracted from these images, a pronounced
convolution of topological signal with a small additional magnetic contrast is observed. Nev-
ertheless, all elements show a tiny dipolar contrast with the two poles at the ends of the
ellipses. By also considering the increase of the effective anisotropy due to the AF coupling in
comparison to single layer samples, one can draw the conclusion that these systems are in a
single domain remanent state for all investigated aspect ratios. For more accurate images of
the magnetization states, one would have to perform additional measurements with different
magnetic orientation of the tip, as described in section [2.2.6
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Fig. 3.30: MFM images and cross section of the patterned array on a patterned sample of a
CofFeB single layer with 3nm thickness. The lateral size of the elements is approximately
2.25 x 0.31um?. The colored arrows indicate the direction of magnetization inside the
elements.



3 Results and discussion 82
2,66
2.33
2.00
-l
=
1.66 =
z
1337
2
1.00 =
o
o
0.67%
0.33
0.00
v 5.26
4.60
3.95
I
=
3.29 =
=
i 263
3 &
5 197 %
s
e
1Az
[ : 0.66
200 nm 3 000
L L L L
£ 4 3
£ 2
33 F
57 E
fy - e
T = E
3 - E
z 24 =
“o3 2
1 =
D E T T T T T T T T T T E
u} 200 400 BEOO 800 1000 1200
¥ & vy [nm]
Fig. 3.31: MFM images and cross section of the patterned array on sample C

(CoFeB(4.5)/Ru(0.95)/CoFeB(3)) with the element size of 285 x 215nm?. The
colored arrows indicate the direction of magnetization inside the elements.
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3.5 Exchange bias

In section [3.3] the results obtained by integrating the amorphous CoFeB into magnetic tunnel
junctions as a soft electrode have been discussed. By these promising results, and due to the
reported benefits in interfacial matching, one may be inspired to use this material system as
a hard electrode as well. Thus, the amorphous AlO, tunneling barrier would be sandwiched
between two amorphous CoFeB layers.

Therefore, the exchange bias properties of the CoFeB based hard electrodes in magnetic
tunnel junctions is discussed in the following paragraphs. The first section covers the exchange
bias properties of some systems containing amorphous CoFeB. Finally, the magnetic properties
of sub-micrometer sized elements of exchange bias systems containing CoFeB are discussed.
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Fig. 3.33: Magnetization loops of (a) IrMn(8)/CoFeB(3) and (b)
PtMn(25)/CoFe(2)/Ru(0.9)/CoFeB(3), respectively. (c) AF coupling field, —J,
and (d) exchange bias field, Hgg of PtMn(25)/CoFe(2)/Ru(x)/CoFeB(3). Numbers in
parenthesis denote the layer thicknesses in nm.

3.5.1 Suitability of CoFeB based AFis as a hard magnetic electrode

Figure m(a) shows the magnetization loop of a CoFeB(3) single layer on IrMn(8nm), that
serves as the antiferromagnet layer in this exchange bias system. After a heat treatment at
270°C for 15min. and a cooling down under application of a magnetic field of 400kA /m, a
stable exchange bias of Hgg = 80kA /m is established.

For integration as the hard magnetic layer in a MTJ stack, the magnetic moment of the
reference layer has to be minimized in order to reduce the strayfield coupling between soft and
hard electrode, as well as to decrease the Néel coupling. Therefore, a compensated AAF is
usually chosen as the reference electrode. In order to study the feasibility of a compensated
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Fig. 3.34: Magnetization loops of patterned IrMn(8)/CoFeB(3) of different aspect ratios (a)/(b).
The red lines are fittings with a error function to determine exchange bias field and the
coercivity presented in (c) and (d), respectively.

CoFeB-AFi as a hard electrode, two series of AFM/CoFeB/Ru/CoFeB have been deposited.
As the antiferromagnet, either IrMn or PtMn on appropriate buffer layers have been chosen. In
both systems, either the interlayer exchange coupling could not be established, or the exchange
bias (pinning) of the system was vanishing.

Therefore, a mized AF coupled system with CoFe and CoFeB was used in order
to achieve a high exchange biasing as well as a stable AF coupling. A series of
PtMn(25)/CoFe(2) /Ru(x)/CoFeB(3) was deposited on an appropriate buffer layer. The thick-
nesses have been chosen so that the magnetic moments of the AFi are nominally compensated.
After deposition, a heat treatment of 280°C for 100min. and a cooling down procedure with
an applied magnetic field of 400kA /m has been performed. Figure [3.33(b) shows the magne-
tization loops of one of samples in the "as deposited" and annealed state. The resulting AF
coupling strength (—J) and exchange bias field (Hgp) extracted from these measurements are
presented in figure [3.33|c) and (d), respectively. The coupling strength energy decreases with
increasing spacer thickness from 1.1 to 0.27mJ/m?. The exchange bias shift, Hgp, decreases
with increasing spacer thickness and decreases from 204 to 107kA /m.

In conclusion, a stable exchange bias system containing an amorphous CoFeB could be
realized. To bring the CoFeB to the interface with AlO, in a complete MTJ stack, either a
single layer of CoFeB coupled on IrMn or a CoFe/Ru/CoFeB-AFi on PtMn can be used.
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Fig. 3.35: MFM images of sub-micrometer sized IrMn(8)/CoFeB(3) with two different magnetic
orientations of the MFM tip. The investigated element size was approximately 0.9 x 0.3um.
As an example, the arrows mark a change in contrast in the interior of one element.

3.5.2 Sub-micrometer scaled, CoFeB based hard electrodes

The investigation of exchange biased systems in sub-micrometer scales are of high interest,
from a technological, as well as from a physical, point of view. It was the purpose of this study
to increase enlighten several problems with exchange biased systems that arise when these
systems are patterned to sub-micrometer scales. For example, D. Meyners reported unexpected
fluctuations in the pinning direction of IrMn based tunnel junctions for sub-micrometer
patterned ellipses in magnetologic wafers prepared by Siemens [165].

A film of IrMn(8)/CoFeB(3) deposited with appropriate seed and capping layers has been
patterned to elliptically shaped elements with a width between 220 and 350nm and lengths
between 265 to 1230nm, respectively. For comparison, a 3nm CoFeB single layer sample was
patterned with similar structures.

The magnetization loops after heat treatment at 270°C for 15min. and a field cooling
procedure with an applied field of 400kA /m are shown in figures [3.34(a)/(b). Comparing the
results with the measurements of the unpatterned sample (see figure [3.33|(a)), one cannot
identify significant changes in either the exchange bias field or the coercivity with the sample
size. Hgp is of the order of 76 to 80kA/m and H, of the pinned layer is between 13.5 and
16kA /m. Angle dependent measurements of the coercivity have been performed in a range
of £15° around the geometrical axis of the structures. All measurements show a maximum
in coercivity at angles of —3° 4+ 1°, indicating only a small deviation in the exchange bias
direction. The offset from the geometric axis is most likely attributed to small misalignments
of the patterned sample during annealing. From the magnetization behavior, there are no
indications of instabilities caused by the exchange bias system in the range of sizes investigated
here.

High resolution MFM images of the patterned elements have been recorded in collaboration
with A. Drechsler and G. Tarrach of Swissprobe AG. In figure the MFM images taken
from an array of elements 0.9 x 0.3um in size are presented. Between the two images, the
magnetization direction of the tip was changed in order to separate the magnetic from the
topological information in the scan. An explicit magnetic contrast is determined by comparing
the images. Most interestingly, the magnetic dipolar contrast of the elements (comparable to
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{a) CoFeB single layer {b) IrMn / CoFeB
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Fig. 3.36: MFM images and cross sections of (a) a CoFeB(3) single layer and (b) a
IrMn(8)/CoFeB(3). The investigated element size is approximately 0.3 x 0.9um in
both cases. Measurements and analysis by courtesy of A. Drechsler and G. Tarrach,
Swissprobe AG.

the contrast discussed for the single layer samples in section is superimposed by a fine
structure in the interior.

Figure [3.36] shows a close-up of a single element in comparison to an unpinned single layer of
the same thickness. As already discussed, the cross section of the unpinned single layer clearly
shows a magnetic dipolar contrast at both ends of the ellipse. In the interior of the element, the
signal is dominated by the topology only. In the case of the exchange biased sample, however,
a fine structure is clearly observed. This is caused either by topological features arising from
a higher roughness of the elements or from magnetic effects caused by the exchange biasing.
Comparing the two images with the changed tip magnetization in figure [3:35] one can further
figure out several features inside the elements that turn their contrast from dark to light gray
(or vice versa). One of these features is exemplarily marked by the arrows in figure m Both
the non-existence of the fine structure in unpinned elements as well as the contrast reversal
clearly suggests a magnetic origin for the fine structure.

Additionally, a non-contact AFM image of the same area as in figure has been obtained
with a non-magnetic cantilever. The scan is shown in figure The topology of the elements
is well defined with a flat surface on top of the elements. It is only observed at the edges
that there are several spikes in the signal. These are most likely caused by resist residuals,
underlined by a charging effect at the edges during SEM of these patterns. The height of the
elements is of the same order as the thickness of the complete stack with seed and capping
layers, thus indicating a good depth control during the etching process. Furthermore, these
measurements confirm that the fine structure observed in the MFM images is not originated
by roughness.

In order to distinguish between the magnetic and the topological interaction, the images
of figure [3.35] have been digitally subtracted from each other. The resulting magnetic and
topological contributions to the total signal are presented in figure m (a) and (b), respectively.
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Fig. 3.37: AFM image and cross section of the topology of the same area as in figure[3.35, The
elements have a flat surface with a comparable roughness as the surrounding wafer.

The magnetic interaction generates a frequency shift of approximately 3Hz originating at the
end of the magnetic dipole. The fine structure in the interior of the elements present maximum
frequency shifts of +1Hz. Although the measurements verify that the fine structure is caused
by magnetic interactions between the tip and the sample, the origin of these observations
remain unsolved. Two possibilities are suggested and will be discussed in the following:

o Fluctuation in FM magnetization:
Domain walls inside the AFM are known as a source of domain patterns in the FM layer
as well. Typically, they are formed to close the magnetic flux and to reduce the stray
field energy of the total system.

e Direct imaging of uncompensated spins at the AFM:

Uncompensated spins are commonly considered as the origin for the exchange bias
effect (see section . In Co/IrMn bilayers, 5 to 10% of the spins at the interface
between AFM and FM are considered to be uncompensated [166]. A direct imaging of
uncompensated spins was also reported for micro-patterned CoggFe19B4/Mnz7Irag by
photoemission electron microscopy (PEEM) using x-ray magnetic circular dichroism
(XMCD) [167]. First MFM imaging of uncompensated spins in CoO/CoPt perpendicular
exchange biased systems was recently presented by KAPPENBERGER et al.[168]

From the existing MFM results, it is not possible to determine if the observed magnetic
fine structure is either a result of domains in the FM layer or if it originates from a direct
imaging of uncompensated spins. However, the occurrence of domains within the FM layer in
sub-micrometer scaled IrMn/CoFeB bilayers is unlikely for two reasons: firstly, no domains are
found for the single layer sample at the full range of sizes under investigation. Secondly, the
strong intrinsic and shape anisotropy should force the FM layer into a single domain state,
which is also indicated by the dipolar contrast in the elements that is a factor of three stronger
than the contrast of the fine structure. Furthermore, the XMCD images in Ref. [I66] of a
comparable exchange bias system shows no multidomain state in the FM layer for elements
smaller than approximately 1 x 1um2E| For further conclusions, the assumption of direct

5XMCD measurements allow element specific imaging of the magnetization configuration. At the Co L3 edge with
the element-selective XMCD only the Co moments of the FM layer are probed, with measurements at the Mn L
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Fig. 3.38: (a) Calculated magnetic and (b) topological contributions to the total signal as derived
from the measurements with different tip magnetization as presented in figure [3.35,
Measurements and analysis courtesy of A. Drechsler and G. Tarrach, Swissprobe AG.
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imaging of uncompensated spins by MFM has to be proven by another measurement method,
e.g PEEM/XMCD.

Independent of their origin, these fluctuations are of great technological interest and can
be a crucial point in scaling down magnetic elements for applications: if the size of the
magnetic elements get closer to the typical size of the observed fine structure, a vanishing
or, at least, uncontrollable exchange bias is very likely. These fluctuations may explain the
observed instabilities in sub-micrometer sized tunnel junctions comprising similar exchange
biased hard magnetic electrodes as initially mentioned.

Further investigations are necessary to solve this question and will be addressed in future
research within a collaboration between Siemens, Swissprobe and the University of Basel. If the
assumption of uncompensated spins as the origin for the observed magnetic fine structure is
verified, a first observation of uncompensated spins at the interface of an in-plane magnetized
AFM/FM bilayer by means of magnetic force microscopy has been presented in this section.

edges a contrast is given by the orientation of the Mn spins within the AFM.



4 Summary

It has been reported by other groups, that a thin film of CoFeB can be used as a soft magnetic
electrode in magnetic tunnel junction instead of the commonly used polycrystalline films of
NiFe or CoFe. Such amorphous systems show a significantly decreased coercivity, a higher
temperature stability, and a smoother interface matching, leading to higher TMR effects.

It has been shown at the laboratories at Siemens, that the concept of amorphous CoFeB
layers interfacing the AlO, barrier can be successfully implemented to our MTJ stack system.
To the same time, publications by other groups indicated some advantages by using artificial
ferrimagnets in magnetic tunnel junctions. For this thesis, it was the idea to combine both
approaches, namely a soft magnetic electrode comprising of two antiferromagnetically coupled
layers of an amorphous CoFeB alloy.

It has been presented in the first part of the experimental work, that a stable antiferromagnetic
coupling in CoFeB/Ru/CoFeB trilayers exists, if a suitable thickness of the Ru interlayer
is chosen. Systematic studies of the interlayer exchange coupling have been performed. In
agreement to studies of the RKKY-like coupling in similar (but polycrystalline) trilayer systems,
the interlayer coupling in amorphous CoFeB-AFis shows an oscillating behavior and a decrease
in amplitude with increasing spacer layer thickness. In comparison to polycrystalline CoFe-
AFi systems the coupling strength decreases by approximately a factor of 10. Furthermore,
CoFeB-AFis show comparable low coercivities, a narrow distribution of the local anisotropy, a
high stability against heat treatments, and could be successful integrated as a soft magnetic
electrode in magnetic tunnel junctions. For annealing temperatures higher than 325°C, the
coercivity increases abruptly, most likely originated by an onset of crystallization. Only for
temperatures above 350 — 370°C the antiferromagnetic coupling vanishes. These reasonable
high thermal stability of coupling, together with the low coercivity and the low distribution of
anisotropy, are important properties for potential applications (e.g., as free magnetic layers in
sensor elements or in magnetic random access memories).

Finally, it has been found, that the coupling in CoFeB/Ru/CoFeB trilayers show a strong
temperature dependence. This is in accordance to the theory and is a result of the low Fermi
velocity of electrons in the Ru spacer layer, as also seen for comparable AFis consisting of Ru
as the non-magnetic spacer. However, the margin between plateau and saturation field has to
be increased, in order to enable applications at elevated temperatures (e.g., in heat assisted
MRAM writing schemes, or for spin-flop switching at typical operation temperatures). Possible
solutions have been given by comparison with simulations.

The second aim of the thesis was the investigation of CoFeB-AFis at sub-micrometer size.
The magnetic multilayers, therefore, have been patterned by e-beam lithography. The resulting
patterns have been at sub-micrometer to micrometer range, comparable to sizes of state of the
art MRAM devices. It has been proven by MFM analysis, that all elements investigated in this
thesis, can be described by a single domain state, in accordance to micromagnetic simulations.
This behavior is essential for the reproduced switching of MRAM cells, and is attributed to
the strong intrinsic and shape anisotropy of the cells.

With a high sensitive magneto-optical Kerr effect magnetometer, it was possible to investigate
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the switching and coupling behavior of these patterned AFis in comparison to CoFeB and NiFe
single layers. It has been found, that the coercive field of all samples under study scale with
the shape anisotropy. Furthermore, the saturation field of the patterned AFi samples increase
with decreasing aspect ratio. This behavior can be explained with an additional contribution of
the strayfield coupling between the two layers within the AFi. However, it turns out that the
coercivity of the AFi sample increases with respect to single layer elements of the same size,
which is in contradiction with results published by others. It has been shown by comparison to
micromagnetic simulations that the origin for this result is an increase of effective anisotropy
by the additional AF coupling. Therefore, the CoFeB-AFi samples investigated in this thesis
cannot be regarded solely as a rigid magnetic body with a decreased (net) magnetic moment.

Finally, the recently reported spin-flop switching scheme was demonstrated for one of the
CoFeB-AFi samples. The experimental setup of the Kerr magnetometer was modified for
these measurements, since the sample consisted of the soft magnetic electrode only. These
experiments show the feasibility of a rapid, non-contact measurement method of the spin-flop
switching. However, in order to achieve more information about the switching reliability of the
elements, the signal to noise ratio of this method has to be improved.

Thereafter, the exchange bias coupling phenomena between an antiferromagnetic and a
ferromagnetic layer has been investigated. In order to implement the amorphous CoFeB layer to
both sides of the AlyO3 barrier, either a CoFeB single layer or an artificial ferrimagnet can be
used as the exchange biased reference layer. To gain more insight in the exchange bias coupling
at sub-micrometer size, systems of IrMn/CoFeB have been deposited and patterned by e-beam
lithography. MFM studies on these patterns show a magnetic fine structure in the exchange
bias system that does not exist in single layer elements of the same geometry. As discussed,
this fine structure is most likely attributed to a direct imaging of the interfacial uncompensated
spins between IrMn and CoFeB. These results clearly illustrate future challenges for the scaling
behavior of exchange bias samples with in-plane magnetization, that not have been addressed
in literature with technological relevant material systems so far. Therefore, further experiments
(also with PEEM, XMCD) are suggested.

Outlook

Some results in this thesis brought up new questions, or indicate the need for further studies.
The most important topics for further investigations are

e Spin-flop switching
One of the most interesting aspects will be a systematic study of the spin-flop switching
scheme. The magneto-optical experiment presented in this thesis is more a proof of concept,
rather than a systematically study. For further experiments on spin-flop switching, the
signal to noise ratio of the setup has to be improved. On the other side, the integration
of the CoFeB-AFi in a MTJ full-stack system will allow further experiments on spin-flop
switching, not only quasi-static, but also dynamic measurements.

e Heat-assisted switching
The temperature dependence of the unpatterned AFi samples brings up new questions,
e.g., how do the sub-micrometer size samples behave at elevated temperatures? Since the
heat-assisted writing of MRAM cells is of great technological interest, this question will
be addressed in future experiments.
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e FExchange bias properties
As already discussed, the exchange bias properties in sub-micrometer size can be a crucial
point for downscaling of magnetoresistive devices. The experiments presented in this
thesis, therefore, will be continued by detailed MFM studies at the University of Basel.

o Spin-transfer switching
OCHIAI ET AL. have presented spin-transfer experiments by using AFi like structures
comparable to the ones investigated in this thesis. As discussed in section [I.4.2] their
experiments with spin-transfer switching show a reduction in the critical current density
required to turn the magnetization to 1 x 106 A /cm? [IT1], [T08]. Therefore, it is obvious
to suggest the integration of the investigated CoFe- or CoFeB-AFi systems to low RA
magnetoresistive devices. Such TMR multilayer systems seem to be promising for future
experiments on spin-transfer switching and the integration to magnetoresistive devices.



A NanoMOKE2™

A.1 Overview

One can find a huge variety of tools for investigation of the magnetic and transport properties
of magnetic thin films and devices at the laboratory of Siemens CT MM 1. At the beginning
of my PhD there was no possibility to easily characterize sub-micrometer sized magnetic
elements without passing the wafer through a complete lithography process. For rapid magnetic
characterization the decision was felled to purchase a high sensitive, spatial resolving magneto-
optical Kerr (MOKE) setup (see section [2.2.2).

The NanoMOKE2™system is an ultra-high sensitivity magneto-optical magnetometer
provided by Durham Magneto Optics Ltd. (DMO)E]It is sensitive to the longitudinal, transverse
and polar magneto-optical Kerr effects and is ideally suited to measuring the magnetic properties
of thin magnetic films and magnetic nanostructures [169]. Furthermore the tool is using standard
electrical, optical and mechanical components mounted on a vibration isolated optical table,
thus giving us the possibilities to easily change the setup for different measurement tasks.
In more than one year of operation, there have been various modification of the setup and
additional software features have been implemented.

A.2 Specifications

Detailed specifications can be obtained from the NanoMOKE2T™™manual and specification
booklet [169]. The key features of the NanoMOKE2T™system installed at Siemens are:

e Temperature and power stabilized diode laser system.
e Magnetic moments as small as 10~ 2emu can be detected.

e Various lens systems with focus sizes between 2.8 to bum for the quadrupole magnet,
and 10pm for the dipolar magnet system are provided.

e Computer controlled z-y-6 stage with high accuracy (linear stages with £12.5mm range
and 1um repeatability, rotation stage with £175° range and 0.003° repeatability.

e One electromagnet in a quadrupole design and variable pole gaps, generating arbitrary
field shapes in the zy-plane of the sample at a maximum magnetic field of 10000e (at
10Hz field sweep frequency and the smallest pole gap). A Second dipolar electromagnet
can be inserted at the place of the standard quadrupole system, generating fields up to
5000 Oe (at 0.2Hz field sweeping frequency).

e Two analogues outputs (12bit) and two analogues inputs (16bit), simultaneously logged
with the Kerr signals.

'see www.durhammagnetooptics.com for further information

94



A NanoMOKE2™ 95

A.3 Hardware modifications

To utilize the basic setup for a broader variety of measurement, various modifications have
been carried out, that are described at the following paragraphs.

A.3.1 Temperature stage

To investigate the magnetic properties of exchange biased or AF coupled samples in dependence
of the temperature, a simple heating stage has been adapted for the usage at the dipolar
magnet system. This heating stage is inserted instead of the x-y-0 stage and enables MOKE
measurements ranging from room temperature to approximately 350°C. The data presented
within section have been obtained with this setup.

A.3.2 Simultaneous measurement of Kerr and magneto-transport signal

A special sample probe has been constructed to combine the spatially resolved magneto-optical
measurements with an integral signal of an magneto-resistive sensor element. Therefore, a
signal of an electrically contacted sensor element can be measured at the same time as the
Kerr data. The laser spot can be focused on different positions of the sample and the data give
insight of local magnetization reversal processes on the total (MR) signal behavior.

Fig. A.1: (a)/(b) Three dimensional model and (c)/(d) photographes of the final strain apparatus.
All images by courtesy of T. Uhrmann [170].
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A.3.3 Strain sensor

The demonstration of a strain sensor on a flexible polyimide substrate E] has been investigated
within the scope of a diploma thesis [I70]. For this purpose, a probe to apply strain on
the sample has been constructed for the use in the NanoMOKE2™setup, providing the
possibilities for magnetization measurements in dependence of strain on the sensor elements.
The apparatus is shown in figure [A.T] Within this thesis, it has been shown for the first time,
that a magnetostrictive GMR sensor fabricated on a flexible polyimide substrate can be used
as a strain sensor, providing similar (or even higher) MR ratios as comparable GMR element
deposited on the usually used SiOy substrates. The results are submitted for publication (see
Ref. [171]).

A.4 Software add-ons

The software "LX Pro" by DMO controlling the NanoMOKE2 measurements provides basic
routines for locating the sample, definition of the applied field sequences, acquiring and
processing the data (see figure . All features are integrated in a comfortable graphical user
interface, but are also available as an ActiveX component. The latter can be used in external
programmes to develop user defined measurement routines. The most convenient way to define
own measurements was to implement the LX Pro routines in a Visual Basic programme, since
this language is supported by DMO and is easy to learn. Although any other environment
supporting ActiveX objects should be possible [169].

All additional software modules developed by myself are put together in a graphical user
interface ("LXPro Menu", see figure , and are described in the following paragraphsﬂ

A.4.1 Automated asteroid measurement and evaluation

The asteroid measurements implemented in the "automatic measurement window" allows one
to measure angle or bias field dependent asteroids of the switching fields. Additionally to
an linear distribution of bias fields, it is possible to choose a non-linear distribution to gain
resolution for small bias fields.

For all bias field datapoints a single magnetization loop is taken, that can (semi-) automati-
cally treated by the software module "Asteroid process", resulting in a switching field asteroid
Hc(Hy) as described in section . An example for an measured asteroid is shown in figure
3241

A.4.2 Position dependent measurement (Mapping)

A basic mapping routine has been implemented to automatically measure magnetization loops
at predefined positions. The applied fields are set up in the "automatic measurement" menu
and an ASCII file containing the x- and y-positions has to be imported.

It is possible to combine the asteroid measurements with the position list feature. Therefore,
it is possible to measure a full switching field asteroid at each predefined position of the wafer.

2Magnetostrictive GMR sensor deposited and patterned on a flexible polyimide film (Upilex)
3The software is available on request, please feel free to contact me.



A NanoMOKE2™ 97

5 ﬁ i, Process: RW51b-02_unpatterned_0deg.mok ﬂ
File
Locate ‘ Fields ‘ Y-avis 26—

Longitudinal Kerr [mi] =

Flain signal -

Grab ‘ Process ‘

* Y

Cursor 1: 1
Hx [Oe): 0 0 Cursor 2 2

1
2
Hy (Oe): 0 ] Delta: 1 1
Delkas2: 0.5 0.
Mear: 1.5 1

Kern L [m¥) () 0

Ken T [m¥]: () 0

Freq.

Hall probe calibration
o [
[~ Plot points

Gl (et g ey [ Plot rising fisld in red

08/08/2005 14:38:47

Rw/B1 (k)02
unpatterned

Smoothing

10
|— ™ Enable [,

2054_I | | | | | | | ] ] ] | |
[ Inverty-aus | Clear al 600 B0 400 300 200 100 i 100 200 300 400 500 600

Compengate Slope Femave y-offzet W-avie nomalization Analysis Ho

-0.0046 Suggest 0 Suggest 1 Suggest | Find saturalion| Hoffsst

30-70%:

Phaze [deg) 1003%
2 Use cursors L Use red cursor | Analyse |
10-90%;

Fig. A.2: Toolbar and process window of the "LXPro" software, provided by DMO. All basic
measurement and process routines can be accessed via the graphical user interface.

A.4.3 Alignment

Since the magnetic properties, such as coercivity and saturation moment, strongly depend
on the angle of the field with respect to the sample (see section , the sample has to be
aligned properly. To perform an automatic alignment, one need to give this routine two known
points on a vertical or horizontal line. As larger they are separated, as better the accuracy
of the alignment will be. The module "Align" is calculating and setting the angle correction,
once the user has defined two points. The tool can be called from all panels of "LXPro Menu"
via a menu item.

A.4.4 Field Calibration

The Hall sensor elements are located on the top of the pole pieces and have to be calibrated
for each pole gap of the electromagnets. For the quadrupole electromagnet the Hall sensors
are located at an angle of 45° with respect to the z- and y-field planes. A matrix rotation is
therefore required to link the Hall voltages with Hx and Hy:

()= () () =
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where V7 and V5 are the voltages read in by the computer from Hall sensors 1 and 2 respectively,
and V;; are the calibration matrix coefficients in units of r(r% [169].

A small programme ("EM calibrate") has been written, that automatically evaluates these
matrix coefficients. Therefore, a calibrated Hall probe has to be attached to one of the inputs.
With this software it is easily possible to verify the calibration regularly and to define new
pole gaps if necessary.
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Fig. A.3: Graphical user interface of the "LXPro Menu" software. The package integrates sub-
routines for the automatic asteroid measurements (biasfield, angle, and position dependent),
the toggle measurements, the alignment procedures, and a field calibration tool in one
program.
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