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Abstract
With the increasing amount of digital data in the world there is a need to
improve the performance of HDD read heads and non-volatile magnetic storage. A promising structure for both applications are magnetic tunnel junctions (MTJs) with perpendicular magnetic anisotropy (PMA). S.Ikeda et al. [1]
showed that high tunneling magnetoresistance (TMR) values needed for application are achievable using CoFeB/MgO/CoFeB MTJs with coherent a tunnel
barrier. Additionally, the magnetic state of the junction can be switched using
spin transfer torque (STT). This enables a novel type of non-volatile magnetic
random access memory (STT-MRAM). The goal of this thesis is to bring the
CoFeB/ MgO/ CoFeB stack closer to application in devices.
Firstly, the thicknesses of both magnetic layers in a Co40 Fe40 B20 / MgO/
Co40 Fe40 B20 stack are optimized to exhibit PMA. These optimum thicknesses
are used for the production of circular MTJs. The required junction size for
optimal switching is evaluated using the Barkhausen volume. Additionally, the
magnetic dead layer is investigated to assess the effective magnetic layer thicknesses.
Secondly, the influence of annealing on the magnetization dynamics is investigated. A strong influence is found on the switching behavior and anisotropy
of the stack. Furthermore, ferromagnetic coupling of the magnetic layers is observed which is induced by the annealing process. Due to the importance of
the Gilbert damping constant in the reduction of the current needed to switch
the magnetization, this is investigated using two measurement techniques. A
relatively small Gilbert damping constant is found for the stack, as needed to
aid switching.
Finally, circular MTJs with PMA are produced in four different diameters.
A TMR ratio of up to 28% is observed in the junctions. The quality of the
junctions is investigated and the resistance area (RA) product is found to be a
good indicator of junction quality. The observed distribution of TMR ratios as
a function of RA product is explained by the presence of pinholes and contact
resistance. Current induced switching of the is observed with a low critical
current density of 5.7 MA/cm2 and high thermal stability.
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1

Introduction

Today we live in a digital world. Since the first introduction of the computer
and consecutively of the internet, mankind has embraced the digital world with
both arms. The technology inside computer systems has made great leaps forward since its introduction, going from room sized computers to smartphones,
tablets and digital cameras, and it will keep on doing so. Due to its rise new
technology, new science and even a new type of society has been made possible.
As a consequence the society of today amasses a huge amount of digital data at
an ever increasing rate. In order for technology to keep pace new devices are
needed. One promising component for these devices is a magnetic tunnel junction (MTJ) with perpendicular anisotropy using coherent tunneling for enhanced
performance. This chapter will motivate the choice for this type of device and
its use to society in section 1.1, This is followed by recent developments in the
physics leading towards novel devices in section 1.2. A short summary of the
critical requirements for the proper functioning of these devices are given in section 1.3. A type of magnetic tunnel junction suited to meet these requirements
is demonstrated in section 1.4. Finally, in section 1.5, the main goal if this thesis
is stated and the three main issues that will be addressed are given along with a
guide to this thesis.

1.1

The ever increasing digital world

Since the dawn of mankind we have been collecting information at an ever increasing rate. The introduction of digital information has stimulated this growth tremendously. Since magnetic data storage first became available the amount of data in the
world has grown exponentially, as seen in figure 1.1. To record this data more and
more storage capacity is needed. However, there is only limited space available so in
order to keep pace with this growth the areal density of new storage media, e.g. hard
disk drives (HDDs), also needs to increase exponentially. Additionally, in the society
of today the energy consumption is an important issue. So a decrease in the energy
demand of electronics is very important.
The areal density of a hard disk drive is limited by, amongst others, the size of
the magnetic domains that make up the bits, and the size and sensitivity of the sensor
1
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Figure 1.1: The increase of HDD areal density and the amount of bytes shipped annually
between 1957 and 2008. Figure adapted from Janssen [3] .

that reads the state of the bit. These sensors are one of the two main devices relevant
to this work.
Hard disk drives Initially, HDDs used inductive sensors to measure the orientation of a magnetic bit. With the introduction of the thin film head the areal density
was further increased (1 in figure 1.1). A next step forward was achieved with the
invention of Magneto Resistive sensors (2 in figure 1.1). These sensors work on the
principle of Magneto Resistance (MR); the change in resistance of a material, or combination of materials, in response to a magnetic field. It can be used to sense the stray
field of a magnetic bit on a hard drive. The strength of the change in resistance is
expressed by the MR ratio and is 1-2% for first generation MR sensors. By 1997 the
GMR sensor, discussed in the next section, with an MR ratio of 5-15%, found its way
to the market, further increasing the areal density of HDDs (3 in figure 1.1).
Due to these technological breakthroughs the required exponential growth in
areal density is achieved until the introduction of a, as is shown in figure 1.1. In
order to further increase the areal density of HDDs an additional increase of the MR
ratio was needed [2] .
Magnetic Random Access Memorpy In addition to HDDs there is another form
of memory; Random Access Memory (RAM). The difference is in the method of
data reading and writing. HDDs read and write data sequentially, i.e. the disks inside
a HDD rotate in a fixed direction, while RAM is able to access all data elements in
a random order. Semiconductor RAM is the most common form present today, but
it has a large drawback: it is volatile, i.e. it loses its data when no power is applied
to the device. Non-volatile forms of RAM presently exist but are lacking the read
and write speeds needed to compete with Semiconductor RAM. A prospect for nonvolatile RAM is Magnetic RAM (MRAM) combining low energy consumption with
high density data storage. MRAM is the second device relevant to this work.
The history of magnetic random access memory starts with core memory in the
1960s. Information was stored on small magnetic toroids, which were threaded with
wires to read and write data. However, with the advent of semiconductor memory
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core memory lost its advantage and finally the market. For a short while bubble
memory drew some attention as a possible candidate, but its success was short lived.
It was only after the discovery of the GMR and its implementation in HDDs that
MRAM began regaining interest [4] . To understand the working of MRAM and explore the possibilities for high MR junctions a step into the field of spintronics is
necessary.

1.2

The age of spintronics

Classically, the flow of information through devices used only the charge of electrons. The discovery of the Giant Magneto Resistance effect (GMR) by Peter Gründberg and Albert Fert in 1988 enabled control of the electron current through the spin
of the electron [5] , thereby opening an entire new field of physics: spintronics.
The seed of the next advancement in areal density was sown in 1975 by Julliere [6]
as he discovered the Tunnel Magneto Resistance (TMR) effect. The effect is discussed
in more detail in section 2.3 but a short overview is given here. The TMR effect is
based on a trilayer structure of an insulating layer sandwiched by two ferromagnets.
The device is constructed in such a way that the ferromagnetic layers are oriented
either parallel or anti-parallel. The resistance of the parallel orientation is lower
than that of the anti-parallel orientation. This effect is caused by a difference in the
amount of spin-up and spin-down electrons near the Fermi level indicated by the
spin polarization. A Magnetic Tunnel Junction (MTJ) is a device using the TMR
effect.
However, Julliere [6] only observed the TMR effect at 4.2 K and not at room
temperature, making the effect unapplicable to HDD sensors. After the discovery
of the GMR effect renewed attention was given to the TMR effect in order to increase the MR at room temperature. In 1995 Miyazaki and Tezuka [7] and Moodera
et al. [8] showed that a high TMR (18%) at room temperature is achievable using
an amorphous aluminum oxide barrier. Since these MR values were larger than the
largest found by GMR the development of TMR junctions received a lot of attention.
The increased research effort lead to TMR ratios of 70% were achieved in 2005 [2] as
shown in figure 1.2.
In 2001 Butler et al. [10] predicted that the TMR ratio can be significantly increased by the use of crystalline MgO as the tunnel barrier material and Fe for the
ferromagnets. The increase in TMR is due to coherent tunneling, an effect discussed
in section 2.3.1, leading to a large effective spin polarization and thereby high TMR
ratio. In 2004 Yuasa et al. [11] achieved a TMR of 180%, thereby surpassing the best
achieved result using aluminum oxide as a barrier material, as seen in figure 1.2. To
date the highest reported TMR at room temperature is 604% [12] .

Magnetic Random Access Memory The high and low state of a GMR or MTJ
device can be used to store a bit of information. In order to use these in an MRAM
device the magnetic state of the cell has to be switchable between the parallel to the
anti-parallel state. Initially this was done by applying a local field to the cell via two
current carrying wires. As the size of the GMR or TMR cell is decreased the current

3
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Figure 1.2: The increase in measured TMR for AlO x and MgO tunnel barriers. The
discovery of coherent tunneling in MgO tunnel barriers caused a trend break in the increase
of TMR over time. Figure from Zhu and Park [9]

needed to switch it increases. As a consequence the size limit for this type of MRAM
is about 90 nm [13] .
This negative scalability of the current with the cell size was broken by the prediction of Spin Transfer Torque [14,15] (STT). Spin Transfer Torque is the effect resulting
from the interaction of electron spins with the magnetization of a magnetic layer.
When passing through a GMR or TMR stack the spins are polarized by a layer with
a fixed magnetization direction (the reference or fixed layer) and then pass through
the second magnetic layer of which the magnetization direction can rotate (the free
layer). The electron spins will interact with the magnetization and try to rotate it. If
the current density is high enough the magnetization of the free layer can be changed
from anti-parallel to the fixed layer to parallel to it. By changing the direction of the
current the junction can be switched between the parallel and anti-parallel states [4] .
This type of MRAM using Spin-Transfer-Torque is called STT-MRAM. The current
needed to switch the junction, the critical current density JC , decreases with the size
of the junction imposing no restriction on the junction size. Of course, with decreasing size thermal stability becomes an issue as will be discussed later.

1.3

Device requirements

In the previous section two different devices with great importance to society and
large interest from the scientific and technological communities were introduced:
the HDD read head sensor and STT-MRAM. This section will give the design requirements for both devices. These requirements will lead to the selection of an
appropriate candidate junction type in the next section. Several relevant questions
that need to be answered are discussed in section 1.5 and will act as a guide to this
thesis.
The trilemma of magnetic recording is at the heart of all magnetic data storage designs. It are the conflicting requirements of 1) write-ability, 2) signal-to-noise
ratio and 3) thermal stability that make the design of magnetic data systems difficult [16–18] . For example, in case of a HDD, the signal-to-noise ratio requires small
magnetic grains to enable a clear transition between the magnetization of bits each

1.3 Device requirements

Figure 1.3: Graphical representation of the requirements on RA and MR for high density
HDD read head sensors. Figure adopted from Yuasa [2] .

made up of several tens of grains. However, small grains have a small energy barrier
EB = KV with K the anisotropy energy density and V the volume of the grain. This
can be counteracted by increasing the anisotropy energy density K but this also increases the necessary write field, thereby decreasing the write-ability. An additional
requirement to the trilemma is the resistance of the device, or more specifically the
Resistance Area (RA) product, which should be compatible with current electronics.
The following sections present the device requirements for both magnetic read heads
and STT-MRAM.
Magnetic read heads The design of magnetic read head sensors focusses on the second point of the trilemma: increasing the signal to noise ratio. Both other points are
more relevant to the recording medium and the write head. In order to attain areal
densities of 500 Gbit/inch2† and higher, the MR value needs to be higher than 50% [2] .
In state of the art magnetic read head sensors the main source of noise is caused by the
thermal agitation of the magnetization [17–19] . A low RA product, below 1 Ωµm−2 ,
is needed [2] in order to decrease thermal noise by heating of the junction. Figure 1.3
graphically shows the requirements on RA and MR for the production of high areal
density HDDs read head sensors. The current expectations of the industry are that
areal densities between 1 and ∼4 Tbit/inch2 are obtainable within the foreseeable
future, i.e. before 2015 [19,20] .
STT-MRAM The design of STT-MRAM incorporates the full trilemma of magnetic data storage design including the additional resistance term. Non-volatility is a
crucial point for a memory cell. The industry standard requires that data is stored
for a minimum of 10 years. This leads to the requirement that the energy barrier between the parallel and anti-parallel states needs to be at least 40-60 kB T [1,4,17,21–23] . To
increase the signal-to-noise ratio a high MR value is wanted, since, the higher the MR
ratio, the better the two states of the magnetic bit can be distinguished [4] . In order to
reduce thermal heating and junction breakdown a small RA product is wanted [13] .
†

The industry standard for areal density is Gbit/inch2 .
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The RA product of the barrier will increase almost exponentially with thickness (see
chapter 2), therefore a thin junction barrier is needed. The last issue is write-ability,
the critical current density JC needed to change the state of the junction. To reduce
power consumption and alleviate the restrictions on the rest of the electrical components in the STT-MRAM device this should be as low as possible [1,4] .
Requirements summary To summarize, the following requirements have to be
met for the development of HDD read heads and STT-MRAM devices with commercial viability.
MR ratio At least 100%.
RA product Below 1 Ωµm 2 for HDD read heads.
Thermal stability 10 years, i.e. switching barrier of 40-60 k b T .
Critical current density 5 · 105 A/cm2 for a 1 ns current pulse.
Size A feature size of 30 nm.
The development of devices that fulfill these conditions has received a lot of attention. Initially, this was done for in-plane magnetized junctions and the first three
requirements can now be satisfied [24,25] . However, the required low critical current
density while maintaining a high thermal stability is not yet reached. In the case of
in-plane magnetic layers the thermal stability of the junction is dominated by the
in-plane anisotropy field HK . The magnitude of this field follows from the shape
anisotropy of the material, e.g. an ellipsoid has the field pointing along the long axis
of the shape. On the other hand, the magnitude of the critical switching current is determined by the demagnetization field Hdemag which is typically an order larger than
HK . Both are indicated in figure 1.4a. In the case of perpendicular MTJs, the value
of HK is shape independent, since it is a surface effect, and very high [26] . The magnitude of the large perpendicular anisotropy can be tuned and compensates for the
demagnetizing field, as seen in figure 1.4b. As a consequence, the switching current
can directly be edited by tuning the perpendicular anisotropy. In addition, manufacturing MTJ bits is easier with circular MTJs, since no exact shape is required [26,27] .
As just reasoned, perpendicular magnetic anisotropy is well suited to reduce the
critical switching current. However, another very important factor in the reduction of the switching current is the Gilbert damping parameter α. A large damping
parameter will cause the magnetization of a layer to return to the equilibrium position quickly. The torque corresponding to the damping opposes the ST-Torque.
Therefore, to reduce the critical current density a low damping is required. However, PMA materials have an α an order of magnitude larger than that of in-plane
materials, thereby opposing the aforementioned advantage.

1.4

Magnetic Tunnel Junctions With Perpendicular Magnetic
Anisotropy

The previous section gave an overview of the requirements that need to be met in
order to produce viable devices. It is reasoned that perpendicular anisotropy is a
promising candidate to meet those requirements under the condition that the Gilbert

7
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(a)

(b)

Figure 1.4: Difference in the role of the demagnetization field (red arrow) in magnetization switching for in-plane and perpendicular magnetized materials. The path of the magnetization due to the STT is indicated by the dashed arrow. In (a) in-plane materials the
demagnetization initially opposes switching, while in (b) perpendicular materials it aids the
switching.

damping can be reduced for PMA materials. In this section the work by S.Ikeda
et al. [1] is introduced which serves as the basis for the work in this thesis.
To meet the requirement for a high MR ratio a TMR junction with crystalline
MgO barrier is a good starting point. Since especially good results have been achieved
using CoFeB for the magnetic layers [1,2,28] and significant research effort has been invested in CoFeB/MgO/CoFeB-MTJs [1,12,24,29,30,30–35] , it is currently seen as the best
candidate for HDD read head sensors and STT-MRAM applications [1,2] . Therefore,
S.Ikeda et al. [1] chose Co20 Fe60 B20 as the material for the magnetic layers and a thin
MgO barrier (tM g O = 0.85 nm) as the insulator. In an MTJ the two magnetic layers need to be able to switch independently in order to switch between the parallel
and anti-parallel states. The strength of the PMA depends on the thickness of the
magnetic layers and this effect can be used to change the switching characteristics of
each layer independently. S.Ikeda et al. [1] use this approach and make the switching fields independent through the use of two different thicknesses for the magnetic
layers. Since the shape of the junction does not determine the anisotropy axis in
PMA materials a circular junction can be made, thereby simplifying the production
procedure. S.Ikeda et al. [1] successfully fabricated circular MTJs with a diameter of
40 nm exhibiting PMA and achieved a high MR ratio of 124%. The independent
switching of the layers by an applied field and the resulting low and high resistive
states are seen in figure 1.5a. The figure also shows the inner loop (dotted line) showing a stable P and AP state at zero field. The junctions have a low RA product of
18 Ωµm2 . Switching between junction states by current is also achieved as seen in
figure 1.5b. They achieved a critical current density of 3.9 MA/cm2 , comparable to
the best achieved results for in-plane magnetized MTJs, but still a factor too high for
the use in STT-MRAM.
Additionally, an important part of the production process of semiconductor devices is an annealing step. Annealing can strongly influence the properties of an
MTJ and has therefore been researched to some extent [28,32,36–40] . However, still a lot
remains unclear about the effects of annealing on the junction behavior.
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(a)

(b)

Figure 1.5: The resistance of a circular MTJ with a diameter of 40 nm and perpendicular
magnetic anisotropy as a function of (a) applied field and (b) current density. The latter
shows current induced magnetization switching of the junction between the parallel and
anti-parallel states with low and high resistance, respectively. These results were obtained
by S.Ikeda et al. [1] .

1.5

Guide to this thesis

In the previous section the choice for a CoFeB/MgO/CoFeB stack was motivated
and some underexposed issues in the currently published research exposed. In this
work a similar approach as that by S.Ikeda et al. [1] is used. A Co40 Fe40 B20 / MgO/
Co40 Fe40 B20 MTJ stack is investigated in order to produce PMA MTJs. The goal of
this thesis is to bring the CoFeB/MgO/CoFeB stack closer to application in STTMRAM by investigating some of these issues. This is achieved by,
• Optimizing the Co40 Fe40 B20 layer thicknesses for perpendicular magnetization
and independent switching.
• Investigate the influence of annealing on the Gilbert damping constant and
the magnetic behavior of the trilayer by comparing measurements for two annealed samples to those of an un-annealed sample.
• Providing preliminary results on the switching of MTJs with PMA with a reduced current density and reduced operating voltage.
First, the theory needed to interpret the results in this thesis is given, followed by
a description of the used samples and experimental setups. Then the results observed
in the measurements are presented. On a chapter by chapter basis the contents of
this thesis is as follows:
Chapter 2: Theory This chapter gives a short summary of relevant theory on magnetic anisotropies, coherent tunneling and current induced switching needed
to understand the work presented in this thesis.
Chapter 3: Sample fabrication This chapter aims to provide a clear picture of the
used samples. This chapter describes the stack structure of the used samples
and their production process. Two different methods of annealing are performed and the patterning process for the production of circular MTJs is explained.
Chapter 4: Experimental This chapter describes the various experimental setups
used to analyze the samples. Due to the strong reliance on optical techniques

1.5 Guide to this thesis

for probing the magnetization the effect on which the techneques are based, the
Magneto Optical Kerr Effect, is discussed in more detail. To make proper use
of the optical techniques the sample is milled, this procedure is also described.
In addition the processing of data before it is ready to analyze is given.
Chapter 5: Perpendicular Magnetic Materials The aim of this chapter is to find
the CoFeB thicknesses best suited for the production of MTJs. To find these,
the magnetic behavior for a large range of thicknesses of both magnetic layers
is examined and their perpendicular magnetic behavior is analyzed. Additionally, the effective magnetic layer thickness is determined and the dimension
limitations for good junction behavior are estimated.
Chapter 6: Magnetization Dynamics The influence of annealing on the Gilbert
damping constant and magnetic behavior is investigated by a comparison of
un-annealed and annealed samples. This is done with various techniques providing a complementary picture of the effect of annealing.
Chapter 7: Current Induced Switching of MTJs This chapter provides the preliminarpy results on the produced MTJs with PMA. A simple model to explain
the influence of two common defects on junction quality is proposed. Finally,
the switching behavior of the junctions is discussed, both for field and current
induced switching.
Chapter 8: Conclusions & Outlook This concluding chapter presents a summary
of the achieved results with respect to the goal of this thesis. In addition some
ideas for further research are proposed.
Since the work is rather voluminous a short guide is given as to the importance
of several chapters to the understanding of the results in this work. Chapters 2 and 4
can in good conscience be skipped initially. If certain parts of the results are unclear
these chapters can be addressed at that time. The reader is advised to read chapter 3
on the used samples to get acquainted with the used samples.
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2

Theory

This chapter provides an overview of the theory relevant to the work in this thesis. First, the origin of perpendicular magnetic anisotropy is addressed shortly in
section 2.1, followed by a description of the Stoner-Wolfarth model. Thereafter,
in section 2.2, the magnetization dynamics needed to interpret the results are
discussed. The tunneling magnetoresistance effect and coherent tunneling are
discussed in section 2.3.1. Finally, in section 2.4, the switching of a magnetic
tunnel junction by field and current is discussed. The chapter does not aim to
fully explain the various subjects, since most can be found in standard works and
review articles. When appropriate, suggestions for further reading are given.

2.1

Perpendicular Magnetic Anisotropy

In experiments on ferromagnetic single crystals it is observed that the energy required to magnetize a material depends on the angle between the applied magnetic
field and the crystal axes. There are ’easy’ and ’hard’ directions of the magnetization. This behavior is named magnetic anisotropy and is of paramount importance
in the application of ferromagnetic materials in devices. The strength of the required
anisotropy depends on the application, e.g. high, medium and low anisotropy is
required for permanent magnets, storage media and magnetic transformer cores, respectively.
For very thin magnetic layers the breaking of symmetry strongly influences the
anisotropy of the material as compared to bulk. By varying the thickness of a magnetic layer and choosing suitable materials the anisotropy can be tailored [41] . One of
the most interesting changes is the reorientation of the preferential direction of the
magnetization of a thin layer from in-plane to out-of-plane for decreasing layer thickness. This out-of-plane orientation of the magnetization is commonly referred to as
Perpendicular Magnetic Anisotropy (PMA). PMA results from a difference in magnetic anisotropy between bulk material and the interfaces. For decreasing magnetic
layer thicknesses the contribution of the interface to the total anisotropy increases.
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The total effective magnetic anisotropy energy density Keff,ani is found to approximately obey the relationship
Keff,ani = Kv + 2

Ks
t

,

(2.1)

where t is the layer thickness and Kv and K s are the volume (bulk) and surface
anisotropy energy densities, respectively. The factor 2 accounts for the presence of
two interfaces. A typical example of the dependence of Ke f f ,ani · t on thickness is
shown in figure 2.1. The thickness below which the surface anisotropy outweighs

Figure 2.1: The anisotropy energy density times the magnetic layer thickness as a function
of magnetic layer thickness of a Co/Pd multilayer. The vertical axis intercept gives 2 times
the surface anisotropy density, the slope the bulk contribution. For positive K · tCo the
magnetization is perpendicular, for negative in-plane. The transition thickness is indicated
by t⊥ . Keff corresponds to Keff,ani as seen in equation 2.1 Figure adapted from Johnson
et al. [41] .

the perpendicular anisotropy is given by t⊥ , as indicated in the figure.
The two main sources of magnetic anisotropy are the magnetic dipolar interaction and spin-orbit coupling and cause shape and magnetocrystalline anisotropy [41] .
Shape anisotropy results from the long range dipole interaction and depends on the
physical shape of the device. When assuming an isotropic magnetic material the
shape determines the hard and easy axes of the sample. In case of a thin planar magnet the hard axis, as defined by shape anisotropy, is perpendicular to the plane and
the easy axis is in the plane, i.e. an easy plane. The rotation of the magnetization
out of plane results in an energy penalty. The primary reason for magnetocrystalline anisotropy is spin-orbit coupling. The electron spin interacts with the orbital
moments which in turn are influenced by the crystal lattice. As a consequence the
direction of the magnetocrystalline anisotropy is influenced by the crystallographic
structure of the sample. The reason for the occurrence of PMA at the interface is
very nicely described in a paper by Stöhr [42] . Using a ligand field model and perturbation theory he shows that PMA occurs as a result of a difference in the in-plane
and out-of-plane splitting of energy levels in the case that the latter is larger than the
former. The difference in the energy level splitting is a result of the difference in
environment observed in the plane of the interface and perpendicular to it. An important point to take away from the paper is that the anisotropy energy scales with
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z=n
ˆ

θ

M
φ

H

Figure 2.2: The geometry used in the Stoner-Wolfarth model. The sample, gray slab, is in
the x-y-plane. The z direction corresponds to the surface normal.

the spin orbit coupling constant ξ . Therefore to obtain PMA a large ξ is necessary
to overcome the in-plane bulk component.
2.1.1

Stoner-Wolfarth theory

To gain insight in the behavior of the magnetization of a sample in an applied field
the commonly used Stoner-Wolfarth (SW) model is described in this section. The
model is also used to investigate the magnetization dynamics in section 2.2 and field
induced switching in section 2.4.1. The SW model describes a simple situation; a thin
homogenously magnetized layer in a uniform applied magnetic field. In this case, the
magnetization of the layer is seen as a single macrospin and the geometry is defined
as shown in figure 2.2. The model is based on energy minimization, therefore the
energy associated with the anisotropy described in the previous section is required.
The shape anisotropy can be expressed by the demagnetization energy density as
1
~ ·M
~,
u d = − µ0 N M
2

(2.2)

where the demagnetization tensor N depends on the geometry of the magnetic material. In the case of an infinite thin layer this reduces to
1
ud = − µ0 M S2 sin2 θ,
2

(2.3)

with M S the saturation magnetization of the sample and θ the angle between the
~ . The magnetocrystalline anisotropy in this geometry can be
surface normal and M
expressed to second order by
u m = K1 sin2 θ + K2 sin4 θ,

(2.4)

where K1 and K2 are anisotropy constants. In the SW model the first order anisotropy
and the demagnetization are taken into account. The total anisotropy energy density
for a infinite thin layer is then given by


1
2
uani = K1 − µ0 M S sin2 θ = Keff sin2 θ.
(2.5)
2
From this equation it follows that for Keff > 0 the magnetization will be perpendicular to the plane, while for Keff < 0 it will be in-plane. This corresponds to the Keff
observed in the previous section.
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Under the application of an applied field there in an interaction between the field
and the magnetization. This is given by the Zeeman term
~ ·H
~ = −µ M H cos(φ − θ),
u h = −µ0 M
0 s

(2.6)

where H is the magnitude of the applied field and φ the angle between the surface
~ . The total energy density is now given by the sum of the anisotropy
normal and H
and zeeman terms
utot = uani + u h = Keff sin2 θ − µ0 M s H cos(φ − θ).

(2.7)

Using this equation the equilibrium angle of magnetization can be found for a known
applied field, anisotropy energy density and magnetization.

2.2

Magnetization dynamics & Gilbert damping

The previous section provided an overview of the relevant terms to predict the static
behavior of the magnetization of a sample in an applied magnetic field. In this section the dynamic behavior of the magnetization is investigated. As will be shown
in section 2.4.2, this is of great importance to current induced magnetization switching. Furthermore, the theory in this section provides the basis for ferromagnetic
resonance measurement analysis.
Lets first examine the simple case of a single free electron with magnetic moment
~ . If there is an angle between µ
~ a torque is
~ in a static magnetic field H
~ and H
µ
~ . Due to this torque the electron
~ =µ
~ × µ0 H
experienced by the electron given by τ
spin will precess around the magnetic field with the Larmor frequency [43]
~ |,
ωL = γ |µ0 H

(2.8)

where γ is the gyromagnetic ratio given by γ = g |e|/2me = g µ b /ħh with g the Landé
g-factor. By applying a high frequency magnetic field with constant frequency ω,
energy can be added to the system. By doing so and varying the strength of the
applied field (H ) the free electron will resonate when
ω L = γ µ0 H .

(2.9)

This is the resonance condition for a free electron.
A ferromagnetic sample is made up of a lattice with spins. These spins interact
not only with the applied magnetic field, but also with one another and the lattice,
leading to the anisotropy mentioned in the previous section (2.1). The simple system
described above will therefore not apply to this more complex system. However, as
in the SW model, the magnetization of the sample is assumed to behave as a single
macrospin in the remainder of this section. Therefore a description of the dynamic
behavior of the magnetization in an applied magnetic field is needed that takes the
interaction with the lattice, i.e. anisotropy, into account.

2.2 Magnetization dynamics & Gilbert damping

Landau-Lifshitz-Gilbert equation A first step was taken by Landau and Lifshitz
in 1935 when they introduced the Landau-Lifshitz (LL) equation describing the precessional motion of a magnetic moment around an applied magnetic field using a
phenomenological damping parameter [44] . The LL equation was edited by Gilbert
in 1955 [45] by introducing a kind of viscous force to better describe the damped motion of precession. The thereby formed Landau-Lifshitz-Gilbert (LLG) equation is
given by




d m̂
d m̂
~
,
(2.10)
= −γ m̂ × µ0 H
eff + α m̂ ×
dt
dt
~ the effective magnetic field and
~
with m̂ = m/|m|
the normalized magnetization, H
eff
α the Gilbert damping parameter. The first term on the right-hand side describes
the precessional motion of the magnetization around the effective field. The second
term on the right-hand side accounts for dissipative processes which tend to align the
magnetization with the effective field. Henceforth, the term field refers to a magnetic
field unless specifically mentioned otherwise.
To derive the resonance condition assume the applied field is made up of two
parts, a static part Hstat and a high frequency dynamic part h: Happ = Hstat + h. The
static part of the applied field determines the equilibrium angle θ0 of the magnetization, while the dynamic part will lead to resonance. Assume that the deviations
of the magnetization from the equilibrium direction are small. The derivation of
the resonance condition from this ansatz is performed by, amongst others, Valstyn
et al. [46] and van Alphen [47] . The found resonance condition is given by
 2


1
ω

2
2
Fρρ Fηη − Fρη ,
(2.11)
1+α = 2 2
γ
M s sin ρ0
where Fy x = ∂ /∂ y(∂ F /∂ x) and F gives the systems free energy, ρ and η are the
polar and azimuthal angles of the magnetization, respectively.
The resonance condition has to be evaluated in the equilibrium situation characterized by the equilibrium angles ρ0 and η0 of the magnetization defined by Fρ = 0
and Fη = 0. To find the equilibrium angle and resonance an assumption needs to be
made about the sample’s anisotropy, similar to the SW model uniaxial anisotropy is
assumed. Starting from the formula for the magnetic free energy [47] comprised of
the Zeeman energy and the anisotropic energy

2

4
~ · ~n
~ · ~n
M
M



~ ·M
~ +K 
(2.12)
F = −µ0 H
 + K2 
 ,
1
~|
~|
|M
|M
~ the applied static field, M
~ the magnetization, K and K
where F is the free energy, H
1
2
the anisotropy constants and ~n the surface normal. A positive value of K indicates
perpendicular anisotropy. By choosing the geometry as shown in figure 2.3b the
equilibrium angles are ρ = θ and η = φ. The magnetization and field vectors are
given by
 


 


Mx
Hx
sin θ cos φ
cos ψ






~ =
~ =
M
H
(2.13)
 M y  = M s  sin θ sin φ  ,
 Hy  = H  sin ψ  .
cos θ
0
Mz
Hz
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Substitution this into equation 2.12 gives for the free energy
F = −µ0 M S H sin θ cos(θ − ψ) − K1 sin2 θ cos2 φ − K2 sin4 θ cos4 φ.

(2.14)

Substitution of the proper derivatives of equation 2.14 into equation 2.11 gives,


ω
γ

2


= µ20 H cos(θ − ψ) − HA1 cos2 φ − HA2 cos4 φ ·




H cos(φ − ψ) − HA2 cos 2φ − HA2 cos4 φ − 3 cos2 φ sin2 φ , (2.15)

where HA1 = −(2K1 )/(µ0 M s ) and HA2 = −(4K2 )/(µ0 M s ) are the anisotropy fields.
The resonance angle φ is determined from the equilibrium condition for the
magnetization,
∂F
∂θ
∂F
∂φ

= 0 ⇒ θ0 = π/2

(2.16a)

= µ0 M s H sin(φ − ψ) + K1 sin 2φ + 4K2 cos3 φ sin φ = 0.

(2.16b)

The value of θ0 follows from the assumed uniaxial anisotropy, the magnetization is
expected to be in the xy-plane. The angle φ0 that follows from equation 2.16b in the
geometry of figure 2.3b corresponds to the angle θ0 in 2.3a. Using equation 2.16b the
equilibrium angle θ0 can be determined for given values of Ha p p and φ. Additionally,
the resonance field H r e s can be determined as a function of φ by solving equations
2.16b and 2.15. These equations allows the determination of the anisotropy of a
sample by fitting the measurement of H r e s as a function of φ. The typical shape
of the dependence of H r e s on φ is shown in figure 2.4 for a sample of which the
anisotropy is gradually shifted from perpendicular to in-plane.
Besides the anisotropy a parameter of great interest, perticulary to current induced magnetization switching, is the Gilbert damping constant α. When a magnetic
sample is strongly heated, e.g. by a laser, the equilibrium direction the magnetization
is changed. During the cooling process the magnetization reverts back to the original
equilibrium position via a damped oscillation. Using a Time Resolved MOKE setup
the out-of-plane component of the magnetization is measured as a function of time
after the laser pulse heated the sample (see section 4.1.2). As shown by Jósza [50] ,
it is possible to extract the angular frequency of precession ω and the characteristic damping time td of the amplitude of the precession from these measurements.
Kuiper [51] found a simple relation between these parameters and shows α is given
by†
1
.
(2.17)
α=
ωtd
The origin of the damping is discussed in more detail in the following section.
†

Please refer to section 2.2.3 in the work by Kuiper [51] for the derivation
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Figure 2.3: The two geometry used in the derivation of the resonance condition. (a) The
~)
sample is positioned in the x-y-plane (with the surface normal n̂ = ẑ), the applied field (H
~ ) lay in the y-z-plane. This is the three dimensional equivalent of
and magnetization (M
the geometry shown in figure 2.2. (b) The sample is positioned in the z-y-plane (with the
~ ) and magnetization (M
~ ) lay in the x-y-plane.
surface normal n̂ = x̂), the applied field (H
app

Figure 2.4: Typical example of the angular dependance of the resonance field for changing
anisotropy. The perpendicular anisotropy (PMA) is gradually decreased by He-ion irradiation (see Hoeijmakers [48] ) until the anisotropy is fully in-plane (IPA). Figure is adapted
from Beaujour et al. [49] .

2.2.1

Damping mechanisms

In the previous section the LLG equation (equation 2.10) is used in which the Gilbert
damping constant α is present and a method to determine α by TRMOKE is shown.
As described, the Gilbert damping constant tends to align the magnetization with
the effective field. The magnitude of α is of great importance to the magnetization
dynamics in the previous section and also to the critical current density needed for
current induced switching, which will be discussed in section 2.4.2. Two main categories of damping are distinguished: damping due to inhomogeneities and defects in
the material, called extrinsic damping, which in theory can be avoided; and damping
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Figure 2.5: Schematic representation of a spin wave. The magnetization precesses around
teh effective field, which is in the z-direction. The y-component of the magnetization is
shown in the graph as a function of the lattice position.

which cannot be avoided, called intrinsic damping. Intrinsic damping is the smallest
obtainable damping for a given structure.
Intrinsic damping Some of the intrinsic damping mechanisms are Eddy currents,
phonon-drag and spin-orbit relaxation processes [52] . The goal of this thesis does not
require a full insight into the various mechanisms, for that the reader is referred
to the work by Heinrich and Bland [52] , but one aspect is highlighted shortly. As
shown by Kamberský [53] the intrinsic damping in ferromagnetic materials can be
treated using the spin-orbit interaction Hamiltonian HSO = ξ S · L, where ξ , S and
L are the spin-orbit interaction coefficient, the spin and orbital angular momentum,
respectively. It is then found that the intrinsic Gilbert damping is proportional to the
square of the spin-orbit interaction coefficient, i.e. α ∝ ξ 2 . Recall from section 2.1
that perpendicular anisotropy implies a large ξ it follows that an intrinsic increase of
α is expected for PMA materials.
In the derivation of the previous section the magnetization of the entire sample is
assumed to rotate coherently. However, in addition to this uniform mode of precession so called spin waves, or the corresponding quasiparticles named magnons, are
also possible. In a spin wave the oscillation frequency of the spins is equal but consecutive spins have a phase difference, as schematically indicated in figure 2.5. The
wave vector of the spin wave is given by ~q and in case of uniform precession ~q = 0,
corresponding to an infinitely long wave, the fundamental mode. A general treatment of spin waves can be found in textbooks on solid state physics or the work by
Janssen [54] .
Extrinsic damping The most important contribution to extrinsic damping for
this thesis comes from two-magnon scattering. In the case of two-magnon scattering the fundamental mode (~q = 0) scatters into a mode with ~q 6= 0. Conservation
of energy requires that the resonant mode scatters into a magnon with the same oscillation frequency, i.e. ω(0) = ω(~q ). ~q is determined by the magnon dispersion
relation. An example for the dispersion relation for a thin film sample is shown in
figure 2.6. As seen in the figure no degenerate states are present when the magnetization and applied field are near the surface normal. The scattering probability is
proportional to the components of the Fourier transform of the perturbations in the
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Energy

0O

90O
q
Figure 2.6: Example of a spin wave dispersion spectrum. The ~q of the degenerate magnons
are found by intersection with the red (horizontal), the energy of the fundamental (~q = 0)
mode. The spectrum changes as a function of the angle between the surface normal and
the magnetization and applied field. For low angles no degenerate state is present. Figure
abopted from Woltersdorf [55] .

sample.Perturbations in the anisotropy are found to produce a sizeable two-magnon
scattering [55] .

2.3

Tunneling Magnetoresistance

The term magnetoresistance (MR) describes the effect of a change in the resistance of
a material, or combination of materials, as a response to an external applied magnetic
field. This effect was discovered by Lord Kelvin in 1857 [56] when he found a dependance of the resistance of iron and nickel on the angle between the electric current
and applied magnetic field, the Anisotropic MR (AMR) effect. Since the discovery
of the AMR effect other MR effects have been discovered, namely the Giant MR
(GMR) and Tunneling MR (TMR) effects. Although the mechanism of each effect is
different they all originate from the interaction between current carrying electrons
and magnetic fields. The strength of the magnetoresistance effect is given by
MR(%) =

∆R
R

=

R h i g h − R l ow
R l ow

(2.18)

known as the MR-ratio.
The work presented in this thesis revolves around magnetic tunnel junctions
(MTJs) which exhibit the TMR effect. This section will provide the basics of electron tunneling and TMR needed to understand the contents of this thesis, for a more
in depth analysis the reader is referred to Swagten [57] . In addition, coherent tunneling is introduced which is the root cause for the high TMR values that occur in
CoFeB/MgO/CoFeB MTJs [2] .
2.3.1

Electron tunneling

Electron tunneling is the phenomenon that an electron has a finite chance to tunnel
through an energetically forbidden barrier and is extensively treated in quantummechanical textbooks, e.g. by Griffiths [58] . In experimental situations this becomes
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visible in metal-insulator-metal structures as schematically depicted in figure 2.7. The
tunneling probability is strongly dependent on the barrier height φ and width t
as well as on the applied bias voltage V . The evanescent transmission of electrons
through the tunnel barrier leads to an exponential decreasing dependence of the tunnel current on the barrier thickness [9,58] .
E
x

Φ
EF

eV
t

Metal

Barrier

Metal

Figure 2.7: Schematic representation of the electron wave function of an electron close to
the Fermi level (EF ) tunnel through the insulator in a metal-insulator-metal structure. The
tunneling probability is strongly dependent on the applied voltage (V ), the height (φ) and
the width (t ) of the barrier. The gray areas represent the occupied density of states with the
white bandgap in the insulator. The image shows the energy as a function of position.

As is schematically illustrated in figure 2.7, electrons can only tunnel through the
barrier if there is room in the density of states (DOS) on the right hand side. For
simplicity assume that the system has a temperature of 0 K. In this case current can
only flow if the DOS of the right hand side is lowered by the application of a voltage
over the junction, e.g. no current can flow without an applied voltage. The tunnel
current can therefore be expected to be proportional to the DOS near the Fermi level
(N (EF )).
Spin dependent tunneling In the case of a magnetic layer the DOS is split into
two parts; one with the spin parallel to the magnetization direction of the layer and
one antiparallel to it. These are offset by an energy difference. When an electron
tunnels through a barrier its spin state is preserved. Therefore, it is only possible
for electrons with spin up (↑) to tunnel into the band with ↑ spin orientation and
vice versa for the spin down (↓) electrons. As schematically shown in figure 2.8,
the relative orientation of the magnetic layers influences the tunnel current. As first
obtained by Julliere [6] , the TMR ratio is then given by
T MR =

2P1 P2
1 − P1 P2

with

Pi =

ma j o r i t y

− Ni

ma j o r i t y

+ Ni

Ni
Ni

mi no r i t y

mi no r i t y

,

(2.19)

with i = 1 or 2 the ferromagnetic layer and majority and minority as shown in figure 2.8. This simple formula is not able to capture all the relevant physics of electron
tunneling in devices, but serves to demonstrate a key ingredient in electron tunneling, the spin polarization P . It follows that in order to achieve a higher TMR a larger
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Figure 2.8: Schematic representation of spin dependent tunneling through a barrier. The
orientation of the magnetic layers is indicated by the fat arrow and is either (a) parallel
(P) or (b) anti-parallel (AP). The gray areas indicate the density of states for the majority
and minority electrons. Electrons only tunnel through the barrier to the same spin band.
The resulting spin dependent current are indicated with horizontal arrows, the thickness of
which indicates the magnitude of the current. The current in the P state is larger than in
the AP state.

spin polarization is needed. For instance, a TMR of 100% requires P ≈ 58% spin
polarization while a TMR of 1000% requires P = 91.3%, where equal polarization
of both layers is assumed. In principle, the use of so called half-metallic metals in
which only one of the two spin species is present near the Fermi level, i.e. P = 100%,
can cause an infinitely high TMR.
Coherent tunneling As is shown in figure 1.2 the TMR ratio increased significantly in 2004, some years after the introduction of MgO barriers. When tunneling
through an amorphous barrier conservation of k|| of the electron wave function is
highly unlikely [59] . However, in a crystalline barrier k|| conservation is a distinct possibility. Hereby a wavevector at one interface can couple to a corresponding wavevector at the other interface. In 2001 theoretical calculations predicted extremely high
TMR ratios for Fe/MgO/Fe MTJs where the tunnel barrier is a crystalline MgO
layer with (001) texture [10] . The high TMR ratio is due to coherent lattice matching
between the (001) plane of the body-centered cubic (bcc) structure of the Fe layer and
the (001) plane of the MgO.
When tunneling in the k|| = 0 direction, the [001] direction in this case, there
are three evanescent tunneling states in the bandgap of MgO: ∆1 , ∆5 and ∆2(0 ) ,
as schematically shown in figure 2.9a. The transmission of the electrons depends
strongly on the symmetry of the wave function as well as on the orientation of the
magnetic layer, e.g. P or AP, as seen in figures 2.9b and 2.9c. The dominant tunneling channel for the case of perpendicular magnetic orientation of the layers is the Fe
∆1 ↔ MgO ∆1 ↔ Fe ∆1 . The decay rate of the ∆1 states is orders of magnitude
lower than that of the other states. Although, the net polarization of Fe near the
Fermi surface is low, the ∆1 band is fully polarized at the Fermi energy (P = 1) as
can be seen in figure 2.10a. As a consequence there are no ∆1 states in the minority
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(a)

(b) Parallel

(c) Anti-Parallel

Figure 2.9: Schematic representation of coherent tunneling through a crystalline
MgO(001) barrier. The coupling efficiency of Bloch states in the crystalline Fe(001) with
evanescent states in the MgO differs for different electron wave functions, influencing the
tunneling probability. This is schematically shown in (a). (b) Majority and (c) minority
electron tunneling DOS for kk = 0 in a Fe/MgO8 ML/Fe junction from first principle
calculations. (a) adapted from Yuasa [2] , (b) and (c) adapted Butler et al. [10] , respectively.

band to tunnel into and therefore no DOS is shown for ∆1 in the AP alignment (see
figure 2.9c. The decay rates for the other wave functions in the AP alignment are
orders of magnitude higher. Due to the ∆! dominated tunnel current and the full
spin polarization at the Fermi level, a very large TMR is expected. In case of antiparallel alignment of the magnetic layers or electrons with k|| 6= 0 there is still a finite
tunneling probability due to hot spots, i.e. certain positions in the incident electron
k-space that show a high transmission [10] . Nonetheless, the tunneling conductance
in the parallel case is still much greater than that in the antiparallel case, leading to a
very large TMR ratio.
The high spin polarization of the ∆1 state does not only occur in bcc Fe but
also in bcc Co, as is shown in figure 2.10b, and other bcc ferromagnetic materials,
e.g. CoFeB. Research also indicates that coherent tunneling is very sensitive to the
barrier/electrode interface. First-principle calculations indicate that the presence of
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(a)

(b)

Figure 2.10: Band dispersion of (a) bcc Fe and (b) bcc Co in the [001] (Γ − H ) direction.
Black (gray) lines represent the majority (minority) spin bands. Thick lines represent the
∆1 band, which is fully polarized at the Fermi level (EF ). The bottom edges of the majority
∆1 bands in (a) and (b) are aligned for easy comparison. (Image form Yuasa [2] .)

a single FeO layer at the Fe-MgO interface can reduce the conductance by an order
of magnitude [60] .
Apart from the crystalline structure of the MgO barrier, the key ingredients for
coherent tunneling and the resulting high TMR values can be summarized as:
• bcc structure of the magnetic electrodes.
• Full spin polarization of the ∆1 state.
• Unoxidized and sharp barrier/electrode interface.
The reader is referred to the articles by Butler et al. [10] and Yuasa [2] as well as the
thesis by Lavrijsen [61] for a more in depth discussion of coherent tunneling through
an MgO-crystalline barrier.

2.4

Switching a Magnetic Tunnel Junction

A Magnetic Tunnel Junction (MTJ) is a structure comprising of ferromagnetic/ isolating/ ferromagnetic layers and exhibits the TMR effect described in the previous
section. The resistance of the junction depends on the orientation of the two ferromagnetic layers, i.e. if they are aligned parallel or anti-parallel. This type of structure has many practical applications, e.g. as a memory cell [62] or magnetic field sensor [62,63] as was discussed in chapter 1. In order for the device to work the magnetization direction of the magnetic layers need to be individually switchable. In this work
two methods are used to switch the magnetization 1) by application of an external
magnetic field and 2) with the use of a current. In practical applications the former
is relevant in magnetic field sensors [9,62] , while the latter is relevant to MRAM application [2,9,57,62] . This section will discuss both switching processes, starting with field
induced switching followed by current induced switching.
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Figure 2.11: Schematic representation of the switching behavior for two layers in an MTJ.
The field is sweeped from negative to positive and back. (a) and (b) show the M-H curves.
The crossings of the horizontal axis mark the switching fields. Note that the M-axis in (b)
is 2 times that of (a). (c) and (d) show the R-H curves and are referred to as the major and
minor loops, respectively. The arrows indicate the magnetization direction of the layers,
i.e. ↑ or ↓.

2.4.1

Field induced magnetic switching

As was seen in section 2.1.1 the direction of the magnetization depends on the applied magnetic field. This interaction can be used to switch the magnetization direction of the layer. The energy density of a magnetic layer as defined by the StonerWolfarth model is given by equation 2.7. The field is applied along the magnetic easy
axis, in case of a magnetic layer with PMA this means φ = 0◦ . In this case the field
needed to switch the magnetization is given by
Hswitch = ±

2Keff
µ0 M s

.

(2.20)

However, in actual systems the switching field is much lower due to domain nucleation, i.e. the approximation of macro-spin behavior is no longer valid. The associated hysteresis M-H curve is schematically shown with a full line in figure 2.11a. In
the case of two magnetic layers with different values of Keff and/or M s the switching
fields will differ. The case where the second layer has a larger anisotropy and smaller
saturation magnetization than the first layer is shown by a dashed line in figure 2.11a.
In this case, a measurement of the magnetization as a function of applied field will
result in the a hysteresis curve as shown in figure 2.11b. As the magnetic layers in an
MTJ have to be switched separately, this is the desired shape of the hysteresis loop.
As mentioned in the introduction to this section the resistance of the MTJ depends on the relative orientation of the magnetization in both layers. For parallel
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or anti-parallel orientation the resistance is low or high, respectively. For a measurement of the resistance of an MTJ as function of the applied field the expected
behavior is easily extracted from figure 2.11b and is shown in figure 2.11c. This type
of resistance loop is dubbed major loop, since both magnetic layers switch magnetization direction. If the applied field is increased to a value between the switching
fields of the first and second layer and consequently reversed, this results in a minor
loop as shown in figure 2.11d. The minor loop shows the possibility of data storage by an MTJ. By sweeping the magnetic field to the maximal indicated positive
field and back to zero, resistance is switched from low to high. The reverse switch is
achieved by sweeping the field towards large negative values and back to zero. This
is the principle used for conventional MRAM, i.e. not STT-MRAM.
2.4.2

Current induced magnetic switching

So far an external field is used to manipulate the magnetization of the magnetic layers. However, in 1996 Slonczewski [15] and Berger [14] independently predicted that
a spin polarized current passing through a ferromagnetic heterostructure can influence the magnetization by transferring angular momentum from the electrons to the
magnetization. This effect is called spin-transfer torque (STT) and is purely quantum
mechanical. This section provides a simple quantitative picture of STT, for a more
in depth analysis the reader is referred to literature [15,61,64–70] .
A schematic representation of an MTJ is shown in figure 2.12. The magnetization
of one of the layers is assumed to have a fixed direction (the fixed layer), while the
other is free to rotate (the free layer). The free layer is rotated at an angle θ with respect to the fixed layer. Furthermore, it is assumed that the magnetization of the two
magnetic layers can be represented by a single macro-spin with M̂ and m̂ the magnetization direction of the fixed and free layer, respectively. When a bias voltage is
applied over the junction, a current will flow as electrons tunnel through the barrier,
as discussed in section 2.3.1. During tunneling the spin of the electrons is conserved.
Assume that the electrons flow from left to right, as indicated in the figure. Due to
the presence of a majority and minority spin bands the current carries an unequal
amount of up and down spins, corresponding to a total spin current ~S flowing into
the insulator/ right ferromagnet surface. The spin current is at an angle θ with m̂, as
a result of the interaction between the electron spin and the magnetization a torque
τ is exerted on ~S to align it with m̂. Due to conservation of angular momentum this
implies that a similar but opposite torque (−τ) is exerted on m̂. Therefore, as a result
of the spin current the magnetization of the free layer will rotate towards that of the
fixed layer.
Formal treatments of the STT show there are two components of STT, one along
the plane of the interface τ|| and one perpendicular to it τ⊥ [63,64,69,71] . The magnitude
of both is found to be strongly dependent on the band structure of the ferromagnetic
layers as well as the bias voltage. The total torque due to the spin transfer τST is given
by [72,72]
τST =






ħh 
I aJ m̂ × M̂ × m̂ + bJ m̂ × M̂ = τ|| m̂ × M̂ × m̂ + τ⊥ m̂ × M̂ , (2.21)
2e
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(a) Schematic magnetic tunnel junction
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interaction

(b) Spin-Torque Interaction
Figure 2.12: A schematic representation of the working of STT. (a) Shows the orientation
of the magnetization in both the fixed and free magnetic layers. Due to an applied bias (not
shown) electrons tunnel from left to right with conservation of spin, giving rise to a spin
current (in this case tunneling is dominated by up electrons). Due to interaction with the
free layer magnetization the orientation of the electron spin and magnetization of the free
layer is changed. The STT interaction, occurring as the electron transverses the free layer
(dotted arrow) is detailed schematically in (b). Due to the non-collinear orientation of s
and m a torque is exerted on both rotating them towards one another. Since s has the same
orientation as the magnetization of the fixed layer, STT effectively rotates m towards M in
this example. Note, τ m,s = −τ s,m .

where the pre-factor ħh /2e changes charge transport into spin transport and the factors aJ and bJ are dependent on the applied bias voltage and θ. The direction of
the STT depends on the direction of the current, although not solely as shown by
Theodonis et al. [69] . Although the processes of electron transport are vastly different
in MTJs and GMR stacks the equations that describe the effect of STT are the same
for both devices. However, for MTJs in contrast to GMR devices, the magnitude of
τ|| and τ⊥ are comparable.
The contribution of the STT to the dynamics of magnetization can be incorporated in the LLG equation (equation 2.10) by the addition of the two terms in equation 2.21. The thereby formed Landau-Lifshits-Gilbert-Slonczewski (LLGS) equation is given by






τ||
d m̂
d m̂
τ⊥
~ +α m̂ ×
= −γ m̂ × µ0 H
−γ
m̂×
m̂
×
M̂
−γ
m̂× M̂ , (2.22)
eff
~
~
dt
dt
| m|
| m|
~ is the effective field, µ the vacuum permeability and γ the gyromagnetic
where H
eff
0
ratio.
The direction of the STT and the other torques in equation 2.22 are shown in
figure 2.13. In this figure the applied field and the anisotropy are parallel and in the
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field
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m

Figure 2.13: The direction of the torques defined by the LLGS equation (equation 2.22).
The field torque and perpendicular STT work in the same direction.

z-direction. As can be seen, the perpendicular torque works in the same direction as
the field and is therefore sometimes referred to as the field-like torque. The strength
and direction of τ|| depend on the angle θ and the current flowing through the MTJ
and can either be parallel or anti-parallel to the Gilbert damping. In the case that the
parallel STT is of greater magnitude than and anti-parallel to the damping torque,
m̂ will move towards increasing θ, i.e. towards an anti-parallel orientation. A sufficiently large current drives the magnetization to θ = π or the anti-parallel magnetic
state of the junction. Thus, STT can be used to switch the magnetization from the
parallel to the anti-parallel state The reverse switch, back to the parallel state, is also
possible by reversing the direction of the STT.
In order to switch a junction the angle θ needs to pass π/2, to achieve this the
STT needs to be present for a period of time. Since the magnitude of the STT depends
on the magnitude of the current density this time also depends on the magnitude of
the current density. Koch et al. [73] investigated the dependence of the critical current
density JC needed to switch the magnetization direction of an MTJ on the duration
of the current pulse by analyzing the LLGS equation. They find an intrinsic current
density JC 0 given by


kB T τ p
ln
,
(2.23)
JC = JC 0 1 −
E
τ0
where τ0 is the inverse of the attempt frequency (1 ns), τ p is the pulse duration and
E the energy barrier separating the two states. In addition to JC 0 , useful for the
comparison of different junctions, the thermal stability factor E/kB T can also be
extracted using this approach. JC 0 in turn, is given by [12,74]
JC 0 ∝ α

γe
µB %

M S d Heff ,

(2.24)

where µB is the Bohr magneton, d is the thickness of the free layer, % is a function
of aJ and He f f the effective field. Note that in order to reduce the critical switching
current a reduction in α is required.
A typical example of field and current induced switching is shown in figure 2.14.
A clear decrease in the critical switching current is seen for increasing pulse length in
agreement with equation 7.8. The roof like shape of the anti-parallel state, and the
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Figure 2.14: An example of the resistance as a function of bias voltage (current) for a MTJ
with a 0.96 nm MgO tunnel barrier and CoFeB ferromagnetic layers. The R-V curve is
shown for various lengths of the voltage (current) pulse as indicated by the legend. Figure
adapted from Skowroński [76] .

parallel state albeit less pronounced, is not exactly know but commonly measured
for MTJs with thin MgO barriers. One reason is that at high bias voltage additional
conductance channels are opened. In the AP state tunneling of major-band electrons
from the fixed layer to the minor band of the free layer will greatly increase since
more conductance channels become available. However, in the P state the This effect is dependent on the band structure of the ferromagnets. A second reason is
the excitation of magnons at the interface between the barrier and the ferromagnet
which results in the reduction of the resistance as shown by Zhang et al. [75] .

Concluding In this chapter the presence of perpendicular anisotropy is qualitatively explained as resulting from the increasing relative contribution of
the interface anisotropy to the total anisotropy. Equations describing the
orientation of the magnetization of a layer in the macro-spin approach are
presented for both the static and dynamic case. The concept of electron tunneling and Tunneling Magneto Resistance was introduced and three requirements for coherent tunneling are presented. Finally, switching of the magnetization of layers by field and current is phenomenologically described.
The latter is due to Spin Transfer Torque and causes additional terms in the
LLG equation to describe the magnetization dynamics.

3

Sample fabrication

As described in section 2.4 an MTJ consists of an insulating layer wedged between two magnetic layers. This chapter will give a description of the methods
and equipment used in the deposition of the layers in section 3.1 and the patterning of the samples into junctions in section 3.2. As seen in section 2.3.1 coherent
tunneling highly increases the TMR effect. Therefore the chosen material for the
insulating layer is MgO. In section 2.1 it was seen that good PMA is achieved
for CoFeB magnetic layers. The combination of these materials preserves the
coherent tunneling effect [1] and is chosen as the desired MTJ stack.
To improve the quality of the MTJ layers, to achieve a low resistance area (RA)
product and to protect the layers from the environment additional seed and capping layers are deposited. The chosen seed layer and capping layers are Ta (10)/CuN
(10)/Ta (3)/CuN (10)/Ta (3) and Ta (10)/CuN (10)/Ru (7), respectively. The choice
is based on previous work by S.Ikeda et al. [1] , Wrona et al. [77] and Meng et al. [30] . To
investigate the dependence of magnetic properties on layer thickness, the magnetic
layers are deposited with a thickness varying across the wafer, a ’wedge’ deposition.
To be able to vary the thicknesses of the top and bottom CoFeB layers independently, the layers are deposited in a cross wedge. The thickness of the bottom CoFeB
layer is varied from 0.66 nm to 1.08 nm and the top CoFeB layer from 0.99 nm to
1.62 nm. The thickness of the MgO layer is chosen at 0.89 nm based on the work by
S.Ikeda et al. [1] . A thin MgO barrier is also chosen so that the voltage needed to pass
a current through the junctions is relatively low. For high voltages the large electric
field across the barrier can cause dielectric breakdown of the barrier material, effectively destroying the junction [78] . The complete stack structure, shown in figure 3.1,
is deposited on a 4" thermally oxidized crystalline silicon(100) wafer.

3.1

Stack deposition

The layers are deposited using sputter deposition, a common and well established
method for the deposition of thin layers [68] . The following section will give a short
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Figure 3.1: A representation of the used stack structure. The two Co40 Fe40 B20 layers are
deposited in a crossed wedge formation as indicated by the inset.

description of the basics of sputtering, those accustomed to the technique can skip
this section.
A sputtering target, i.e. the material to be deposited, and shielding ring are connected to a power supply. By injecting a small amount of an inert gas into the chamber and applying a large bias voltage between the target and ring a high energetic
plasma is created. With the use of a magnetic field the plasma is confined in the
vicinity of the target (magnetron sputtering). Ions from the plasma will strike the
surface of the target thereby ejecting particles, or clusters of particles, into the vacuum chamber and onto the wafer thus growing the layer. The position of the wafer
is precisely controlled, this allows for the deposition of a wedge layer by gradually
moving the wafer into the sputtering beam.To produce a cross wedge structure the
wafer is rotated 90◦ prior to the deposition of the second wedged layer.
As a current flows through the target this method is inapplicable for the deposition of insulating materials. To circumvent this, the static DC bias is replaced with
a radio frequency (RF) alternating bias. This can be coupled through any kind of
impedance, so a non-conducting target is no restriction. The amount of material
arriving at the wafer surface, the yield, can be regulated by the power put into the
plasma, the pressure of the gas, the confinement of the plasma near the target surface
and the distance between the target and the wafer.
Depositions are performed using a Singulus Timaris PVD Cluster tool [79] . First,
the surface of the silicon wafer is cleaned by plasma etching in vacuum for one
minute. Consequently the seed layers are deposited by DC sputtering. For deposition of the magnetic layers a Co40 Fe40 B20 sputter target is used (DC-magnetron
sputtering 500 W). The insulating MgO is RF sputtered (4 kW). The capping layers
are all DC sputtered.
3.1.1

Annealing

As described in section 2.3.1 large MR-ratios can be achieved by means of coherent
tunneling. However, this requires a (001) crystal structure. To achieve this the sample needs to be annealed [2] . Furthermore, for the incorporation in semiconductor

3.2 Nanopatterning

devices an annealing step is required. To investigate the influence of annealing on
the magnetic properties of the sample the results for an un-annealed are compared to
two annealed samples. Two different annealing processes are used, denoted as; α and
β. For both there was no magnetic field applied during annealing.
Annealing process α The complete wafer is inserted into a home made annealing
oven at room temperature. The oven heats using thermal radiation, i.e. an IR-oven.
The temperature is increased at a rate of ∼20◦ C/min to 325◦ C where the temperature
is held stable. The wafer is annealed for 60 minutes including the ramp time. After
the required time the heating element is turned off and the temperature is reduced
to room temperature by ambient cooling. This process takes approximately 4 hours.
No protective atmosphere is used during the annealing process.
Annealing process β The complete wafer is inserted into the annealing oven at
room temperature after which the oven temperature is raised to 150◦ C at a rate of
5◦ C/min. At 150◦ C the temperature is held constant for 30 minutes to evaporate
contaminations. The atmosphere is then pumped down to remove the contaminations and replaced by an inert atmosphere of N2 . The temperature is again raised at
2◦ C/min to 325◦ C and held constant there for 60 minutes to anneal the wafer. After
this final step the temperature is reduced to room temperature by ambient cooling.

3.2

Nanopatterning

After the fabrication of the MTJ stack additional patterning steps are needed to produce the desired circular nanopillars. The first step is the selection of an appropriate area on the wafer approximately 1x1 cm2 in size which is then cut from the
wafer. The selected piece is then send to a facility in Bielefeld for patterning. [80] An
overview of the patterning process is schematically shown in figure 3.2.
The first step is to spincoat the sample with a negative resist (figure 3.2a)). After
spincoating the sample is annealed on a hot plate at 82◦ C for two minutes. Using a
LEO 1530 scanning electron microscope with Gemini column the area of the MTJ
is exposed (figure 3.2b)). The beam is controlled by a Raith Elphy plus lithography
system. The resist is normally soluble by a resist developer, but during exposure to
an electron-beam the chemical composition of the resist changes whereby it becomes
insoluble by the resist developer. After development the exposed area is protected by
a layer of resist (figure 3.2c)). Using a home made Ion beam miller layers are removed
until the CoFeB/MgO/CoFeB layers are milled away (figure 3.2d)). To monitor the
progress of the milling procedure, i.e. to see what the currently milled layer is, a
secondary ion mass spectrometer (SIMS) is used. The milling is stopped when the
first CuN layer below the MTJ stack is detected.
To protect the pillar from shorting after deposition of the metallic contact and
from exposure to the environment, a layer of oxide is deposited (figure 3.2e)). To
expose the top of the pillar, in order to be able to electrically contact the junction,
the remaining resist on top of the pillar is removed along with the oxide deposited
on top (figure 3.2f)). The gold top contact material is than deposited in electrical
contact with the top of the pillar (figure 3.2g)). Another series of resist spinning,
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(a)
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Figure 3.2: A schematic representation of the patterning procedure as described in the
main text. (a) Shown the sample with (from bottom to top) the seed layer, MTJ stack
and capping layer. (b) Spincoated resist and exprosure (dark region) (c) Resist develop (d)
Ion beam milling (e) Oxide deposition (f) Lift off (g) Top contact material deposition (h)
Patterned top electrode.

exposure and development patterns the top electrode (figure 3.2h)) such that it can
later be used to electrically connect the top of the MTJ. The area of the top contact
has to be large enough to be contacted using a micro sized tip.
The bottom contact consists of an area that was not etched and no oxide was
deposited. The area of this part is large, so that the resistance can easily be neglected.
The bottom contact connects all junctions, the top contact is connected to only one
junction. The oxide and metallic layer depositions are performed using a home made
sputtering system. The nanopillars are made in several diameters, i.e. 150, 210, 300
and 370 nm. During patterning an array of 10 × 10 groups of the four junction
diameters is produced.

Concluding This chapter gave an overview of the used stack with cross
wedged CoFeB layers and a thin MgO barrier as well as the procedure used
for the deposition. Three wafers with varying annealing properties are produced to investigate the effect of annealing on the magnetic properties of
the layers. Finally, the process of patterning the small circular MTJs is described.

4

Experimental

This chapter presents an overview of the experimental techniques used for the
measurements presented in this thesis. Several techniques are used based on the
optical detection of the magnetization of a thin film by use of the MagnetoOptical Kerr effect. Therefore, section 4.1 gives a short derivation of the origin
of this effect and how it is measured using various experimental setups. Sections
4.2 and 4.3 discuss the Ferromagnetic Resonance and transport measurements.
For the optical measurement techniques to function properly, part of the capping
layer needs to be removed. The process to achieve this is discussed in section 4.4.
Finally, section 4.5 discusses some of the data processing steps required to be able
to extract relevant data from the TRMOKE and FMR measurements.

4.1

Magneto-Optical Kerr Effect

In a variety of measurement techniques the detection of the direction of the magnetization in a sample is performed using the Magneto-Optical-Kerr Effect or MOKE.
This section first explains how changes in magnetization can be detected by the use
of the MOKE technique. Thereafter, the used measurement methods are discussed
in more detail.
The origin of the magneto-optical Kerr effect lays in the interaction between
the spin angular momentum and the orbital angular momentum of an atom, i.e.
the spin-orbit coupling. Without spin-orbit coupling the dipole selection rules only
allow interactions that lead to a change in the orbital angular momentum of ∆l =
±1 [58] . In the case of spin orbit coupling the selection rule applies to the total angular
momentum ~J , which is the sum of the orbital and spin angular momenta, i.e. ~J =
~L + ~S. This allows for the optical probing of the spin system.
The remainder of this section gives a phenomenological explanation of MOKE
for which the dielectric constant ε is used. The dielectric constant is used to de~ of electrons. For a
~ on the displacement, D,
scribe the influence of an electric field, E
~ = εE.
~
highly symmetric or isotropic material the relationship is simply given by D
However, if the symmetry is broken this simple description no longer holds and
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the dielectric constant is given by a tensor. In the case of a cubic ferromagnet with
symmetry broken only by the magnetization this tensor is given by


ε
ε
ε
 xx xy xz 

(4.1)
ε=
 εy x εy y εy z  .
εz x εz y εz z
The cubic symmetry and the Onsager relations yield the identities εnn = ε m m and
~ , all diagonal elements of
εn m = −εn m [50] . Limiting only to first order changes in M
~ and the off diagonal terms depend only linearly
the tensor are independent on M
~ . Assuming that the magnetization and incident light beam are both in the ẑ
on M
direction and that the magnetic material has its surface normal along this direction,
as depicted in figure 4.1a, the tensor in equation 4.1 can be simplified to


εx x εx x 0


ε =  −ε x y ε x x 0  .
(4.2)
0
0 εx x
By changing the coordinate system from cartesian to cylindrical with the wave propagating in the z-direction the tensor transforms to


0
ε x x − ıε x y


0
ε x x + ıε x y 0  .
(4.3)
εc = 
0
0
εx x
The transformation is obtained by
 
eˆx  
eˆy
→
 
eˆz

eˆ− = p12 (eˆx − ı eˆy )
eˆ+ = p12 (eˆx + ı eˆy ) .
eˆz = eˆz

(4.4)

From the tensor (equation 4.3) it is clear that the dielectric constants differ for leftand right-handed circularly polarized light, ε~− and ε~+ , respectively. As a result the
reflective indices for left- and right-handed circularly polarized light are different.
The difference between the left- and right-handed circularly polarized light gives ε+ −
ε− = 2ıε x y . Since the element eˆx y depends linearly on the magnetization, which for
the chosen geometry is M z , the change in M z can be extracted from this difference.
Linearly polarized light can be considered to be composed of left- and righthanded circularly polarized light. Due to the difference in dielectric constant for
both, a linearly polarized light beam will experience a rotation (Kerr rotation) and
will gain an elipticity (Kerr elipticity) upon reflection from such a material. Using
the dielectric tensor elements ε x x and ε x y and the Fresnel reflection coefficients, the
polarization of the reflected light can be written as [81]
εx y
ψ = ψ r + ıψe = p
,
εx x εx x − 1

(4.5)
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Figure 4.1: Three geometries as used in MOKE measurements. The magnetization direc~ and the incident and reflected light beams by i and r , respectively.
tion is indicated by M
For longitudinal and transverse MOKE the light beams are at an angle of ±θ with the
surface normal. The plane of incidence is indicated in (b) by a dark plane.

where ψ r is the Kerr rotation and ψe the Kerr elipticity of the reflected light beam.
This equation is only valid if both the incident light beam and the magnetization are
parallel to the z-axis. This geometry is called polar MOKE and is one of three geometries used for MOKE measurements. All three geometries are shown in figure 4.1;
the direction of the magnetization and light beams is indicated in all figures. The
magnitude of the Kerr effect differs for all three geometries. In general the largest
Kerr effect is obtained in the polar geometry [51] . However, the transverse Kerr effect
for a given angle θ can be comparable to the polar Kerr effect at θ = 0◦ . [82] The Kerr
effect in the transverse geometry is generally an order smaller than that of the polar
or longitudinal geometries. The strength of the Kerr effect is therefore mostly dependent on the components of the magnetization that lay in the plane of incidence
(see figure 4.1b).
~ is rotated in plane, ε vanishes and x z and y z elements appear in the
When M
xy
dielectric tensor. It can be shown that in this configuration no polarization change
occurs. At perpendicular incidence ψ can be written as
ψ = F · Mz ,

(4.6)

where F is a complex constant. A measurement at perpendicular incidence is thus a
measure of the out of plane component of the magnetization. For an arbitrary angle
~ , ψ is given by [82]†
of incidence and orientation of M
ψ=

z
X

Fi · M i ,

(4.7)

i=x

where again Fi are complex constants. Therefore, in order to gain information on
the direction and relative magnitude of the magnetization measurements of the Kerr
rotation and elipticity can be used. How these are detected is the issue of the next
section.
Detection of the Kerr effect As stated in the previous section the Kerr rotation
and elipticity contain information on the magnetization of the sample. For the detection of these effectsin the MOKE and TRMOKE setups the scheme shown in
†

In the derivation of this formula the generally small transverse Kerr effect is neglected.
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figure 4.2 is used. A laser beam is first passed through a linear polarizer, and consequently through a photoelastic modulator. The photoelastic modulator (PEM) consists of a birefringent crystal that is compressed periodically in one direction with
modulation frequency ω by a piezo electric crystal. Due to the compression a periodically changing phase difference is induced between the polarization components
along and perpendicular to the axis of compression. The effect of the PEM can be
described using the Jones formalism [83] as


1
0
MP E M =
,
(4.8)
0 e ıAcos(ωt )
where A is the maximum retardation. The linear polarizer is set at an angle of 45◦
with the PEM, so the polarization vector of the light after passing through the PEM
is given by


1
1
.
p
ıAcos(ωt )
2 e
For a maximum retardation A of π/2 this results in


1
1
p
2 ±ı
corresponding to light modulated to vary between fully left- and right-handed circular polarization. After passing through the PEM the light is incident on the sample.
The Jones matrix of the sample is given by


rs r p s
Msam p l e =
,
(4.9)
rs p r p
with r s and r p the complex coefficients for s- and p-polarized light. The off-diagonal
elements are generated by the magnetization of the sample and are proportional to
ε x y . After reflection from the sample the light passes a second polarizer, the analyzer,
set at an angle of φ with the initial polarizer. Finally the light hits the detector.
From the Jones formalism the voltage, V , on the detector is determined, according
toJósza [50] , by

αE 2  2
V'
|r s | + |r p |2 (1+2ψe sin[Acos ωt ] + sin 2(ψ r + φ) cos[Acos ωt ]), (4.10)
|
{z
} |
{z
}
{z
}|
|4
{z
}
expand
expand
'
2(ψ
+
φ)
r
V0
where E 2 is the light intensity and α the detector sensitivity‡ . As the first part only
contains parameters of the laser, detector and sample it is denoted V0 . To simplify
the equation oscillatory parts are expanded in harmonic series of ωt using Bessel
functions. Since ψ r  1 and φ can be limited by adjusting the angle of the polarizer,
sin 2(ψ r + φ) ' 2(ψ r + φ). This gives
V = V0 + 4V0 J1 (A)ψe cos ωt + 4V0 J2 (A)(ψ r + φ) cos 2ωt ,
|
{z
} |
{z
}
Vω ∝ ψ e
V2ω ∝ ψ r
‡

It is assumed the detector is in the linear regime

(4.11)

37

4.1 Magneto-Optical Kerr Effect

Sample

PEM
Polarizer

45 O+Φ

Analyzer

45 O

Detector

Figure 4.2: Schematic setup of a typical MOKE measurement. The light beam is polarized
at an angle of 45◦ by the polarizer. The PEM modulates the polarization to vary between
fully left- and right-handed circularly polarized light. After interaction with the sample
a complex varying polarization is reflected. A second linear polarizer, the analyzer, at an
angle of 45◦ + φ changes the polarization to linear. Finally the detector detects the intensity
of the light beam.

where Jn is the n t h -order Bessel function. As seen the Kerr elipticity and rotation
can be extracted from the single and double frequency dependence of V . This is
achieved using the oscillation frequency of the PEM as the reference signal for a lockin amplifier.
4.1.1

Polar & Longitudinal MOKE

A schematic drawing of the setups used to measure polar and longitudinal MOKE
are shown in figure 4.3. A ThorLabs He:Ne with a power below 5 mW is used. The
laser beam passes through a polarizer at a 45◦ angle with the axis of the PEM. The
modulation frequency of the PEM is set to 50 kHz. A lens between the polarizer and
the PEM focusses the laser onto the surface of the sample. The spot size is estimated
to be 50 µm. In case of a polar measurement the laser is guided through a hole in
one of the poles of the electromagnet. After reflection from the sample surface the
light passes the analyzer and is focussed on the detector by a lens. The difference
in angle between the polarizer and analyzer, φ, is used to tune the signal to noise
ratio. The detector is a ThorLabs Si amplified photodetector. The signal from the
detector is used as the input for a lock-in amplifier. The modulation frequency of the
PEM is used as the reference signal for the lock-in amplifier. By filtering the single
or double frequency component of the detector signal a selection is made between
measuring the Kerr elipticity or the Kerr rotation. The lock-in voltage is measured
as a function of the applied magnetic field produced by the electromagnet which is
changed during the measurement. The current magnetic field strength is measured
by a Hall probe attached on a pole of the magnet (not shown in the schematic). The
probe is calibrated to the magnetic field value at the location of the sample. The
setup is controlled by a computer.
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Figure 4.3: Schematic drawing of the polar and longitudinal MOKE setups. The detector
signal is transmitted to a lock-in amplifier, the reference signal for the amplifier is the driving
signal of the photoelastic modulator (PEM).

4.1.2

Time Resolved MOKE

A schematic drawing of the TRMOKE setup is shown in figure 4.4. A Spectra
Physics Tsunami mode-locked Ti:Saphire laser is used. It generates pulses of approximately 70 fs with a repetition rate of 80 MHz. The typical output power of the
laser is 650 mW or 8 nJ per pulse. Although generally only 1 nJ of energy is used per
pulse. The wavelength of the laser is around 790 nm. After exiting the laser the beam
is split by a beam splitter. The majority of the beam, about 95%, is transmitted and
will be used to optically excite the sample. Hence it is named the pump beam. The
remaining 5% of the laser beam is reflected and will be send to probe the magnetization of the sample, the probe beam. Both beams are identical with the exception of
their intensity. The reflected probe beam is guided to a delay line which consists of
a retro-reflector positioned on an electrically controlled translation stage. The retro
reflector is comprised of a crystal with three orthogonally arranged mirroring faces.
This causes the reflected beam to be parallel to the incident beam, but translated a
small distance. By changing the position of the retro reflector the optical path length
of the probe beam is adjusted. The stage, a Physik Instrumente M-531PD, can control the position of the retro reflector over a distance of 306 mm with an accuracy of
0.5 µm. This corresponds to a time delay of 2 ns with an accuracy of 3.3 fs. After
reflection by the retro reflector, the probe beam passes a polarizer and PEM. The
PEM operates at a frequency of 50 kHz.
The pump beam is also guided towards a delay line. However, this line is somewhat shorter but more precise. The length and resolution are 100 mm and 0.025 µm,
respectively, corresponding to a delay of 600 ps with a resolution of 0.1 fs. This delay
line is better suited for use in ultrafast magnetization dynamics. Since the interest of
this work does not incorporate ultrafast magnetization dynamics, this delay line is
not used. After reflection from the retro reflector the pump beam passes a chopper
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Figure 4.4: A schematic representation of the TRMOKE setup.

wheel, which modulates the beam with a frequency of ∼60 Hz. This second modulation is used to further improve the signal to noise ratio of the setup, using a double
modulation scheme.
Both laser beams are focussed on the same spot on the sample surface by a high
aperture laser objective (HALO). The spot size of both beams is approximately
20 µm in diameter (FWHM). The reflected beams also pass through the HALO.
By dividing the HALO into four quadrants and carefully aligning the beams are kept
separated. The reflected pump beam is eventually blocked, while the probe beam
passes through an analyzer and eventually falls onto the detector.
The signal from the detector is used as the input for the first lock-in amplifier
(L1). The amplifier uses the PEM frequency of 50 kHz as a reference signal. However, the signal still shows a drift originating mainly from instabilities in the optical
components and small misalignments in the delay line. To cancel the drift a second
lock-in amplifier (L2) is used. The output from L1 serves as the input for L2, which
still contains the Kerr signal. The 60 Hz chopper signal is used as the reference for
L2. This double modulation scheme greatly increases the signal to noise ratio.
4.1.3

Dynamic MOKE

To determine the Barkhausen volume a dynamic MOKE setup is used. The setup
allows for a fast variation of the applied field, the field sweep rate. This is achieved
using a pair of Helmholtz coils and allows for a variation of the magnetic field sweep
rate over two orders of magnitude from 10−2 to 100 (T)/s. A schematic drawing of
the setup is shown in figure 4.5. The laser beam is linearly polarized and reflected
from the surface of the sample. The sample itself is positioned in the center of the
Helmholtz coils, the magnetic field at that point is measured by a Hall probe (not
shown). After reflection from the surface, the polarization of the laser beam has
changed, gaining rotation and elipticity (as discussed above). The s and p components of the polarization are separated by a birefringent crystal and focussed by a
lens on separate ports on the detector. The output signal of the detector is a measure
for the difference in intensities between the two ports. Prior to measuring the angle
between the polarizer and detector is tuned so that a minimum signal is measured.
Using this method and setup Kerr rotations below 1 arc second are measurable.
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Figure 4.5: A schematic representation of the Dynamic MOKE setup.

4.1.4

Kerr Microscope

To visualize the formation of domains in a sample an Evico-magnetics [84] Kerr microscope is used. The field of view can be adjusted from centimeters to microns and
is limited only by the diffraction limit. A picture of the microscope and a schematic
drawing of the light path inside the microscope are shown in figures 4.6a and 4.6b,
respectively. The short description will follow that of Lavrijsen [67] . Light from a
high density stable Xenon lamp is focussed using a collector lens onto the aperture
diaphragm. The light beam is then polarized and reflected into the objective lens.
The field diaphragm is imaged on the sample and determines what part of the sample is illuminated. Light intensity is controlled by the aperture diaphragm, which
also determines the angle of incidence. Changing the shape and position of the aperture diaphragm varies the angle of the light rays reaching the sample. For the use
of polar MOKE the aperture diaphragm is centered, achieving near perpendicular
incidence. After reflection the light passes through the analyzer and is focussed on a
CCD camera. The maximum achievable frame rate is ∼40 fps. The acquired signal
is real time processed by the Kerr microscope software to improve contrast. A perpendicular magnetic field is applied using a home-build air coil, achieving fields up
to ∼80 kA/m.

4.2

Ferromagnetic Resonance

In addition to optical methods magnetic properties of a sample can also be investigated using ferromagnetic resonance, FMR. FMR is based on the interaction between
a static magnetic field, a high frequency field and the magnetic moment of a material.
*text moved to theory*
To measure an FMR resonance spectrum an external field is applied by means of
an electromagnet. The high frequency magnetic field is applied by use of a microwave
source. For all measurements presented in this thesis a source with a frequency of
9.18 GHz is used. The frequency is kept stable by the use of automatic frequency
control. The setup is schematically shown in figure 4.7. The microwave source outputs the electromagnetic waves into a waveguide with the appropriate dimensions.
The wave guide connects the source to the cavity placed in the magnetic field. The
cavity is designed for a specific mode of the electromagnetic wave, the resulting standing EM-wave has an anti-node at the location of the sample, this is the high frequency
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Figure 4.6: (a) A photograph of the Kerr microscope, showing the air coil (yellow) and the
CCD camera (on top).(b) A schematic illustration of the light path inside the microscope
for the incident beam (left) and the reflected beam (right).
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Figure 4.7: A schematic representation of the used FMR setup.

magnetic field. Using the cavity, small changes in the absorbtion of the microwaves
are measurable. The microwaves are also reflected from the cavity and via a directional coupler directed towards a microwave diode detector which outputs a voltage
dependent on the intensity of the microwave. The microwave intensity is regulated
to stay within the optimal detection region of the detector. If the magnetic material
in the cavity resonates energy is absorbed from the microwave field and a smaller
intensity is measured by the diode.
To control the magnetic field in the cavity it is placed inside a strong DC magnetic
field and a small AC field produced by the modulation coils. The modulation field is
applied to increase the signal to noise ratio using a lock in technique. The modulation
field strength is typically in the order of 0.8 kA/m with an oscillation frequency
of 50 kHz. Due to the modulation not the absorbtion itself, but the derivative of
the absorption is measured [85] . A lock in amplifier is used to detect the signal by
using the signal from the detector as the input and the modulation frequency as the
reference signal. The output signal of the lock in amplifier is measured as a function
of the applied DC field to acquire a resonance spectrum. The angle between the
sample surface normal and the DC magnetic field can be controlled by rotating the
sample holder. An angle of 0◦ corresponds to a field perpendicular to the plane and
and angle or 90◦ to a field in the plane of the sample.
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Figure 4.8: A schematic representation of the TMR setup from the side and front. The
front view shows an enlargement showing the common gold back contact and gold front
contacts of the junctions. Both are connected using the manipulators.

4.3

Transport measurements

As described in section 3.2, samples that undergo patterning are formed into nanopillars. These nanopillars have gold contacts connected to the top and bottom magnetic
layers. By contacting these a voltage can be applied over the magnetic tunnel junction and a current can flow as described in section 2.4. This type of measurement is
called a transport measurement. A schematic representation of the setup is shown
in figure 4.8. The sample is attached to one of the magnetic poles using an adhesive.
To contact the sample two Cascade microtech manipulators are used. With the use
of a stereomicroscope and a mirror the sample and manipulators can be seen and a
desired junction can be contacted. The field is applied perpendicular to the plane and
the field strength is measured using a Hall probe (not shown). For the application of
a voltage to the sample and the measurement of the resulting current as well as the
resistance of a junction a Keithley Instruments 2636A SourceMeter is used. For a
positive polarity of the SourceMeter the top contact is connected to the positive and
the bottom to the negative contact. The experiment is controlled by computer.
To measure the produced magnetic tunnel junction two different measurement
procedures are used. The first is used to measure the TMR ratio of a connected
junction by sweeping the applied field while measuring the resistance. The second,
to check whether current induced switching of the junction is possible. The measurement procedures are described in Tunnel magnetoresistance and Current Induced
Magnetization Switching, respectively. In both cases the junction is connected prior
to the measurement.
Tunnel magnetoresistance The sample is first saturated in a large negative field
after which the field is swept to a positive field and, if so desired, back to a negative
field. After each step in the field, time is given for the field to stabilize. Once stable,
the resistance of the junction is measured by measuring the current for a bias voltage
of −10 mV. To limit junction heating no voltage is applied in between measurements.
Current Induced Magnetization Switching A train of pulses with a variable
pulse width t p u l s e , voltage V p u l s e and period§ t p e r i od = 5t p u l s e is sent through the
§

The period is defined as the time between the start of two consecutive pulses.

4.4 Ion beam milling

junction. Where 10−3 ≤ t p u l s e ≤ 1 s and −200 ≤ V p u l s e ≤ 100 mV. The resistance of
the junction is measured at the end of each pulse. The shape of the pulses in the used
range is square and is observed using a oscilloscope. If desired, a magnetic field can
be set during the measurement.

4.4

Ion beam milling

For the used magneto-optical measurement techniques it is important that the light
can penetrate both magnetic layers of the sample. In the case of the used samples
the capping layer consists of 10 nm Ta/10 nm CuN/7 nm Ru. For these materials
the penetration depth is of the order of 10 nm, thus the thick capping layer of 27 nm
results in a very small MOKE signal. In order to improve the optical signal strength
of the materials a part of the capping layer is removed by ion beam milling.
The milling is performed using a Roth & Rau IonSys 500 ion beam miller. The
main components of the system are a vacuum chamber, an argon ion beam source,
plasma beam neutralizer, a rotating sample holder and a secondary ion mass spectrometer (by Hiden Analytical). The samples are placed on the substrate holder and
the vacuum chamber is pumped down to the operational pressure of 10−7 mbar. The
sample holder rotates at 20 rpm and is lifted by helium gas to decrease friction. Due
to the rotation the milling is very homogenous across an area of more than 6 cm in
diameter, far larger than the maximim used area of approximately 3 by 3 cm. The
argon ion beam is supplied with a gas flow of 3.3 sccm and accelerated using a voltage
of 0.5 kV. The plasma beam neutralizer is supplied with a gas flow of 1.3 sccm.
4.4.1

Capping layer removal

To determine the milling time for the removal of most of the capping layer one
sample is milled until the entire stack is removed. During milling secondary ion
mass spectrometry (SIMS) is used which provides a cross section of the layer stack
as seen in figure 4.9. Desired is a maximum reduction of the capping layer with the
certainty that the MTJ stack is not affected. The first increase in the cobalt signal
is seen after ≈135 s. A milling time of 110 s is chosen, indicated with an arrow in
figure 4.9, in order to be certain the magnetic layers are not reached and part of the
capping layer is preserved. During milling of the capping layer, SIMS was used to
check the reproducibility of the milling procedure and to monitor if the magnetic
layers are damaged. This shows that the spectrum in figure 4.9 is reproduced with
a error margin of approximately 5 s. The capping layer after milling is estimated
to be 4 nm of tantalum, thin enough for a good MOKE signal as was experimentally
observed. No increase in the Co signal is observed indicating that the magnetic layers
are indeed not reached.

4.5

Analysis of Measured Data

In order to be able to extract information from the raw measurement data these
need to be analyzed. For most of the measurements the analysis is straightforward
and needs no further explanation. However, for the Time Resolved MOKE and
Ferromagnetic Resonance measurements several processing steps are necessary. The
following section provides the details on both.
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Figure 4.9: SIMS signal for five elements as a function of milling time. The stack structure
is clearly seen and is indicated by colored bands. Above the top axis the nominal thicknesses of the layers are given in nm. The MTJ stack (CoFeB/MgO/CoFeB) has nominal
thicknesses of X/0.89/X nm. The clear oscillations on the measured signal are due to the interaction between sample rotation and sampling frequency. The arrow indicates the chosen
milling time (110 s).

4.5.1

Time Resolved MOKE

During a measurement the output from both lock-in amplifiers is measured as a
function of the delay time. The delay time is varied from -2 ps, indicating that the
probe beam arrives 2 ps before the pump beam, to 1000 ps. For short delay times,
td e l ay ® 15 ps, the point density is higher than for longer delay times to improve
the fitting procedure as is discussed later. In all TRMOKE measurements the Kerr
rotation is measured as this effect is larger than the Kerr elipticity for these samples.
Hence, the second harmonic of the lock-in amplifier is used (see section 4.1.2). When
a signal is measured for a certain field a second measurement is performed for a field
equal in strength both with the opposite direction. The field values provided in this
thesis represent the field set in the software and not the actual field at the position of
the sample. The actual field value is estimated to be ∼0.7 times the set value.
As was described in section 4.1.2 the TRMOKE setup contains two lock-in amplifiers with reference signals from the chopper and PEM for lock-in 1 (L1) and lock-in
2 (L2), respectively. The raw data as collected during the measurement is shown in
figure 4.10 for both lock-in amplifiers and both field directions. It is clear that the L1
signal is far more noisy than the L2 signal. Also a strong drift is present in the L1 signal that does not appear in the L2 signal. The change in perpendicular magnetization
is given by [51]
∆M z (t ) |L2+ | + |L2− |
=
+ A,
(4.12)
Mz
|L1+ | + |L1− |
where the subscripts ± refer to the direction of the applied field and A is a scaling factor chosen so that ∆M z = 0 for t  0. The result of this transformation is
shown in figure 4.11. As seen the initial demagnetization is 3.3%, similar to results by
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Figure 4.10: Raw measurement data for lock-in amplifiers (a) 1 and (b) 2 as a function of delay time. The applied field is ±64 kA/m. The positive field direction is displayed in red, the
negative in black. The time axis is broken to visualize the initial de- and remagnetization.

Kuiper [51] . The roman numbers indicate different parts of the signal. I) The probe
beam arrives before the pump beam and no change in perpendicular magnetization
is measured. This region is used to determine the aforementioned A. II) The ultrafast
demagnetization within the first picoseconde. The time delay between both beams
is tuned to the moment at which the change in perpendicular magnetization is 50%
of the maximum change. III) The slower remagnetization within several picoseconds
and finally IV) the oscillation of the magnetization around its equilibrium position.
The time at which the oscillation damps out is correlated to the Gilbert damping
constant.
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Figure 4.11: In black • the percentage change in perpendicular magnetization as a function
of delay time as calculated from the raw data in figure 4.10 and equation 4.12. The gray line
shows a fit to the data. Roman numbers indicate the four parts of the signal as described in
the text.

For this thesis the main interest in TRMOKE experiments is the extraction of the
Gilbert damping parameter α. To achieve this the edited data, as shown in figure 4.11
is fitted using the phenomenological equation by Jósza [50]
∆M z (t )
Mz

−tt

= A1 · e

ep

+p

A2
t + t0

− tt

+ A3 · e

h

− tt

+ A4 · e

d

sin (ωt + φ0 ) ,

(4.13)
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consisting of four parts that are explained below following the explanenation given
by Jósza [50] . The A1−4 terms are scaling factors to the four parts. The fit is only
applicable to the data after the initial demagnetization (or regions III and IV in figure 4.11).
After the ultrafast demagnetization the amplitude of the magnetization will start
to recover due to heat exchange between the electrons and the crystal lattice leading
to a drop in spin temperature. This effect is described by an exponential law where
the relaxation time, te p , is typically ∼ ps. The lattice will also transfer heat to the
substrate and after some time it will reach a thermal equilibrium. How this equilibrium is reached depends on the thermal conductivity of the layers. In the case
of a small thermal conductivity, e.g. due to the presence of an insulating layer, the
results will be a gaussian temperature profile with its maximum
p at the interface. The
temperature of the metal will therefore drop following a 1/ t law, typical for the
heat diffusion in a single semi-infinite system. This is described by the second term,
where t0 is a measure of the instantaneously heated region inside the substrate at
t = 0. Typical values for t0 are 0.2 ps. In the case of a fast thermal conductivity the
metallic layer will quickly transfer its heat to the substrate with a large heat capacity.
This will behave as an exponential decrease in the temperature of the metal and is
represented by the third term. A typical value for the time constant t h is ∼100 ps.
Generally, the first three parts describe the dynamics of the equilibrium direction
of the magnetization, it drifts back to the undisturbed orientation. The fourth part
describes the damped oscillation of the magnetization around the equilibrium position.k The angular velocity of precession ω and the damping time td are related to
the Gilbert damping by α = 1/(ωtd ) (equation 2.17). A possible offset phase is given
by φ0 . Typical values for ω and td are 40 Grad/s and 300 ps, respectively.
Fitting procedure
The fitting of the data is done in several steps to ensure convergence of the fit. Initially the values of all parameters are estimated or taken from a successful previous
fit at a different field. In general, the analysis of the data from high to low applied
fields proves most successful. The data for t = 1.1 → 10 ps (approximately region II)
is then fitted using the first and second term of equation 4.13, while A3 and A4 are
set to 0. The end time of the fit is then extended to the last measured time, this is
named the full fit range, and the third term is fitted keeping the first two terms fixed.
The result of the fit is then subtracted from the measurement data to isolate the oscillatory part of the data. A fast fourier transform is used to extract a good estimate
for ω. During the last step the data is fitted over the full fit range. The used fitting
sequence is to fit A4 and td then ω and φ0 and finally all other terms. An example of
a fit is shown by the gray line in figure 4.11.
Two independently oscillating magnetic moments The data for some samples
shows a combination of two oscillatory signals. Since the fit function assumes one
k

For a more in depth explanation of all terms and the assumptions used in the derivation of the
formula please refer to the original work by Jósza [50] .
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macrospin the function needs to be adjusted to incorporate a second macrospin.
Since the fourth term in equation 4.13 contains the oscillatory behavior of the signal
this term is copied. The other terms are a measure of the heat transfer through the
sample and therefore need not be included. The fit function is then given by
∆M z (t )
Mz

−tt

= A1 · e

ep

+p

A2

− tt

t + t0

−tt

A4,1 · e

d1

+ A3 · e

h

+





− t
sin ω1 t + φ0,1 + A4,2 · e td 2 sin ω2 t + φ0,2 , (4.14)

where the indices indicate the two oscillatory parts. The fit procedure is still the same
with the exception that both parameters with the same name and different index are
fitted.
4.5.2

Ferromagnetic Resonance

During an FMR measurement the data from the lock-in amplifier is logged as a function of the measured field. However, during a measurement there is an additional
background signal due to contaminations in the resonance chamber. In order to distinguish the signal from the sample from that of the background the latter is first
measured. This is done for two angles: 0◦ and 90◦ corresponding to the field perpendicular to plane and field in plane configurations, respectively, from which the
intermediate angles are interpolated. The results are shown in figure 4.12. As seen
the background is quite pronounced but most severe in the field range 0-120 kA/m
and with a pronounced bump around 250 kA/m. Consequently, extracted data from
this field range is less reliable.
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Figure 4.12: The measured FMR signal as a function of the applied field for two positions
of the sample. The backgrounds are vertically shifted for clarity. Note that there is a small
difference in the signal for high fields

For all measurements the background is first subtracted from the raw data. An
example of a raw measurement is seen in figure 4.13a. The background of the signal
is found by fitting the data with
Y (H ) = cos2 θ · B0 + sin2 θ · B90 + A,

(4.15)
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Figure 4.13: (a) The raw FMR signal as a function of applied field (black points) and the
best fit of the background signal to the data (red line). The background signal is subtracted
from the data for further processing. The result is shown in (b). The edited data is then
fitted using equation 4.16. The measurement was performed on the annealed - α sample for
an angle of 80◦ .

where B0 and B90 are the background signals for the 0◦ and 90◦ angles, respectively, θ
is the angle between the surface normal and the applied field, and A shifts the signal
vertically. The fit is most sensitive for applied fields smaller than 120 kA/m due to
the larger deviations. The result of the background fit to the data is shown by the
line in figure 4.13a.
The signal after background subtraction is shown in figure 4.13b. Although the
signal is reasonably flat there still is some residual background left. For measurements where the resonance peak shifts to a lower field the background subtraction is
less effective. To extract the resonance field HF M R and peak width (full width at half
maximum) ∆H from the data, the peaks are fitted. As discussed in section 4.2 the
derivative of the resonance peak is measured. The resonance peak itself has the shape
of an asymmetric Lorentzian [55] and therefore the data is fitted using the derivative
of this function



∆H 2 − (H − HF M R )2 sin ε
2(H − HF M R )∆H cos ε
f (H ) = A −
2 −
2  + g (H ).
∆H 2 + (H − HF M R )2
∆H 2 + (H − HF M R )2
(4.16)
Here ε denotes the mixing angle between dispersive and absorptive components (see
Woltersdorf [55] for a more detailed explanation), A is a scaling factor. In addition to
the derivative of the Lorentzian a linear function g (H ) = a · H is added to account
for residual background and improve the fitting result. An example of a fit is shown
by the red line in figure 4.13b. The fit is in good correspondence with the data.
The added linear function g (H ) does distort the fit at the edges of the regime, but
in comparison to a fit without the added function the result has strongly improved
especially in the position of the resonance field as is observed for various fits.
In addition to the extraction of HF M R and ∆H by fitting a simpler approach can
be used by taking the difference between the minimumpand maximum signal, ∆H P P
as a measure for ∆H using the conversion ∆H = ( 3/2)∆H P P which holds for
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fairly symmetric curves [55] . The agreement between both methods is generally well,
as seen in figure 4.14, but the simpler peak-to-peak method proves more useful in the
magnetic field range where background subtraction is difficult and the signal is too
distorted to achieve a good fit.
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Figure 4.14: Comparison between results obtained using the fit function and the simple
peak-to-peak approach for (4.14a) HF M R and (4.14b) ∆H as a function of the field angle.
Shown examples are for the annealed - α sample.

Two independently oscillating magnetic moments In some measurements two
resonance peaks are seen. In order to fit these the part of equation 4.16 within square
brackets and including the scaling factor, is repeated and an identifying index is added
to the parameters. An example of a fit for two peaks is shown in figure 4.15. The
subtraction of the background signal is performed in the same way.
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Figure 4.15: An example of the performed fit (line) to the data (points). The data is taken
from the as deposited sample for θ = 80◦ .
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Concluding in this chapter an overview was presented on the used experimental techniques, namely MOKE, Time Resolved MOKE, Dynamic
MOKE, Kerr microscopy, Ferromagnetic Resonance and transport measurements. Due to the heavy reliance on optical measurements of the magnetization the Magneto Optical Kerr Effect was discussed in more detail. The
removal of part of the capping layer by Ion Beam Milling was described. Finally, the preprocessing of raw measurement data for TRMOKE and FMR
measurements was addressed.

Perpendicular Magnetic Materials

5

As stated in chapter Introduction the aim of this project is to produce MTJs
with perpendicular magnetic anisotropy. The aim of this chapter is to find the
CoFeB thicknesses best suited for the production of MTJs with PMA. To find
these, the magnetic behavior for a large range of thicknesses of both the top and
bottom magnetic layers is examined and their perpendicular magnetic behavior
is analyzed. This is done in section 5.1. Additionally, the effective magnetic
layer thickness is determined in section 5.2 and the dimension limitations for
good junction behavior are estimated by measuring the Barkhausen Volume in
section 5.3.

5.1

Perpendicular Magnetic Anisotropy

As we know from section 2.1 the occurrence of perpendicular magnetic anisotropy
depends on the thickness of the CoFeB layers, therefore the magnetic hysteresis loops
of the wafer with doubly wedged CoFeB layers are examined. The chosen method
is by polar MOKE as this is able to detect the out-of-plane magnetic moment of the
layers and does not require the wafer to be cut for this specific setup. The measured
wafer is annealed using the annealed - α procedure as described in section 3.1.1. An
example of a polar MOKE measurement is seen in figure 5.1 and shows clear evidence of perpendicular magnetization of the layers. However, in this case no separate switching of the layers is observed, which would be characterized by two distinct
steps in the magnetization reversal (see section 2.4.
To analyze for which layer thicknesses perpendicular magnetization is exhibited
the remanent magnetization is plotted as a function of the top and bottom layer
thicknesses as shown in figure 5.2. This figure clearly shows that the remanent magnetization is strongly influenced by the thicknesses of both layers. The area where
the thickness of the bottom layer, t b ot t o m , is in the range 0.82 - 0.96 nm exhibits PMA
independent of the thickness of the top layer, t t o p , for the measured range (1.02 1.54 nm). A similar band for the top layer thickness is not observed. The strength of
the PMA is largest for t t o p ≈ 1.27 nm and t b ot t o m ≈ 0.87 nm. For t b ot t o m > 0.96 nm
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Figure 5.1: Hysteresis curve in perpendicular direction showing clear evidence of perpendicular magnetization. The measurement is performed by means of polar MOKE and
normalized to the maximum measured signal. A remanence of 100% is observed. The sample has thicknesses of 0.88 nm and 1.37 nm for bottom and top layers, respectively. The
measurement is taken prior to capping layer removal and is therefore relatively noisy.

the anisotropy gradually turns in-plane showing a strong decrease in remanent magnetization. Qualitatively this is expected since PMA is an interface effect and for
increasing thickness the relative contribution of the surface anisotropy to the total
anisotropy decreases as seen in section 2.1. As just discussed, the strength of the PMA
is expected to increase with decreasing layer thickness, but this is not observed for
t b ot t o m < 0.82 nm. This can be due to a decrease in film quality for very thin films,
although the exact origin is not known at this moment. The range of top layer thickness wherefore the observed remanence is largest is t t o p =1.17 - 1.36 nm, although
PMA is not observed for all bottom layer thicknesses. This indicates that the bottom
layer is dominant for the observation of remanence. The larger layer thickness observed to exhibit PMA of the top layer in comparison with the bottom layer indicates
that layer thickness alone is not a good parameter to tune the PMA. The layer order
is also of importance as will be discussed in more detail in the next section. Similar
to the discussion for the bottom layer the decrease in remanence for t t o p > 1.36 nm is
expected. A possible reason that some remanence is still observed for t t o p < 1.17 nm
and t b ot t o m < 0.82 nm is that the top layer still exhibits PMA for these thickness and
little magnetization is observed in the bottom layer due to the decreased film quality.
For t b ot t o m > 0.96 nm the magnetization of the bottom layer is in-plane and due to
interlayer coupling rotates the magnetization of the top layer in-plane. However, the
precise origin of the observed behavior is not of paramount interest in this work.
The most promising region for the production of MTJs with PMA is determined to
be that with 0.83 nm< t b ot t o m < 0.97 nm and 1.17 nm< t t o p < 1.36 as indicated by a
dashed square in figure 5.2.
For further analysis this sample section is cut from the wafer and divided in several smaller pieces. The capping layer is partially removed as discussed in section 4.4
and the samples are measured using polar MOKE. The results of these measurements
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Figure 5.2: The remanent magnetization as a function of the top and bottom layer thicknesses. The remanence is shown as a percentage of M S . The dashed square indicates the
region selected for further analysis. Areas in white where not measured.

are shown in figure 5.3 and all measurements show remanent magnetization in agreement with figure 5.2. It is immediately seen that the layer thicknesses greatly influence the magnetic behavior of the stack. Ideally, two clear switching steps are observed. This indicates that both the top and bottom layers can switch separately,
which is preferred for the production of an MTJ. However, two clear switching steps
are not observed. Furthermore, these measurements generally show switching in
two steps; a fast change in magnetization followed by a slower increase to the saturation magnetization. The initial fast change in magnetization indicates domain
reversal/nucleation, while the slow increase is likely due to domain growth. A second mechanism for the slow increase can be the rotation of the magnetization of one
or both layers from an in-plane towards a perpendicular orientation. The switching mechanism will be analyzed in depth in section 6.2. In most cases the initial
switch reduces the magnetization from saturation to ∼ 0. Since the layer thicknesses
are similar this can indicate that one of the layers is perpendicularly magnetized and
sharply reverses its magnetization direction.

5.2

Magnetic Dead Layer

When the magnetization of a thin layer is measured after deposition it is sometimes
lower than is expected by its thickness. Part of the magnetic layer is no longer exhibiting magnetic behavior, referred to as a magnetic dead layer (MDL). The MDL is
an interface effect, the precise origin is not clear and several effects are important [86] ,
but probably the interdiffusion of materials at the interface plays a significant role in
MTJ stacks [39,40,87–89] . The interdiffusion occurs during deposition and during an optional annealing process [40,89] . In this section the thickness of the MDL is estimated
from measurements and compared to literature values.
To estimate the tickness of the MDL precise measurements of the magnetization
of the sample as a function of the layer thickness are required. As these facilities

54

1 ,0

1 ,0

0 ,5

0 ,5

0 ,5

0 ,0

-0 ,5

-1 ,0

S ig n a l ( a r b .u .)

1 ,0

S ig n a l ( a r b .u .)

S ig n a l ( a r b .u .)

Chapter 5 : Perpendicular Magnetic Materials

0 ,0

-0 ,5

-1 ,0
-1 0

0

1 0

0

1 0

-1 0

F ie ld ( k A /m )

(a) 0.97 - 1.17

1 ,0

0 ,5

0 ,5

0 ,5

S ig n a l ( a r b .u .)

1 ,0

-0 ,5

0 ,0

-0 ,5

-1 ,0

-1 ,0
-1 0

0

0 ,0

-0 ,5

-1 ,0

-1 0

1 0

0

1 0

-1 0

F ie ld ( k A /m )

F ie ld ( k A /m )

(d) 0.90 - 1.17

0 ,5

0 ,5

0 ,5

S ig n a l ( a r b .u .)

1 ,0

S ig n a l ( a r b .u .)

1 ,0

-1 ,0

0 ,0

-0 ,5

-1 ,0
-1 0

0

F ie ld ( k A /m )

(g) 0.83 - 1.17

1 0

1 0

(f) 0.90 - 1.36

1 ,0

-0 ,5

0

F ie ld ( k A /m )

(e) 0.90 - 1.25

0 ,0

1 0

(c) 0.97 - 1.36

1 ,0

0 ,0

0

F ie ld ( k A /m )

(b) 0.97 - 1.25

S ig n a l ( a r b .u .)

S ig n a l ( a r b .u .)

-0 ,5

-1 ,0
-1 0

F ie ld ( k A /m )

S ig n a l ( a r b .u .)

0 ,0

0 ,0

-0 ,5

-1 ,0
-1 0

0

F ie ld ( k A /m )

(h) 0.83 - 1.25

1 0

-1 0

0

1 0

F ie ld ( k A /m )

(i) 0.83 -1.36

Figure 5.3: Polar MOKE signal as a function of junction thickness. The layer thicknesses
in nm are shown below each figure for bottom and top layers, respectively. large variations in magnetic behavior are seen for changing thickness. The signal is normalized to the
maximum measured signal.

are not available during the research period measurements obtained on samples in
a previous study by Mietniowski [90] are use to this end. Note that this is the only
section in this work wherefore these samples are used. In all other work the samples as described in chapter 3 are used. These samples are also fabricated by Singulus
Technologies with the same equipment as used for the production of the samples for
this thesis. The stack structure of the samples is shown in figure 5.4, along with the
magnetization direction and thickness of each layer. Note that the composition of
the layers surrounding the free layer, MgO and Ta, are the same as those used in the
MTJ stack for this thesis as shown in figure 3.1. This is of great significance as the
thickness of the MDL strongly depends on the interface materials [1,39,87] . Furthermore, the majority of the thicknesses of the free layer are within the range where
perpendicular magnetization is expected, i.e. t <∼1.5 nm, see section 2.1. As such,
the results from these samples can be used to predict the behavior of the samples used
for the production of MTJs.
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Figure 5.4: The stack structure of the sample used to determine the magnetic dead layer.
The magnetization direction of the magnetic layers is indicated by arrows.

Because of the perpendicular magnetization of the free layer, see figure 5.4, a
switch is expected in the perpendicular M-H curve. As the free layer is the only
layer with PMA, the change in magnetic moment, ∆m, will provide the free layer
magnetization for known layer thickness, t , and sample size A by M (t ) = ∆m/(t A).
For t > 1.4 nm the samples show clear switching of the free layer in low applied field.
∆m is determined as shown in figure 5.5a. A change in magnetization is seen when
the field is increased further than necessary to switch the free layer. This is due to the
rotation of the in-plane magnetized layers, see figure 5.4, towards the perpendicular
field. The results for ∆m are shown in figure 5.5b.
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Figure 5.5: The determination of the magnetic dead layer via the magnetization as a function of magnetic layer thickness. (a) The magnetization, ∆m, is determined using the perpendicular to plane M-H curves for various layer thicknesses. (b) Extrapolation of the data
to zero magnetic moment provides a layer thickness of 0.4 nm. The small range of measured
thicknesses results in a large uncertainty, as indicated by the shaded area.

Apart from the MDL dependence on the interface materials it is also dependent
on the order in which these materials are deposited, e.g. whether the tantalum layer
is above or below the CoFeB-layer in the deposited stack [1,39,87] . As seen in figure 5.2
for the bottom and top magnetic layers the Ta layer is below and above these, respectively. As a result the thicknesses of the MDL in both layers need not be the
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same even though the materials at the interfaces are the same. In general the deposition of heavy atoms on lighter ones causes a larger interdiffusion and thereby thicker
MDL [40,89] . The effective atomic mass of CoFeB (Ar,eff (C oF eB) = 48.1) is smaller
than that of Ta (Ar (Ta) = 181). Therefore, at the Ta/CoFeB interface less interdiffusion and a smaller MDL is expected than at the CoFeB/Ta interface. The bond
strengths of CoFeB and Ta are estimated to be roughly the same [87] and are therefore
not expected to influence the MDL. The small effective mass of MgO (Ar,eff = 20.2)
prevents interdiffusion during deposition on CoFeB making the contribution of the
CoFeB/MgO interface to the MDL negligible.
As seen in figure 5.5b the CoFeB dead layer is estimated to be 0.4 nm. However
due to the small amount of data points and their close spacing the fitting uncertainty
is very large and therefore a range from 0.20 to 0.75 nm is deemed possible. To asses
the found value’s validity it is compared to literature values. Jang et al. [87] found an
MDL of 0.36 nm using an un-annealed MgO/Co40 Fe40 B20 /Ta stack. A subsequent
study [39] showed that for the CoFeB/Ta interface this value increases to 0.49 nm after annealing at 350◦ C for one hour. S.Ikeda et al. [1] found a value of 0.5 nm for
the MDL after annealing. These authors assume that the MDL is solely due to the
CoFeB/Ta interface and not to the MgO/CoFeB interface and they used the same
procedure to determine the MDL. However, their samples were generally made for
the determination of the MDL and have a simpler stack structure than that shown
in figure 5.4, e.g. no in plane magnetized layers are present. Jang et al. [87] supports
this assumption by pointing out that the melting point of MgO is very high (3125 K)
and it has a low coordination number (6) and therefore a very high bond strength.
In addition, the MgO layer forms a (001) structure, which has a closely packed
plane. Combined they strongly decrease interdiffusion, probably the main cause
of the MDL. This is also supported by Oguz [89] who found no proof for an MDL
at the MgO/CoFeB interface. However, they measured an MDL of ∼0.2 nm for the
CoFeB/Ta interface. Jang et al. [87] did not investigate the MDL for a Ta/CoFeB interface, but found the MDL of the Ru/CoFeB interface to be 0.08 nm after annealing.
S.Ikeda et al. [1] found no sign of the existence of an MDL in the bottom layer at all.
Therefore the MDL for this interface is assumed to be negligible. Concluding, the
measured MDL thickness for the CoFeB/Ta interface is probably in between those
found in literature for un-annealed and annealed samples.

5.3

Barkhausen volume

For optimal performance the magnetic layers in the nanopillars should consist of
one domain. To estimate the diameter the junctions should have to achieve this, the
elementary magnetization reversal entity, the Barkhausen volume, is determined for
two samples. One should note this is only a crude estimation, since the Barkhausen
volume is no true measure for the size of a domain [91] . However, it is influenced
by variations in thickness providing some information on the homogeneity of the
sample [91] . The samples used in this section are the same as those used in section 5.1,
the stack structure is as indicated in figure 5.2. These samples, A and B, have different thicknesses for the top magnetic layers but the same thickness for the bottom
layer. This allows for the investigation of the influence of the top layer thickness
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on the Barkhausen volume. For both samples the bottom layer has a thickness of
0.89 nm while the top layers are 1.22 nm and 1.32 nm for samples A and B, respectively. These thicknesses are chosen since they exhibit good PMA, see figure 5.2, and
are measurable† by Dynamic MOKE.
The measurements are performed by dynamic MOKE as described in section 4.1.3.
An example of two measurements with different field sweep rates are shown in figure 5.6a. The switch field HS , defined as declared in the caption of figure 5.6, is
determined as a function of the field sweep rate d H /d t , the results are shown in
figure 5.6b. To determine the Barkhausen volume the equation [92,93] for HS as a
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Figure 5.6: (a) Kerr rotation as a function of field for two field sweep rates. The measurements are performed on sample A. The switching fields are indicated by a (dash)dotted
lines. The average switching field is given by HS = (|HS1 | + |HS2 |)/2. (b) The average switch
field as a function of ln d H /d t for two samples A - t t o p = 1.22 nm, t b ot t o m = 0.89 nm
and B - t t o p = 1.32 nm, t b ot t o m = 0.89 nm. The Barkhausen volume is determined using
equation 5.2 with T = 295 K, M S = 1.00 MA/m. The arrows indicate the datapoints corresponding to the measurements shown in (a).

function of the field sweep rate is used
 
 

kB T
dH
VB M S
µ0 H S = ±
l n µ0
+ l n(2)τ(H = 0)
.
VB M S
dt
kB T

(5.1)

Here kB is the Boltzmann constant, T is the temperature, VB is the Barkhausen volume, M S is the sample’s saturation magnetization and τ is the relaxation time. This
is simplified for fitting to


kB T
dH
µ0 H S =
l n µ0
+ c ons t ,
(5.2)
VB M S
dt
as the only parameter of interest is the Barkhausen volume. The constant incorporates the intrinsic relaxation time at zero applied field [93] . A difference in intrinsic
†

This was assessed experimentally
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Table 5.1: An overview of the measured Barkhausen volume and length and a comparison
with literature values for two samples with different top layer thickness.

Sample (thicknesses in nm)
A
B
(2 Pt/0.5 Co)3 /0 − 0.3 Pt/10 IrMn/2 Pt [92]
γ -Fe/Cu [94]

Thickness
bottom/top (nm)

VB (10−24 m 3 )

lB (nm)

0.89/1.22
0.89/1.32
-

4.3 ± 0.5
4.0 ± 0.9
2.0-3.6
-

50 ± 5
47 ± 11
37-49
200

relaxation times will lead to a different offset of the graphs. Fitting the experimental data with this function using T = 295 K and M S = 1.00 MA/m, the values for
the Barkhausen volume are (4.3 ± 0.5) · 10−24 m3 and (4.0 ± 0.9) · 10−24 m3 for A and
B respectively.
p More insightful in the case of thin films is to use the Barkhausen
length, lB = VB /h [94] , where h is the total nominal thickness of the magnetic layers taking into account a magnetic dead layer of 0.4 nm. The Barkhausen length is
a measure of the correlation of spins in a thin film [91] . This gives lB,A = 50 ± 5 nm
and lB,B = 47 ± 11 nm‡ . Within the calculated uncertainty the Barkhausen volume is
independent of the top layer thickness. As shown in table 5.1 these values are comparable to those found for [2 Pt/0.5 nm Co]3 /t nm Pt/10 nm IrMn/2 nm Pt multilayers (0 < t < 3) and a factor four smaller than values found for γ -Fe/Cu samples.
To create a single domain MTJ and assuming the Barkhausen length gives an accurate
representation of the range of the correlation of spins in the thin layer, this imposes
an upper limit on the diameter of the nanopillar. For nanopillars with thicknesses in
the range of samples A and B this diameter is 50 nm.

Concluding In this chapter the suitability of a wide range of thicknesses for
the top and bottom magnetic layers for the production of magnetic tunnel
junctions with perpendicular magnetic anisotropy was investigated. Perpendicular magnetic anisotropy is found for a range of thicknesses from which
the most suitable are chosen by comparison of the hysteresis curves. The
thicknesses most suitable for the production of MTJs were determined to
be t b ot t o m = 0.83 − 0.90 nm and t t o p = 1.17 − 1.25 nm. After investigation
of samples from a study by Mietniowski [90] the magnetic dead layer was determined to be approximately 0.4 nm which is in agreement with literature.
Finally, the junction diameter needed to have a single domain MTJ was estimated by means of the Barkhausen volume and is found to be 50 ± 5 nm.

‡

The error margin is assumed to be due solely to the uncertainty in VB and not in h. An error
of 0.10 nm in h, which is not unlikely due to the difficult determination of the MDL, results in
lB,A = 50 ± 8 nm and lB,B = 47 ± 13 nm

6

Magnetization Dynamics

As stated in chapter Introduction the goal of this project is the production of MTJs
with perpendicular anisotropy, low switching current and high MR. The choice
for PMA was based on a theoretical reduction of the switching current since the
demagnetization field no longer opposes switching. Apart from the anisotropy,
the switching current is also strongly dependent on the Gilbert damping constant. Since annealing is an essential step in the production of MTJ-stacks, this
chapter also investigates the influence of the annealing process on the magnetic
behavior. This is done by comparing results for annealed and un-annealed samples in the entire chapter. Before the measurement results are discussed the differences between the used samples are discussed in more detail to aid the reader
in understanding this chapter. The change in hysteresis curves due to the annealing is presented in section 6.1. To explain the found behavior the domain
dynamics are investigated in section 6.2. Due to its importance in the reduction
of the switching current, the Gilbert damping is investigated in section 6.3 by
two different methods. Finally, the overall influence of annealing is discussed in
section 6.4. This all is done with various experimental techniques providing a
complimentary picture of the effect of annealing.

Samples and annealing In the previous chapter the thicknesses of the bottom and
top layers most suited for the production of MTJs was selected. The samples used
in this chapter all have thicknesses for both layers in the found range. These thicknesses are 0.83 nm and 1.17 nm for the bottom and top layers, respectively. In the
previous chapter the samples are all annealed using the annealing process α described
in section 3.1.1. To study the effect of the annealing procedure three samples that
underwent different annealing procedures, but have the same layer thicknesses, are
investigated: First, the annealed - α sample underwent the same annealing procedure
as all samples in the previous chapter. The total heating time of the annealing process
is 60 minutes. Second, the un-annealed sample did not undergo any annealing, i.e. it
is as-deposited. This sample is used to monitor the change when a sample undergoes
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any annealing. Third, the annealed - β sample underwent the annealing process β
as described in section 3.1.1. This process has a heating step of approximately three
hours, much longer than annealing process α, and is used to investigate the influence
of a longer annealing time. In each section of this chapter the results obtained for
these three samples are discussed separately.
Since many optical measurement techniques are used to examine the samples the
thick capping layer (27 nm as seen in figure 3.1) was partially removed as described
in section 4.4. The remaining tantalum capping layer, resting directly on the top
CoFeB layer, has an estimated thickness of 4 nm. The optical penetration depth of
the used lasers into the stack is ∼15-20 nm, much larger than the capping layer and
MTJ stack. Therefore signal from both layers is expected to be seen in all optical
measurements.

6.1

Magneto-Optical Kerr effect

To obtain a first glance of the changes induced in the magnetic behavior of the MTJ
stack due to annealing MOKE measurements are performed. Two MOKE geometries are used: polar and longitudinal. Using polar MOKE, sensitive to the perpendicular component of the magnetization, the remanence and switching behavior is
investigated, to see if these are influenced be annealing. With the use of longitudinal
MOKE information on the anisotropy of the layers is hoped to be acquired. However, this was not successful and the results
6.1.1

Polar MOKE

This section discusses the results from polar MOKE as shown in figure 6.1 to analyze
the change in switching behavior and remanence due to annealing of the samples.
The following paragraphs will first discuss the measurement depicted with a black
solid circle for the three samples. These are all measured using the same field sweep
rate. The measurements depicted with a red 4 have a 10× higher field sweep rate.
The effect of this is discussed succeedingly.
Un-annealed As can be seen in figure 6.1a, the MOKE signal at high field indicates
that the magnetization did not jet saturate at a field of 150 kA/m. The behavior
of the magnetization indicates that there is both an in-plane and a perpendicularly
component of the anisotropy. This is also seen by FMR measurements, as will be
described in section 6.3.2. From those measurements the anisotropy field is estimated
to be 189 kA/m, larger than the measured field range indicating that saturation of the
magnetization will indeed not have occurred.
To further analyze the switching behavior of the perpendicular component of
the magnetization a linear signal due to the in-plane layer is subtracted from the
measurement. The black line in figure 6.1a represents the fit, the result is shown
in figure 6.1b. The sample shows a clear hysteresis curve with a coercive field of
1.47 ± 0.03 kA/m. A closer inspection of the magnetization curve shows that there
is a small plateau in the magnetization around Ha p p = -1.36 kA/m as indicated by a
dotted arrow in figure 6.1b. This could indicate that the magnetization reverses in

6.1 Magneto-Optical Kerr effect

separate domains or that the layers switch independently. For improved resolution
a measurement with half the field sweep rate is performed. The results are depicted
with blue solid square in figure 6.1b. From this measurement it is clearly seen that
the magnetization of the sample switches in several steps which appear for both forward and backward switching. For the forward loop the steps are indicated with a
and b in figure 6.1b. Since the sample consists of only two magnetic layers independent switching of the layers is unlikely, therefore this behavior indicates switching in
domains. The two steps are most likely caused by pinning sites.
Annealed - α This sample shows a non-square magnetization curve with a remanence of 98±1% and a coercive field of 0.92 ± 0.03 kA/m. The switching process
appears to occur in two phases. 1) A fast switch from −98 ± 2% to +6 ± 4% at an
applied field around 0.50 kA/m. 2) A slow saturation of the magnetization to 100%
at an applied field of 5.4 ± 0.1 kA/m. These phases were already observed in section 5.1. As discussed there a likely scenario is the presence of two magnetic layers
of similar thickness with PMA. The initial decrease in magnetization is due to the
switching of one of the layers (⇑⇑→⇑⇓). However, it is also possible that half of
the magnetization of both layers switches, i.e. that the magnetization consists of up
and down domains of equal size. The slow increase is then due to the growth of the
domains parallel to the applied field direction. To have a clear view of what process
is behind the magnetization reversal the magnetic domains have to be imaged during
this process. This is performed in section 6.2.
Annealed - β This sample also shows a quite square magnetization curve with a
remanence of 100% and a coercive field of 3.28 ± 0.03 kA/m. For this sample full
saturation is believed to occur, as no deviations at high applied field (150 kA/m)
are seen (not shown). It is concluded that the sample has perpendicular anisotropy.
Close observation of the magnetization curve shows that the magnetization switching displays a small step, as indicates by an arrow in figure 6.1d, which was measured
reproducibly. The position of the step does not correspond to any of the steps seen
for the un-annealed sample. Therefore the step is most likely due to pinning.
In this section it was observed that the remanence is influenced little by the annealing process. However, annealing does have a large impact on the switching behavior. The mechanism behind the shape of the switching behavior was discussed
shortly but needs additional attention.
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Figure 6.1: Magnetization as a function of applied perpendicular field as measured by
polar MOKE. (b),(c) and (d) show results using a slow (•) and a 10 times faster (4) field
sweep rate. The results are normalized to the saturation magnetization, M s . (a) shows the
measurement data for the un-annealed sample for high (150 kA/m) applied fields showing
that the magnetization has not saturated. The black line is a linear fit to the data in the
range 25-75 kA/m used to produce the curve shown in (b).

6.2

Domain formation

As seen in the previous section and in section 5.1 the magnetization switches in several steps. From these sections it is not clear what mechanism is behind this behavior. In this section the formation of domains is investigated in order to find out what
causes the specific behavior. The behavior is investigated both for the un-annealed
and the annealed - α samples. Due to constraints in both time and availability of the
equipment the annealed - β samples is not investigated.
The formation of domains in the system during the magnetization reversal process is investigated using a Kerr microscope (see section 4.1.4). The sample is first
prepared in a field of -5.0 kA/m followed by a sweep to +5.0 kA/m and back. During the sweep images are collected at various fields. In the remainder of this section
only images from the sweep from negative to positive field are presented and discussed.
Un-annealed Three of the acquired images for the un-annealed sample are shown
in figure 6.2. From image 6.2a to 6.2b it is seen that a large portion of the sample
magnetization switches from the down to the up direction after a small increase in
applied field. The shape of the down domain is likely due to a local change in the
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anisotropy, e.g. the occurrence of a monolayer step in the thickness of the magnetic
layer. A further increase in applied field switches most of the remaining domain
leaving only a thin stripe domain, as seen in figure 6.2c. This stripe domain switches
at an applied field of 2.3 kA/m. From these images no independent switching of
the magnetization of the layers is observed, which would manifest itself in distinct
steps in contrast of the entire image. Nor can a change in in-plane magnetization
be observed due to the small applied field. These three images do indicate that the
magnetization of the un-annealed sample switches in large domains.

(a) 867 A/m

(b) 875 A/m

(c) 883 A/m

Figure 6.2: Kerr images of the un-annealed sample for various applied fields showing
switching in large domains. The field is applied perpendicular to the plane and dark (light)
areas represent up (down) magnetic orientation. The field direction indicated in (a) corresponds to the up direction. The corresponding M-H curve is shown in figure 6.4a. The
light line in (c) disappears for applied fields above 2.3 kA/m. All images have the same scale
as shown by the bars in figure (a) with lengths of 20, 20 and 10 µm, respectively.

Annealed - α The previously described procedure is also used to image the annealed - α sample at various stages in the magnetization reversal process. Six of
the acquired images at various fields are shown in figure 6.3. These immediately
show that the magnetization reversal process in the annealed - α sample is in striking
contrast with that of the un-annealed sample. When increasing the field from the
negative saturation to ∼-500 A/m, small domains start to appear (figure 6.3a) which
slowly grow with increasing applied field strength (figure 6.3b). When increasing the
applied field above ∼-150 A/m the up-domains start to grow more rapidly and interconnect strongly forming a maze domain structure [95] (figures 6.3c and 6.3d). The
down-domains in the structure are gradually decreased in size when further increasing the applied field (figure 6.3e) until only small non-connected down domains are
left at high applied fields (figure 6.3f).
In theory section 2.1 the conditions for perpendicular magnetic anisotropy are
discussed. One of the key aspects for a material to exhibit PMA is that the perpendicular anisotropy is larger than the demagnetization energy. For a material with
perpendicular anisotropy K1 > 0, theanisotropy energy per unit volume is given
by equation 2.5, uani = K1 − 12 µ0 M s2 sin2 θ, where θ is the angle between the surface normal and the magnetization. A quality factor can be defined, which gives
the strength of the anisotropy compared to the demagnetization energy. This yields
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(a) -470 A/m

(b) -330 A/m

(c) -95 A/m

(d) 95 A/m

(e) 500 A/m

(f) 3700 A/m

Figure 6.3: Kerr images of the annealed - α sample for various applied fields showing the
dendrite domain growth. The field is applied perpendicular to the plane and dark (light)
areas represent up (down) magnetic orientation. The field direction indicated in (a) corresponds to the up direction. The corresponding M-H curve is shown in figure 6.4b. All
images have the same scale as shown by the bars in figure (a) with lengths of 20, 20 and
10 µm, respectively.

Q = 2K1 /µ0 M s2 , where Q > 1 corresponds to a strong perpendicular anisotropy.†
According to Coey [95] the perpendicular magnetization of films with Q < 1 tends
to break down into maze domains, with equal areas of up and down magnetization
in zero applied field. This is the behavior as seen in the sample indicating that it
has a small anisotropy constant. From FMR measurements the value of K1 is found
to be 3.2·104 J/m3 for an estimated saturation magnetization of M s = 103 kA/m (see
section 6.3.2). This equals a Q value of 0.05, which is much smaller than 1. In
comparison, the Q value for the un-annealed sample (see section 6.3.2) assuming
the same magnetization equals 0.20. However, this does not correspond to the observed behavior. The value of Q is very dependent on the unknown value of M s and
consequently the actual Q value might be significantly larger than calculated here.
Nonetheless, the Q value for the annealed - α is still expected to be smaller than 1.
6.2.1

Linking domain dynamics to MOKE measurements

To link the domain dynamics to the behavior seen by polar MOKE an M-H curve
has to be extracted from the Kerr images. Since a white (black) pixel corresponds
to a downward (upward) magnetic orientation of the material inside the pixel, the
average gray value of an image gives the average perpendicular magnetization of the
sample at the field the image was taken. Performing this analysis on images taken
For Q > 1 the energy u = (Q − 1) sin2 θ has a minimum for θ = 0, since the anisotropy is larger
than the demagnetization energy.
†
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at various fields and plotting the results gives the M-H curve. The resulting curves
for the un-annealed and annealed - α samples are shown in figure 6.4. In addition to
the results from Kerr microscopy the figure also shows those measured using polar
MOKE (figure 6.1). The domain dynamics can now be linked to the features seen by
polar MOKE.
(c )
1 .0

1 ,0

0 ,5

(f)

S

)

)

0 .5

(e )

M a g n e tiz a tio n ( M /M

S

M a g n e tiz a tio n ( M /M

(b )
0 .0

-0 .5

(d )
(c )

-0 ,5

-1 ,0

(a )

-1 .0

0 ,0

(a ) (b )
-7 .5

-5 .0

-2 .5

0 .0

F ie ld ( k A /m )

(a) un-annealed

2 .5

5 .0

7 .5

-7 ,5

-5 ,0

-2 ,5

0 ,0

2 ,5

5 ,0

7 ,5

F ie ld ( k A /m )

(b) annealed - α

Figure 6.4: Comparison of the magnetization as a function of applied field as measured by
MOKE (black ) and Kerr microscope (red ◦) for both the un-annealed and annealed - α
samples. The letters in (a) correspond to the Kerr images shown in figure 6.2, those in (b)
to the Kerr images in figure 6.3.

Due to noise in the captured Kerr images the extracted magnetization curve is
not very smooth, but the main features are still clear. A good correspondence in the
shape of the hysteresis curves is found for both samples. The difference is explainable
by the field sweep rate. For the polar MOKE measurement the field sweep rate was
higher than that of the Kerr measurement. As a result the hysteresis curve of the
polar MOKE measurement is broader. This effect was also seen in the polar MOKE
measurements for different field sweep rates as shown in figure 6.1.
The step during the magnetization switching of the un-annealed sample, indicated with the dashed arrow in figure 6.4a, corresponds well to the formation of a
large domain as seen in this section (figure 6.2b). The correspondence between the
MOKE and Kerr hysteresis loops for the annealed - α sample shows that the shape is
explained by the formation of maze domains.
A final remark on the speed of magnetization reversal. In case of the un-annealed
sample the domain nucleates and spreads in a very short time scale. Due to the
limited temporal resolution of the Kerr microscope operating with a high spatial
resolution, a domain wall velocity is not known, but an equilibrium situation is
achieved within ∼0.05 s. For the annealed - α sample, after the nucleation of the
domains, as seen in figure 6.3a, these domains grow relatively slow. Several seconds
are needed before an equilibrium situation is reached.
To summarize the results so far; all samples exhibit perpendicular magnetic anisotropy,
but a strong influence of the annealing on the shape of the magnetization curve is
found. This shape is explained by the domain behavior as seen by Kerr microscope.
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6.3

Gilbert damping parameter & anisotropy

One very important parameter that strongly influences the critical current density
needed for current induced magnetization switching is the Gilbert damping constant
(see section 2.4.2). A higher Gilbert damping constant increases the critical switching
current. Inconveniently, the Gilbert damping constant of materials with perpendicular magnetization is far larger than that of in-plane magnetized materials as seen in
section 2.2.1, thereby diminishing the effect of using PMA materials. Therefore, a
reduction of the Gilbert damping constant is essential for future application of PMA
MTJs.
This section aims to determine the Gilbert damping constant for the measured
samples and investigate the influence of annealing. To this end the un-annealed and
annealed - α samples are investigated. Additionally, FMR measurements are performed on the annealed - β sample, due to limited available time TRMOKE is not
performed on this sample. To determine the Gilbert damping parameter two different techniques are used: Time Resolved MOKE (TRMOKE) and Ferromagnetic
Resonance (FMR). The first part of this section discusses the TRMOKE data while
the second part is reserved for the FMR data. Finally, the last section gives a comparison of the obtained results. As seen in section 6.1 the extraction of anisotropy
constants was not successful due to the complex stack structure and the relatively
low maximum applied fields. Therefore, a secondary goal of this section is to extract
the anisotropy constants of the layers.
6.3.1

Time Resolved MOKE

As stated above the goal of this section is to determine the Gilbert damping constant
of the magnetic layers by TRMOKE. To this end the TRMOKE measurements are
performed for various applied fields in order to determine both quantities. This
method is based on the work by Kuiper [51] and Jósza [50] .
Time Resolved MOKE measurements are performed on both the un-annealed
and annealed - α samples for applied fields between 16 kA/m and 64 kA/m. The angle between the field and the sample surface normal is (80 ± 3) ◦ . The measurements
are shown in figure 6.5. For both samples the damped oscillation of the magnetization in time is clearly visible as well as the initial de- and remagnetization. The signal
to noise ratio for the un-annealed sample is much better than that of the annealed α sample. This is due to a better signal from the sample and better alignment of the
setup.
The oscillation frequency increases with increasing applied field for both samples. For the annealed - α sample this is clearly visible; the number of oscillations in
1 ns increases from ∼2.5 to ∼8 when the applied field is increased from 16 kA/m to
64 kA/m. In the case of the un-annealed - α sample this is less apparent but also the
case as will be shown shortly.
Fitting To obtain information from the spectra, the data is fitted as described in
section 4.5.1. Starting with the un-annealed sample, the measurements data for
Ha p p =48 kA/m and Ha p p =32 kA/m are shown in figures 6.6b and 6.6a, respectively.
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Figure 6.5: The change in the perpendicular component of magnetization as a function of
time for the un-annealed and annealed - α samples for various applied fields. Several measurements on the annealed - α sample show strange variations in the signal. Two strongly
pronounced instances are indicated with a red circle in figure 6.5b. These variations are due
to errors in the setup and do not have a physical significance. The applied field increases
from 16 kA/m to 64 kA/m in steps of 8 kA/m.

The former shows a seemingly simple damped oscillation, the result of a fitting procedure with one oscillating layer (the white dashed line in figure 6.6b) shows deviations
from the data in the high delay time region (tdelay > 600 ps). Additionally there are
deviations of the fit from the data in the regime of initial remagnetization (tdelay <
10 ps). The fit is reasonable, but certainly not optimal. The latter, Ha p p =32 kA/m,
shows a more complex shape. For 10 ≤ tdelay ≤ 500 ps the amplitude of the oscillation decreases, but for tdelay > 500 ps the amplitude increases again. It is clear this
behavior cannot be fitted using a single damped oscillation. Due to the structure
of the stack, consisting of two magnetic layers, a possibility is the presence of two
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(in)dependently oscillating layers. The fitting procedure for the case of two independently oscillating layers is explained in section 4.5.1. The resulting fit is shown with
a red line in figure 6.6a and the correspondence to the data is good. Reverting once
more to the measurement at higher field, figure 6.6b, the fit with two oscillations
is also performed the result of which shown by the red line. It is seen that also at
this field the correspondence of the fit is better using two oscillating layers instead of
one. This is most noticeable in the remagnetization region and at high time delays
(tdelay > 500 ps). However, one must be careful not to over parameterize the system
and fit other effects, e.g. dephasing, by a second oscillating signal. Due to the clear
existence of a second oscillation in the un-annealed sample the two oscillation fit can
be used with confidence for this sample.
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Figure 6.6: The change in the perpendicular component of magnetization as a function
of time for the un-annealed sample as measured with TRMOKE. The measured data (•) is
fitted (red line) using two oscillating layers as described in section 4.5.1. The dashed white
line in (b) shows the fitting result for a single oscillating layer. The time axis changes scale at
10 ps. Fitted parameters: (b) α1 = 0.074 ± 0.006, ω1 = (52.71 ± 0.34) Grad/s, td ,1 = (255 ±
21) ps, α2 = 0.087 ± 0.007, ω2 = (58.40 ± 0.41) Grad/s, td ,2 = (198 ± 17) ps (a) α1 = 0.090
± 0.005, ω1 = (54.55 ± 0.27) Grad/s, td ,1 = (204 ± 12) ps, α2 = 0.072 ± 0.005, ω2 = (45.40
± 0.22) Grad/s, td ,2 = (306 ± 21) ps

For the annealed - α sample the measured data at Ha p p = 48 kA/m is shown
in figure 6.7. The measurement shows a simple damped oscillation and is fitted as
such, the fit result is depicted by the red line. The correspondence between fit and
measured data is good. Although at longer time delays (tdelay > 500 ps) the fit tends
to deviate from the data. None of the measurements for this sample at different
applied fields show a clear secondary oscillation, as was the case for the un-annealed
sample. The fit with a double oscillation period was applied but yielded no physically
significant results, nor did it improve the fit. Therefore, it is concluded that the effect
at large time delays (tdelay > 500 ps) is not that of two uncoupled magnetic layers. The
effect can also be a result of dephasing of the spins in the magnetic layers distorting
the oscillation frequency for longer time scales.
For further analysis all the measurements in figure 6.5 are fitted. Those for the annealed - α sample are fitted using a single oscillation. The results for the un-annealed
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Figure 6.7: The change in the perpendicular component of magnetization as a function of
time for the annealed - α sample as measured with TRMOKE (Ha p p = 48 kA/m). The measured data (•) is fitted (red line) using a single oscillating layer as described in section 4.5.1.
The time axis changes scale at 10 ps. Fitted parameters: α = 0.064 ± 0.002, ω = (43.15 ±
0.08) Grad/s, td = (361 ± 11) ps

sample are fitted using a double oscillation. The calculated values for ω, td and α as
a function of the applied field are shown in figure 6.8.
Un-annealed The un-annealed sample is fitted using two independently oscillating macrospins, the results for the two oscillations are labeled I and II as seen in
figure 6.8. In addition, a third line for the un-annealed sample is seen in the figure
named unannealed - single, the background to this is discussed shortly.
As seen in figure 6.6 a clear secondary oscillation is observed for Ha p p ≤32 kA/m,
while for measurements at higher applied fields this was difficult to distinguish. The
ω’s extracted with the fitting procedure show the same trend; a clear separation of
the ω’s for Ha p p ≤32 kA/m while for higher fields the values are more alike. Interestingly, the oscillation frequencies of the un-annealed sample cross for Ha p p =
32 → 40 kA/m. It is expected that over-parametrization leads to the separation of
both frequencies, although the fit results for a double oscillation are better than that
using a single oscillation as seen in figure 6.6b. Therefore the measurements for
Ha p p ≥40 kA/m are also fitted using a single harmonic. The results are shown in
figure 6.8 by half filled blue squares. The results show a less erratic behavior as compared to the double harmonic results. For ω, the results strongly resemble those
of oscillation I, but with values slightly shifted towards those of oscillation II. The
values of td show a monotonous decrease from 258 ps (Ha p p =40 kA/m) to 229 ps
(Ha p p =64 kA/m). All three series of results show a trend of increasing ω with field,
as was observed by Kuiper [51] .
The results for the precessional decay time are shown in figure 6.8b. The precessional decay time of oscillation I increases, although not monotonously, from
(225±21) ps to (310±14) ps for Ha p p = 16 kA/m to 64 kA/m, respectively. That
of oscillation II decreases, not monotonously, from (491±64) ps to (183±11) ps for
Ha p p = 16 kA/m to 64 kA/m. Noteworthy is the difference in decay time between
the two oscillations. For Ha p p ≤32 kA/m the difference between the times is quite
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Figure 6.8: Fitting results for (a) ω, (b) td and (c)(d) α obtained for the TRMOKE measurements shown in figure 6.5. The fitting procedure is executed as described in section 4.5.
The measurements on the un-annealed sample (figure 6.5a) are fitted using two oscillation
frequencies, while those on the annealed - α sample (figure 6.5b) are fitted using a single
oscillation frequency. For Ha p p ≤40 kA/m the un-annealed sample is also fitted using a single oscillation frequency. The dashed (dotted) lines in (c) and (d) show the extreme values
for α for the un-annealed (annealed - α) sample. The error margins in all figures show the
3σ-error resulting from the fit. (Connecting lines are a guide to the eye.)

large (>100 ps), but for larger values the difference decreases significantly (with the
exception of Ha p p = 64 kA/m). Similar to the behavior seen for ω. This leads to the
conclusion that there are indeed two macrospins present in the sample, likely corresponding to the two magnetic layers. For Ha p p >32 kA/m the results for the double
oscillatory fit are quite erratic, again suggesting the over-parameterization of the fit
function. The result for the single oscillatory fit shows a slightly decreasing value for
td and is far less erratic.
Finally, the damping coefficient is easily calculated from these values by α =
(ωtd )−1 , see section 2.2, and is shown in figure 6.8d. The observed values for the
damping parameter fluctuate strongly for both oscillations I and II. The extreme values of α are indicated by a dashed black line in both figure 6.8c and 6.8d. The spread
in values for α is 0.049 - 0.104 The values for oscillation I decrease for increasing
field, while those for oscillation II appear to increase slightly. However, due to the
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large spread in results this is only a rough trend. Values of α for applied fields below
40 kA/m show a split between oscillations I and II. The former has a larger damping
(∼ 0.097 ± 0.012) than the latter (∼ 0.064 ± 0.024). The single oscillation fit shows
results with a quite stable damping parameter of 0.073±0.003.
Annealed - α The measurements on the annealed sample are fitted using a single
oscillating macrospin. The oscillation frequency, ω increases monotonously with
field from 15.9 ± 0.1 Grad/s (Ha p p =16 kA/m) to 51.7±0.1 Grad/s (Ha p p =64 kA/m)
as seen in figure 6.8a, and is always below that of the un-annealed sample. The precessional decay time, td , monotonously decreases over this field range from 700±20 ps
to 260±6 ps, as seen in figure 6.8b. The Gilbert damping parameter initially decreases with increasing field from 0.090±0.003 to 0.061±0.002 for Ha p p =16 kA/m
to 40 kA/m, respectively, after which it slowly increases to 0.074±0.002 (Ha p p =
64 kA/m). The full range of the variation of the damping parameter is indicated in
figures 6.8d and 6.8c by the red dotted line. Excluding the value at Ha p p =16 kA/m
the damping parameter stays in the range 0.061 - 0.074. The Gilbert damping constant does not clearly converge to a single value.
The measured behavior for both samples does not correspond to that seen by
Kuiper [51] who measured a decrease of α for increasing strengths of the applied field
and finally a convergence. Consequently, the method proposed in his work to extract
the anisotropy constants is not applicable to these measurements. The variation in
the damping parameter for the annealed - α sample are smaller than those for the
un-annealed sample and their correspondence is poor. However, the correspondence
between the single macrospin fits of both samples is good at high fields. This indicates
that the behavior of the annealed - α sample resembles the average of the two layers
in the un-annealed sample.
Concluding this section, the Gilbert damping parameters for both the un-annealed
and the annealed - α samples is successfully extracted for various fields. The unannealed sample shows the behavior of two separate macrospins, likely associated
with both of the magnetic layers in the sample. The values for α are in the range
0.049 - 0.104. The annealed - α sample shows a smaller range of α values: 0.061 0.074. Interestingly, the behavior of the annealed - α sample can be seen as an average
of the behavior of the two layers in the un-annealed sample.
6.3.2

Ferromagnetic Resonance

Similar to the previous section on TRMOKE, the goal of this section is to determine
the Gilbert damping constant and anisotopy of the magnetic layers using an alternative method: Ferromagnetic Resonance. Opposed to TRMOKE, which measures
the magnetization dynamics of a small section of the sample defined by the spot size
of the laser (∼ 40µm), FMR measures the responce of the entire sample. In this
case the samples measure approximately 3×5 mm, removing the influence of possible local effects. The Gilbert damping parameter is determined using the width of
the FMR peaks. The angle dependence of the resonance field is used to determine
the magnitude and orientation, i.e. in-plane or perpendicular, of the anisotropy of
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the magnetic layers. The measurements are performed on the un-annealed and both
annealed - α and β samples.
The raw measurement data is preprocessed as described in section 4.5.2. The results of the measurements on the un-annealed sample are shown in figure 6.9. The
resonance spectra are shown as a function of the angle φ between the applied field
and the surface normal. At a first glance one feature stands out, the presence of two
resonance peaks. The peak with the largest signal is denoted the mean peak, the
smaller peak is denoted as the secondary peak. The field at which the resonance
occurs is named the resonance field H r e s (see section 4.2). The behavior of the resonance field as a function of the field angle is opposite for the main and secondary
peak. The resonance field of the former decreases with increasing angle, while that
of the latter increases. To demonstrate this in more detail several of the spectra are
shown in figure 6.10. Here it is clearly seen that the secondary peak crosses the
main peak around φ = 67.5◦ . For φ ≤ 65◦ the secondary peak is in the region
Ha p p ≤150 kA/m. As indicated in section 4.5.2, the subtraction of the background
signal is difficult in this region. Combined with the small amplitude of the signal
this causes a distorted line shape, as is shown by the inset of figure 6.10. However,
the extraction of H r e s and ∆H can still be performed using the simple method as
outlined in the aforementioned section.
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Figure 6.9: The FMR signal as a function of applied field for -5≤ φ ≤95, where φ is the
angle between the applied field direction and the surface normal. The signal is normalized
to the largest measured signal. Two resonance peaks are seen, the largest is designated as
main peak the smaller as secondary peak. For increasing angle the main (secondary) peak
shifts to a lower (higher) resonance field. The main and secondary peak cross around φ =
67.5◦ .

In addition to the un-annealed sample the two annealed samples are measured, α
and β. All acquired FMR data on the two samples is shown in Appendix A.1 figures
(annealed - α) A.1 and (annealed - β) A.2. Both the annealed samples do not show a
pronounced secondary peak. Annealed - α does, however, shows a small secondary
peak with HRe s =530 kA/m for φ = 0◦ and 90◦ as seen in figure A.3. The amplitude of the peak was small and after background correction the peak was difficult to
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Figure 6.10: FMR spectra as a function of field angle for the un-annealed sample, peaks
are shifted vertically for clarity. With increasing angle the main peak moves to smaller
resonance fields, while the secondary peak moves to larger resonance field. The peaks cross
for φ ≈ 67.5◦ . The arrows indicate the resonance fields for the measurement at φ = 75◦ .
The inset shows an enlargement of the spectrum taken for φ = 50◦ , the residual background
signal can clearly be seen, which causes difficulties with data extraction.

distinguish. Furthermore, only for a limited amount of angles the field is increased
above 480 kA/m. As a result, the behavior of the peak can not be tracked and fitted
as a function of angle. The resonance fields and line widths resulting from the fits for
all samples are shown in figure 6.11.
Anisotropy
In this section information on the anisotropy of the magnetic layers is extracted by
fitting the resonance field as a function of the field angle. But first some general
trends and remarks regarding the data as presented in the lower pane of figure 6.11
are pointed out.
With the exception of the main peak of the un-annealed sample the magnitude
of all resonance fields increases for increasing angle. This indicates a perpendicular
magnetic easy axis [1,49,96] as can easily be qualitatively understood. For the resonance
condition to be fulfilled a certain torque is required. The torque, given by the first
right-hand term of the LLG equation (see 2.10), depends on the effective magnetic
field, i.e. incorporating the anisotropy field as well as the applied field. In case of
perpendicular anisotropy; applying the field perpendicular to the plane (φ = 0◦ ) the
anisotropy and applied fields directly add up so the required effective field is reached
relatively easy. If the field is now applied at an angle, e.g. φ = 60◦ , the fields no
longer directly add up, but only partially. Therefore a higher applied field is required
to reach the necessary effective field. The lowest resonance field is expected when
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Figure 6.11: H r e s (lower pane) and ∆H (upper pane) as a function of the applied field
angle for all measured samples. Sample annealed - α corresponds to the annealed samples
as measured by TRMOKE. The dashed line indicates the field at which the two resonance
fields of the un-annealed sample cross (φ = 67.5◦ ). The gray points in the data of H r e s
for the un-annealed sample correspond to measurements near the crossover point where
accurate fitting was only possible by estimating the values for the resonance fields.

the field is applied allong the anisotropy field of the material (when other fields are
ignored). Following this reasoning, the main peak of the un-annealed sample exhibits
in-plane anisotropy, since the resonance field decreases with increasing field angle.
The increase and decrease of the resonance field for the un-annealed sample are
monotone for the secondary and main peaks, respectively. For both annealed samples this is not the case, as both show a shallow minima. Annealed - α shows this
minimum around φ = 40◦ and annealed - β around φ = 20◦ . Furthermore, several
values of HRe s in the range 62.5◦ ≤ φ ≤ 72.5◦ are shown in gray for the un-annealed
sample. This indicates that the value of HRe s was estimated in order to achieve a better fitting results. Without fixing HRe s in the fitting procedure no reliable data can
be extracted from the spectrum regarding the secondary peak.
In order to extract information about the anisotropy of the magnetic materials
associated with the FMR peaks, the data is fitted using equations 2.16 and 2.15. First
values for K1 and K2 are estimated and the equilibrium angle is calculated using equation 2.16b. Using the found value for φ the field, H (φ), at which the resonance
condition (equation 2.15) is satisfied is calculated. The difference, δ, between the
found values of H (φ) and the measured values is calculated and weighted to the step
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(c) Annealed - β
Figure 6.12: The resonance field (H r e s ) as a function of the angle (θ) between the applied field and the surface normal of the sample for the (a) un-annealed and (b)/(c) annealed
α/β samples. The points are data extracted from the fitting procedure as described in section 4.5.2. The line is the best fit as described in section 6.3.2. For annealed - β the fit is
centered around an angle of 20◦ as indicated by the arrow in (c).

in angle between two consecutive measurements. The further the angles of two consecutive measurements are apart, the higher the weight factor. δ is then minimized
by varying the initial values for K1 and K2 . For the fitting procedure the following parameters are used: M s = 103 kA/m, g = 2.1, f = 9.18 GHz and me = 9.109 · 10−31 kg
(the electron rest mass). The fitted data for all samples is shown in figure 6.12. The
values for fit parameters K1 and K2 are given in table 6.1.
un-annealed For both the main and secondary peak of the un-annealed sample the
fit properly describes the behavior of the measurement, see figure 6.12a. Recall that
the function describes the behavior of a single macrospin without interaction with
other macrospins. Therefore, the origin of both peaks can be ascribed to two uncoupled macrospins. Considering the structure of the stack, consisting of two magnetic
layers, it is likely to assume each signal is associated with one of the two layers. From
the values of K1 it is clearly seen that the main peak has in-plane anisotropy, while
the secondary peak has perpendicular anisotropy. This is the first instance were the
existence and orientation of two separate magnetic layers is directly measured.
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Annealed - α An entirely different line shape is observed, as was previously described. The secondary maximum at an angle of 0◦ indicates a strong second order
magnetic anisotropy [97] . As such, a non-zero value for K2 is expected. The fit results
shows a reasonable accordance with the data. All features, both a local and absolute
maximum and a minimum, are present. However, a deviation from data is seen at
intermediate to high angles. The value of K1 indicates a perpendicular anisotropy
and a non-zero value for K2 is found as expected.
annealed - β For this sample no appropriate fit can be obtained due to the asymmetric behavior around angles 0◦ and 90◦ . In the measured range, the only angle
around which the measurements is symmetric is 20◦ , or the symmetry-angle (φ s y m ).
The non-zero symmetry angle could be due to a misalignment of the sample during
measurements. However, this is deemed unlikely, since the measurement procedure
for all samples is identical and the shift is only seen for the un-annealed sample. An
alternate explanation is that the preferential direction of magnetization is at an angle
of 20◦ with the surface normal, i.e. an easy cone. As seen in the equation for the free
energy (equation 2.12), the angle dependence of the anisotropic energy is calculated
~ · ~n where ~n is the surface normal. However, if the easy axis of magnetization is
by M
at an angle with the surface normal, the formulae used during the fitting procedure
need to be adjusted. This is easily done by replacing φ by φ − φ s y m in both equation 2.12 and 2.16b. Therefore a fit is performed using φ = φ − 20◦ , the fit is shown
in figure 6.12c. φ s y m is indicated with an arrow. The correspondence between fit
and data is good, with the exception of large angles (≤ 90◦ ). Indicating that the single
macro-spin description is applicable to this sample for φ s y m = 20◦ .
Table 6.1: Extracted values for the anisotropy constants K1 and K2 from fits of the data in figure 6.12. The fit was performed as described in section 6.3.2. In addition literature values are
shown for comparison.

Sample
Un-annealed - main
Un-annealed - secondary
Annealed - α
Annealed - β
1
2

K1 (kJ/m3 )

K2 (kJ/m3 )

H1 1(kA/m)

H2 2(kA/m)

-119
124
32.1
92.7

0
0
-12.2
0

-189
197
51
147

0
0
39
0

H1 = (2K1 )/(µ0 M s )
H2 = (4K2 )/(µ0 M s )

To summarize the results in this section regarding the anisotropy; The anisotropy
constants were extracted by fitting the resonance fields as a function of field angle. A
good correspondence between the fit and the data is found and the anisotropy energy
density was successfully extracted for all samples. The un-annealed sample is found
to have two separate magnetic layers of which one exhibits perpendicular anisotropy
and the other in-plane anisotropy.
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Gilbert damping
In this section the Gilbert damping parameter is extracted from the measurements.
First, the general trends of ∆H as a function of angle are discussed, then the Gilbert
damping constant is extracted.
The linewidth as a function of the angle as extracted by fitting the FMR resonance
spectra are shown in the upper pane of figure 6.11. Although, in general, the correspondence between the measured resonance spectra and the fit is good, the results of
the linewidth appear more scattered. This is caused by the relative insensitivity of
the fit function to ∆H as compared to HRe s making the determination of ∆H more
difficult. A short description is given of the trends for each measured sample.
Un-annealed The main peak shows a decrease of ∆H from 14.7 kA/m to 7.9 kA/m
for φ = 0◦ to 25◦ , respectively, after which the linewidth fluctuates around this value
(untill 90◦ ). The secondary peak shows a prominent trend. Moving from φ = 0◦
to 65◦ the linewidth strongly increases from 33.8 kA/m to 121 kA/m (not shown
in the figure), respectively. The increase is followed by a fast drop to 11 kA/m for
φ = 80◦ and a second increase to 303 kA/m at φ = 90◦ . Similar behavior is observed
by S.Ikeda et al. [1] for a CoFeB/MgO sample, corresponding to the bottom half of
the MTJ stack, and it fitted to determine the damping parameter. The magnitude of
the peak measured by S.Ikeda et al. [1] , approximately 150 kA/m, is of the same order
is measured here. Woltersdorf [55] states that the peak in the linewidth is caused by
the dragging of the magnetization behind the applied field. However, if this were
the case it would also be observed in other samples, which is not the case. The angle
of the rapid drop in linewidth also corresponds to the angle at which the resonance
fields of the main en secondary peak of the un-annealed sample cross. Whether there
is a causal connection between the peak and the crossing of the resonance frequencies
is not clear, but as the behavior was also observed for a single layer this is unlikely. It
has to be noted, as stated in the section above, that in order to achieve a good fit the
values for HRe s were estimated for 62.5◦ ≤ φ ≤ 72.5◦ . This might distort the values
as fitted in this range, however, the overall behavior around the crossover point was
not effected.
Annealed - α The linewidth decreases from 23.9 kA/m at φ = 0◦ to 8.7 kA/m at
φ = 65◦ . This decrease is followed by an increase to 19.6 kA/m at φ = 90◦ . Note that
no measurement was perforemed at φ = 67.5◦ , so the minimum might be at a slightly
higher angle. Therefore, within measurement certainty, the minimum coincides to
the crossover point for the un-annealed sample.
Annealed - β The linewidth is constant around 22.4 kA/m over the range 0◦ ≤
φ ≤ 75◦ . Following is a drop to 15.0 kA/m at φ = 90◦ .
To extract the Gilbert damping an approach similar to that used by S.Ikeda et al. [1]
is considered, which is based on work by Mizukami et al. [98] who analyzed the LLG
equation and deduced the formula for HF M R and ∆H from a general solution, e.g.
by Suhl [99] . In this case a thorough analysis is needed in order to account for the
various sources of broadening, e.g. inhomogeneous broadening and two-magnon
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scattering [55,96,100,101] . However, the peak in the linewidth as seen for the secondary
peak of the un-annealed sample is not observed in any of the other samples. Therefore it is unlikely that this fitting procedure will be successful. As a consequence, this
approach is abandoned and a more straightforward approach is used. It is assumed
that the broadening for θ = 0◦ is only due to intrinsic damping and broadening due
to interactions between the layers is neglected, i.e. a single magnetic layer with average damping is assumed. In this case the formula α = ∆H /(ω/γ ) can be applied [55] .
The resulting damping parameters are shown in table 6.2.
Table 6.2: Gilbert damping parameter as found by FMR measurements. The error margins
are estimated at 10%. (ω = 2π f , f = 9.18 GHz, g = 2.1.)

Sample
Un-annealed - main
Un-annealed - secondary
Annealed - α
Annealed - β

∆K (kA/m)

α (-)

14.7
33.8
23.9
21.0

0.059
0.136
0.096
0.084

The resulting values of α are in the range of 0.059 to 0.136, with the lowest and
highest values found for the un-annealed sample’s main and secondary peak, respectively. The value for annealed - α is approximately the average of these values (0.096),
while annealed - β is somewhat lower (0.084). Due to the possible contributions of
non Gilbert broadening the actual values are expected to be somewhat lower.
6.3.3

Comparison of obtained α’s

In the previous sections the value of α for various samples was determined via TRMOKE and FMR measurements. This section gives a comparison between the found
results and places them in context to values found in literature for similar and other
materials. The found values for the anisotropy are also compared to those found in
literature. The values of α and K found in the previous two sections are summarized
in table 6.3 along with literature values.
The results for the un-annealed and annealed - α samples show the same trends
for both measurement techniques. However, with the exception of the un-annealed II/main sample, the values found by FMR are higher than those found by TRMOKE.
As discussed in the previous section, this is to be expected. Nonetheless, there is no
fixed ratio of difference between the values found using the two methods. The effect
of annealing on α is discussed in the next section.
In section 6.3.2 (page 73) it was found that the un-annealed - II/main sample has
an in-plane magnetic anisotropy. In-plane magnetized layers generally have a lower
Gilbert damping constant than perpendicular magnetic layers. One of the reasons
why the Gilbert damping constant of PMA layers receive so much attention is to
reduce it to values near those found for in-plane magnetized layers. In case of application towards MRAM, as in this thesis, this is done to reduce the critical switching
current density. The results of both the TRMOKE and FMR measurements show

6.4 Influence of annealing

that the found values of α for the in-plane magnetized layer are indeed lower than
those of the samples exhibiting PMA.
To place the found values into context a short overview of typical values for α
is given in table 6.3. The table clearly shows that samples exhibiting in-plane magnetic anisotropy have a lower Gilbert damping constant than those with perpendicular anisotropy. This effect was expected from theory since a large spin-orbit
coupling constant is required for PMA and this also increases the intrinsic damping.
Among the perpendicular anisotropic samples the damping constant measured by
Malinowski et al. [102] and Kuiper [51] is higher than 0.1. However, S.Ikeda et al. [1]
measured an α of only 0.027, significantly lower than was measured by Malinowski
et al. [102] and Kuiper [51] but still a factor 2 larger than is measured for in plane materials.
The value of α found in this thesis are intermediate to those typically found for
in-plane and perpendicular magnetized layers. The values for the perpendicular magnetic layers can be regarded as low compared to other perpendicular materials. The
value for the in-plane layer can be regarded as large. S.Ikeda et al. [1] investigated
a similar structure as used in this theses. They found an anisotropy energy density
after annealing approximately 2-6 times as large as that found in this thesis. The magnitude of the found values for the anisotropy of the layers is a factor 10 smaller than
those found in literature for Pt/CoFeB/Pt structures.
The low perpendicular anisotropy and relatively high damping can indicate a
rough interface of the CoFeB layer. Since perpendicular anisotorpy is oriented, as the
name implies, perpendicular to the surface a surface roughness will induce a spread
in the directions op the anisotropy. Besides a reduction of the overall perpendicular
anisotropy of the material this also gives rise to an increased damping due to twomagnon scattering.

6.4

Influence of annealing on magnetic properties

As seen throughout this chapter the annealing process strongly influences the magnetic properties of the samples. In this section all the results are combined to describe
the overall influence of the annealing process on the MTJ stack. Finally, some recommendations are made for further research.
The most apparent effect of annealing is the change from two FMR resonance
peaks before annealing to one peak after annealing, as seen in section 6.3.2. However,
the behavior observed for both annealed samples, α and β, is strikingly different. As
described in section 3.1.1, one of the most important differences in the annealing
process between these two is the total duration. For annealed - α this total heating
process takes 60 minutes, while the annealed - β is heated for a total time of almost
three hours.
Annealed - α Observing the FMR results (figure 6.12) and TRMOKE results (figure 6.8) the behavior of the sample seems an average of the behavior of both layers
of the un-annealed sample. On the other hand, the behavior observed by MOKE,
figure 6.1, is strikingly different for both samples. In this case it has to be noted that
the maximum applied field used for the measurement was not enough to saturate
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the un-annealed sample. Therefore, the behavior of the in-plane layer, as discovered
by FMR, is not seen making a good comparison between the two samples based on
the MOKE measurements impossible. The anisotropy energy density is strongly
reduced due to the annealing and a relatively large second order anisotropy energy
density is observed. This again indicates that the sample is in an intermediate state.
The low value for the anisotropy energy density is corroborated by the domain behavior observed by Kerr microscope. The observation of a unpronounced second
FMR resonance frequency, as seen in figure A.3, indicates that a small part of the
sample has a different anisotropy. Combining the above it is concluded that the duration of the annealing process was too short to fully transform the material.
Annealed - β Less information on this sample is available, since no Kerr microscopy and TRMOKE measurement were performed. However, from the FMR
and MOKE measurements a clear picture of annealing effect can be formed. Clear
perpendicular magnetic behavior is observed via both MOKE and FMR measurements and no sign of an in-plane magnetized component is observed. The increase in
coercive field after annealing, as seen by polar MOKE, indicates a higher anisotropy.
However, this is contradicted by the results from FMR measurements, where a decrease in anisotropy energy density is measured. A possible explanation is that the
saturation magnetization decreased during annealing due to interdiffusion of the layers. However, this would counteract the former argument since larger interdiffusion
causes rougher layer surfaces and a decrease in PMA. Finally, the sample shows no
behavior indicating two independent layers. This observation indicates that this annealing procedure is ill suited for the production of MTJs with PMA, where two independent switching fields are necessary. A possible explanation is a large coupling
between the layers resulting from the thin MgO barrier.
Concluding, annealing has a strong influence on the magnetic behavior of the
samples, the cause of which can not be fully understood from the performed measurements. Both annealing processes are not optimal for the production of MTJs,
since the required independent switching fields are not observed.

Concluding This chapter compared the magnetization dynamics for an unannealed and two annealed samples. Their magnetic behavior was strongly
influenced by the annealing process. The two magnetic layers of the unannealed sample were found to have either an in-plane or perpendicular magnetization. After annealing only perpendicular anisotropy was measured,
although the presence of a small in-plane component of the magnetization
could not be excluded. Annealing caused a decrease of the perpendicular
magnetic anisotropy. The values for the Gilbert damping were found to lay
in between those normally found for in-plane and perpendicular materials.
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Sample

Author
0.24±0.04
0.14±0.02
0.130±0.005
0.160±0.005
0.027±0.002
0.004±0.002
0.008±0.002
0.012±0.002
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0.012±0.002

literature
0.049-0.086
0.051-0.104
0.061-0.090
-

TRMOKE

α (-)
0.059
0.136
0.096
0.084

FMR
-1.2±0.2
1.2±0.2
0.32±0.06
0.93±0.02
9.9±0.5
9.1±0.2
9.5±0.5
7.1±0.4
2.1±0.5
-7.4±0.5
-

K (105 kJ/m3 )

∗

exhibit in-plane

Un-annealed II/main
Un-annealed I/secondary
Annealed - α
Annealed - β
As deposited
As deposited
As deposited
As deposited
Annealed1
Annealed1
As deposited
Annealed2
As deposited
Annealed2

Comments

Table 6.3: An overview of the Gilbert damping parameter as found by various authors for different materials. The samples marked with a
anisotropy. All thicknesses are in nm.

6.4 Influence of annealing
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The goal of this thesis is to bring the CoFeB/ MgO/ CoFeB MTJ stack closer to
application. In the previous chapters the thicknesses best suited for application
in these MTJs were selected and information was gathered on the Gilbert damping in the magnetic layers. This chapter provides the preliminary results on the
produced MTJs with PMA. First, the quality of the manufactured junctions is
investigated in section 7.1. A simple model to explain the measured distribution in junction quality is proposed in section 7.2. The main goal of this thesis,
current induced magnetization switching, is addressed in section 7.3.1. Finally,
preliminary results on the current density dependence of the switching behavior
is presented in section 7.3.2.

7.1

Junction quality

The top and bottom layer thicknesses best suited for the production of MTJs with
PMA are selected from the wafer (section 5.1) to be 0.83 nm to 0.97 nm and 1.17 nm
to 1.36 nm, respectively. This section is used for patterning, the patterning steps
are performed as described in section 3.2. This results in 100 junctions for each of
the following junction diameters: 150, 210, 300 and 370 nm. SEM images of the
patterned pillars before the oxide layer is deposited are shown in figure 7.1. It is
clear that the junctions are circular with no severe edge roughness. The variation
in junction diameter is estimated from several SEM images of various junctions and
amounts to ∼5%.
The quality of a magnetic tunnel junction is very sensitive to the deposition and
patterning process. To assess the quality of the produced junctions the TMR ratio
of all junctions is measured. The measurements are performed with a small bias of
-10 mV and the applied perpendicular magnetic field is swept from negative to positive saturation and back (as described in section 4.3: tunnel magnetoresistance). By
measurement of the resistance as a function of field the TMR ratio can be calculated.
Two examples of such measurements are shown in figure 7.2.
The curves are rather different, figure 7.2a shows one distinct step in resistance
while figure 7.2b shows three steps in resistance. The square shape of the resistance
83
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(a) 150 nm

(b) 210 nm

(c) 300 nm

(d) 370 nm

Figure 7.1: SEM images of the four sizes of patterned pillars before the deposition of the
oxide (see section 3.2). The scale is shown in (a) and applies to all figures.
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Figure 7.2: The resistance versus field curves for two junctions with a diameter of 150 nm.
(a) shows the curve for good performing junction and (b) for a bad performing junction.
The forward branch is shown in black (full line), the backward in red (dashed line). During
these measurements the junction was biased with -10 mV.

as seen in figure 7.2a corresponds well to that observed by S.Ikeda et al. [1] . This
indicates that the junction might be suitable for application in memory cells. From
the change in resistance the MR ratio is found to be 28% for this junction. Although
this is low for MgO based MTJ it is still a significant value. A detail in figure 7.2a is
the width of the AP region, i.e. the high resistive state. The forward branch switches
P → AP at a field of 14.8 kA/m and back 5.0 kA/m later, while the backward branch
switches at a field of -15.0 kA/m and back 6.4 kA/m later. The difference in width
of the AP region is believed to be due to thermal fluctuations. This will be discussed
in more detail in section 7.3.
In contrast to the junction in figure 7.2a, figure 7.2b does not show the desired
behavior. The multiple steps indicate that the junction switches in several, in this
case three, different parts each with its own coercive field. This is commonly due to
defect created pinning sites. As a consequence the magnetic state, e.g. P and especially
AP, is ill defined. In addition, the MR ratios of 12% is less than half of that of the
aforementioned junction. This makes the junction less suitable for application in
memory cells.
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Table 7.1: Results from the measurement of 100 junctions for each diameter. Contactable
gives the number of junctions with a finite resistance, i.e. junctions that could be successfully contacted. The number exhibiting switching behavior and with an MR ratio above
1% (MR>1%) are also given. The number of junctions with an RA value in the range 1.53.5 Ωµm 2 and an MR ratio larger than half of the maximum MR for given diameter, as
found in figure 7.3, is given by peak. The distribution of results among the two regions
as shown in figure 7.5 are given in the last two columns. The percentages represent the
percentage of the junctions of given diameter.

MR-effect (%)
Diameter (nm)
150
210
300
370

Distribution (%)

Contactable

MR>1%

Peak

Region I

Region II

93
71
95
93

65
51
76
70

33
21
26
15

39
29
23
16

34
25
59
66

Finally, the link between the switching behavior observed on the wafer level
and that of the MTJ is compared. The MOKE measurements relevant to the comparison are those taken around the area used to produce the MTJs. These are figures 5.3e, 5.3d, 5.3h and 5.3g. As is clear from these figures the coercive field of
15 kA/m of the MTJ does not correspond to the behavior at a wafer level where the
magnetization is saturated for fields above ∼5 kA/m. A reason for this increase in
coercive field is a reduced availability of nucleation sites for reduced sample dimensions. In a large sample the presence of a single or a few nucleation sites with low
coercive field will reduce the coercive field of the entire sample. For the small size of
the junction the presence of such a site is less likely and as a result the coercive field
increases.
7.1.1

Overall junction quality

To gain insight in the quality of the junctions, all 100 produced junctions per diameter are measured. The junctions are contacted to see if they a) have a finite resistance,
to check whether the contacts are connected to the tunnel junction, and b) exhibit
switching behavior with an MR above 1%. The results of these measurements are
shown in table 7.1 under the column MR-effect. The number of contactable junctions
is relatively high >90% with the exception of junctions with a diameter of 210 nm;
the reason for this is unclear. From the contactable junctions ∼71% of the smaller
junctions (150 and 210 nm) and ∼78% of the larger junctions (300 and 370 nm) show
field induced switching with an MR above 1%.
For application of junctions in devices it is interesting to know how large the
MR ratio is and in which range of junction resistance the MR effect is the largest.
A summary of the junctions with the highest measured MR per diameter is given in
figure 7.3. As seen, the highest measured RA product increases with junction diameter while the MR ratio decreases. This can indicate the presence of an additional
resistance that increases with junction diameter. This additional resistance would
also decrease the maximum measured MR, as is discussed in section 7.2. Therefore,
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Figure 7.3: Overview of the single junction with the highest MR ratio (left axis) and RA
product (right axis) for each produced diameter. Lines are guides to the eye.
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Figure 7.4: MR ratio as a function of parallel resistance for junction with a diameter of
150, 210, 300 and 370 nm. The colored lines show the trend of the MR for each diameter.
The dotted line marks MR = 0%. Lines are guides to the eye.

to investigate this further the measured MR ratio is plotted as a function of the junction’s low resistance Rlow in figure 7.4.
The distributions of MR measurements as a function of Rlow show a similar shape
for all four junction diameters. To compare the results for the different junction
diameters the MR is plotted as a function of RA product, as shown in figure 7.5. The
RA product is calculated assuming perfectly circular junctions of the given diameter,
i.e. the measured small fluctuations in junction diameter (∼5%) are not taken into
account since imaging was not available on every junction. Figure 7.5 shows that the
distributions significantly overlap, indicating that the RA product is independent of
junction size and can be used as an indicator for junction quality independent of the
junction diameter.
Taking a second look at figure 7.5 two regions are recognized I) an increase of MR
with TMR for low RA product and II) an exponential-like decay of MR with increasing RA. The transition point from the first region to the second marks the position
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Figure 7.5: MR ratio as a function of RA product for junction with a diameter of 150, 210,
300 and 370 nm. The MR shows the same behavior for all measured junction diameters.
Two regions are distinguishable (separated by the dashed line); I) on the low RA side of the
highest measured MR value and II) on the high RA side. The dotted line marks MR = 0%.
Lines are guides to the eye.

of the highest measured MR value. The MR values in region II seem independent on
size as there is overlap of the results in this region for all junction diameters.
To further analyze the quality of the junctions the distribution among the two
regions is explored. These values are given in table 7.1 under the column distribution.
A shift of the distribution from region I to region II is found for increasing junction
size. In addition to the two regions there is a third column peak. This gives the
number of junctions with an RA product in the range 1.5-3.5 Ωµm 2 and an MR
larger than half the maximum MR for that diameter as given in figure 7.3. This can
be seen as a quality factor, since it is desired to have as many junction in this region as
possible. From these numbers it is immediately clear that the smaller junction have
a better overall performance.
A possible explanation for the observed behavior in region I is the presence of
pinholes in the junction barrier. A pinhole is a conductive path through the barrier
with a far smaller resistance than the tunnel barrier. Electrically a pinhole can be seen
as a small resistance, commonly called a shunt resistance, in parallel with the large resistance of the junction barrier. As a result, a significant part of the current will flow
through the pinhole reducing both the junction resistance and MR ratio [78,104,105] .
This effect is addressed in detail in section 7.2. The presence of pinholes is caused by
a non-optimal production of the barrier layer [78] . Oliver et al. [78] observed that the
presence of pinholes increases for increasing junction size. Assuming the pinholes are
distributed randomly over the area of the wafer this is indeed expected. In addition
to pinholes, a shunt resistance can also appear on the edge of the junction resulting
from the patterning process. In case the oxide layer is not deposited appropriately
there is an increased chance this occurs. As the ratio between the circumference and
area of the junction is inversely proportional to the diameter, this effect is expected
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to become less significant for larger junctions. Based on these effect, a shift of the
distribution towards region II is expected with increasing junction size. Moreover, a
decrease of maximum MR ratio with increasing junction size is measured, as seen in
figure 7.3. If edge effects would play a large negative effect on the MR ratio, the MR
is expected to increase with increasing junction diameter as the circumference-area
ratio decreases. However, this is not the case and therefore edge effects are probably
not the limiting factor for MR ratio in these junctions.
The observed shape of region II, on the other hand, is likely due to the presence of
a ’contact resistance’. The origin of this resistance is in part due to the measurement
circuit, the connection between the gold contacts on the sample and the needles used
to contact these and the connection between the gold contacts and the ferromagnetic
layers of the tunnel junction. The term contact resistance is used as a bucket term
for all these effects. This (contact) resistance can be seen as a resistance in series with
the junction. As a result the measured resistance of the entire device increases for
increasing magnitude of the contact resistance, which in turn reduces the MR ratio.
These resistances are measured to be in the order of several mΩs to Ωs for the first
and second mentioned causes. The contact resistance between the ferromagnetic
layer and the gold contacts is not known. However, the resistance can be strongly
influenced by the quality of the production of the top contact. If for some reason the
resist is not properly removed (see section 3.2) or the sputtering or patterning of the
gold contact is done improperly, this could result in a large increase of the contact
resistance between the top contact and the junction. As for the effect of pinholes,
this effect is addressed in detail in the following section.

7.2

Equivalent circuit

In this section an equivalent model is used to describe the effect of pinholes and
contact resistance on the observed MR ratio. It is shown that the observed shape
of the distribution is well represented by these effects. First, a short description of
the behavior of an ideal junction is now given. As discussed previously, a tunnel
junction has two states; parallel (P) and anti-parallel (AP), with resistances RP and
RAP , respectively, of which the latter is larger. The equivalent circuit of an ideal
tunnel junction is schematically shown in figure 7.6a. The measured resistance of the
junction R mea s u r e can have either a high or low value depending on the state of the
tunnel junction. The measured high and low resistances, R h i g h and R l ow , are equal
to RP or RAP for an ideal tunnel junction. The intrinsic MR ratio of the junction
MR∗ , without any (contact) resistances or pinholes, is then given by equation 2.18
M R∗ =

∆R
R

=

R h i g h − R l ow
R l ow

=

RAP − RP
RP

.

(7.1)

The following sections describe the effect of pinholes and contact resistance on the
observed MR ratio as a function of the measured low resistance of the junction. The
goal of the equivalent circuit model is to extract intrinsic properties of the junction
from the observed distributions. In the case of pinholes the RA product of the pinhole material RA p i n h o l e is extracted, while from the contact resistance the resistance
change ∆R is found.
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Figure 7.6: The equivalent circuit of the (a) intrinsic junction, (b) junction with pinholes
and (c) junction with contact resistance. The intrinsic resistance of the junction has either the value RP or RAP . The magnitude of the resistance of the pinhole (R p i n h o l e ) and
the contact resistance (Rc on t ac t ) can change as indicated by the dotted line. The resistance
measured experimentally is indicated by R mea s u r e d . The red arrows indicate the current
flowing through (a branch of) the circuit. (d) The fraction of the junction area A covered
by pinholes x determines the resistance of the junction. Small(large) x corresponds to a
large(small) resistance in the equivalent circuit in (b).

7.2.1

The effect of pinholes

As stated in section 7.1, a pinhole is a highly conductive path through the junction,
i.e. it has a lower RA product than the tunnel barrier. Therefore, in the presence
of a pinhole a (large) fraction of the current will flow through the pinhole instead
of the tunnel barrier reducing the MR ratio. As suggested by Oliver et al. [105] the
resistance of the tunnel junction can be seen as the intrinsic resistance of the junction,
i.e. RP or RAP , in parallel with a pinhole (or shunt) resistance R p i n h o l e as depicted
in figure 7.6b. The material of the pinhole and the intrinsic junction have a certain
RA product, RA p i n h o l e and RAP or RAAP , respectively. The total RA product of the
junction then depends on the size of the pinhole(s) xA (see figure 7.6d) as
A

RAl ow/h i g h =

(1−x)A

xA
RA pi nhol e

+ RA

.

(7.2)

P /AP

The measured MR ratio (equation 2.18) is then given by

MR =

RAh i g h − RAl ow
RAl ow

=

x
RA pi nhol e

+

1−x
RAAP

−1

RAl ow

− RAl ow
(7.3)
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MR*

RAPINHOLE

RAINTRINSIC

RA (µm2)

Figure 7.7: TMR as a function of RA product as measured by Oliver et al. [105] . The
pinhole in the junction is gradually increased in size by passing increasing current densities
through the junction.

Rewriting the equation for RAl ow gives x as a function of RAl ow
x=

(RAP − RAl ow )RA p i n h o l e
RAl ow (RAP − RA p i n h o l e )

.

(7.4)

Since all resistances are positive and RA p i n h o l e < RAP < RAAP , because the shunt
resistance is defined to be far smaller than the junction resistance and RAP < RAAP ,
it follows from the criterium 0 ≤ x ≤ 1 that the equation is valid for RA p i n h o l e ≤
RAl ow ≤ RAP . Substituting equation 7.4 into the equation for the MR ratio gives
M R(RAl ow ) =

(RAAP − RAP )(RAl ow − RA p i n h o l e )
RAAP (−RAl ow + RP ) + RAP (RAl ow − RA p i n h o l e )

(7.5)

To test if this equation is correct the case of zero shunt resistance is examined (RA p i n h o l e
= 0 and consequently RAl ow = RAP ), and this indeed gives the required equality MR
= MR∗ .†
As an example the measurement by Oliver et al. [78] shown in figure 7.7 is briefly
discussed. The size of a pinhole present in the junction is increased using increasing
current densities (see Oliver et al. [105] for a precise description of the used method)
leading to a reduction in the measured RA product. As seen in the figure, the value
of RA p i nh o l e can be extracted from the measurements. However, the values of RAP
and MR∗ cannot be determined without more information since the end of the linear
increase is unknown. For the measurement in figure 7.7 the value of MR∗ measured
for other junctions in the same batch is used to determine RAi n t r i n s i c . To obtain
RA p i n h o l e for the junctions used in this thesis the measurements in the region where
the effect of pinholes is dominant, i.e. region I in figure 7.5, is fitted using equation
7.5. Bear in mind that in this case the fit is performed on the results of various
junctions, while Oliver et al. [105] uses the results from a single junction of which the
pinhole is gradually increased.
The result in equation 7.5 is equivalent to that obtained by Oliver et al. [105] as detailed in appendix A.3.
†

91

7.2 Equivalent circuit

7.2.2

The effect of a contact resistance

As discussed in section 7.1 there are various reasons for an increase in the measured
resistance not due to the tunnel junction itself, e.g. a bad connection between the
gold contact pad and the tunnel junction. These additional resistances can be seen as
a resistance in series with the junction as schematically depicted in figure 7.6c. The
high and low measured resistance area product is than given by
RAh i g h/l ow = RAAP /P + RAs e r i e s .

(7.6)

The MR ratio is then simply given by
M R(R l ow ) =

RAP − RP
R l ow

=

∆RA
R l ow

.

(7.7)

From this equation it is seen that the measured MR ratio will decrease with 1/RAl ow .
The magnitude of the change in resistance ∆RA can be obtained from a fit of the
measurements in the region where this effect is dominant, i.e. region II in figure 7.5.
7.2.3

Extraction of pinhole RA product and resistance change

To obtain information on the pinhole resistance and difference in resistance between
the P and AP states the measurement data are fitted using the equivalent circuit
model. As described in the previous two sections, the fitting of the junctions is
separated into two regimes. The point where the trend of the measurements changes
is chosen as the separation point between both regimes. This corresponds roughly
to the RA product of the junction with the highest MR ratio, i.e. the peak in the
measurements. As stated above the regimes are named region I and II as depicted
in figure 7.5. As seen in this figure the measurements in region II seem to behave
in a universal fashion. In addition the equivalent circuit model for the contact resistance applicable to this region shows a very simple dependence on RAl ow . Therefore
the measurements in this region are fitted first. From this fit the value of ∆RA is
obtained. In the fitting procedure measurements with an MR ratio below 1% are
ignored since these junction are defective. The obtained value for ∆RA is then used
to reduce the number of variables in equation 7.5 from three to two. The measurements with an RA product below the maximum are then fitted with the reduced
equation to obtain RA p i n h o l e and RAP . As seen in figure 7.8, the measurements with
an RA product between 1 Ωµm2 and 2.2 Ωµm2 show a increasing trend. Measurement with an RA product below 1 Ωµm2 do not share this behavior and seem far
more scattered. This behavior is observed for all junctions and therefore measurements with an RA product below 1 Ωµm2 are ignored in the fitting procedure. The
overall dependence of the MR ratio as a function of the RA product is described by
the combination of both fitted curves. The curves intersect at RAl ow = RAP as follows from equations 7.5 and 7.7. The fit result for the junctions with a diameter of
150 nm is shown in figure 7.8.
The fit results for all diameters are shown in figure 7.9. At first glance it is seen
that the fits corresponding to the contact resistance are very similar for all four diameters. The corresponding value for ∆RA, shown in table 7.2, is 0.45±0.04 Ωµm2 .
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Figure 7.8: (Lower pane) Measured MR ratio as a function of RA product for 100 junctions
with a diameter of 150 nm. Fits according to the equivalent circuit model are shown with
full and dashed lines. The arrow indicates the highest measured MR ratio. Measurements
with an MR ratio below 1% and/or an RA l ow product below 1 Ωµm2 (the shaded region)
ar ignored. (Upper pane) The fractional coverage (left axis) and value of RAs e r i e s (right
axis) corresponding to the fits shown in the lower pane. The point of coincidence on the
horizontal axis corresponds to RAP . The scale of the horizontal axis is broken at 3 Ωµm2 .

Table 7.2: Overview of the parameters corresponding to the fits shown in figure 7.9. The
estimated errors of the fit are indicated per column.

Diameter (nm)
150
210
300
370

∆RA (Ωµm2 )
±0.02

RA p i n h o l e (Ωµm2 )
±0.03

RAP (Ωµm2 )
±0.05

M R∗ (%)
±2

0.45
0.47
0.43
0.44

0.75
0.78
0.80
0.84

2.04
2.31
2.46
2.72

22
21
18
16

The value for RA p i n h o l e is found to be 0.80 ± 0.08 Ωµm2 , which is in correspondence
with the result of 0.8 Ωµm2 found by Oliver et al. [78] for a CoFe/ AlOX / CoFe
junction. The found value for RAP does change strongly for different junction size
as seen in table 7.2. Recall that in the model for the pinholes it is assumed that
there is no additional series resistance, although in reality these are present. The
value of RAP therefore does not correspond to the actual intrinsic RA product of
the junctions parallel state, but rather gives the average RA value when there are no
pinholes present. The increase in RAP with diameter therefore indicates an increase
in a present series resistance. In turn this indicates that the patterning process for the
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Figure 7.9: (Lower pane) Measured MR ratio as a function of RA product for 100 junctions
of various diameters. Fits according to the equivalent circuit model are shown with lines.
Measurements with an MR ratio below 1% and/or an RA l ow product below 1 Ωµm2 (the
shaded region) ar ignored. The found value of RA p i n h o l e is indicated. (Upper pane) The
fractional coverage (left axis) and value of RAs e r i e s (right axis) corresponding to the fits
shown in the lower pane. The point of coincidence on the horizontal axis corresponds to
RAP . The scale of the horizontal axis is broken at 3 Ωµm2 .

larger junctions is worse than for smaller junctions. The maximum MR value resulting from the fit is also lower than the actual measured value. This is expected since
the fitting procedure fits the average behavior of all junctions of a certain diameter.
In the above description of the fitting procedure it is stated that the measurements
with an RA product below 1 Ωµm2 are ignored on the basis that they do not seem to
obey the same trend as the measurements at higher RA product values. A possible
explanation of the observed behavior is given by fluctuations in the barrier thickness. For a decreasing barrier thickness the MR ratio also decreases as was shown
by Yuasa et al. [11] . Assuming that there are no pinholes in the junction this reduced
barrier thickness results in a lower MR and RA. Note that since a change in resistance is observed the barrier has to be at least partially intact. Since the MgO layer is
deposited with a fixed nominal thickness of 0.89 nm the reduced thickness would be
due to fluctuation in the barrier thickness. As these fluctuations generally have a limited range, a more severe impart in the behavior of the smaller junctions is expected
as compared to the larger, where the effect will ’even out’. In the measurements
this is also observed, the number of junctions with an RA product between 0 and
1 Ωµm2 reduces from 18 to 4 when increasing the junction diameter from 150 nm to
370 nm. It is, however, remarkable that the RA product of these junctions is, for a
large part, below the RA product of the pinhole, i.e. a direct metallic contact. The
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possible presence of pinholes in these junctions can be tested using the method used
by Oliver et al. [78] to see if a gradual or an abrupt decrease in MR is observed when
gradually increasing the current through the junction indicating that there were or
weren’t pinholes present, respectively. This is an interesting test for future junctions.
In conclusion, in this section a simple equivalent circuit model was proposed. It is
shown that the distribution of the measured MR ratios as a function of RA product
is well explained by this model with the exception of junction with an RA value
below 1 Ωµm2 . Finally, the RA product of pinholes in the junction is found to be
0.8 Ωµm2 in correspondence with literature.

7.3

Switching a magnetic tunnel junction

In the previous section some statistics on the junctions and an explanation for the
distribution of MR as a function of Rlow are given. This section will provide the
preliminary results on the main goal of this thesis: current induced magnetization
switching of a CoFeB/MgO/CoFeB magnetic tunnel junction. Finally, results are
presented on the influence of current density on the switching behavior of a junction
showing interesting behavior that is not yet understood.
7.3.1

Current Induced Magnetization Switching

As explained in section 2.4.2 a current can be used to switch the magnetic orientation
of the layers in an MTJ. This is done with 200 nm junction similar to the one used
in the previous section showing good switching characteristics such as those seen in
figure 7.2a. The current through the junction is measured as a function of the applied current density, which is applied in pulses with a length of of 10 ms. In order to
prevent heating of the junction no voltage is applied in the time between two pulses.
The current is measured at the end of the step. To calculate the current density the
value of the current is divided by the area of the junction‡ . All measurements are
performed at room temperature. The results of two measurements without the application of an applied magnetic field are shown in figure 7.10a. The measurements
show good correspondence, indicating that the junction is not damaged in between
measurements. For the measurement in black a clear switch from the (low resistance) P to the (high resistance) AP state is observed for increasing negative current
density. Note that the current density is increased from 0 to -10 MA/cm2 going from
right to left. The value of J after switching is lower than just before switching, as
indicated by the dashed arrow in figure 7.10a, since the increased resistance of the
junction decreases the current. For the measurement depicted with a dotted red line
two different switching moments are seen at current densities of -3.2 MA/cm2 and
4.3 MA/cm2 . While the latter stays in the AP state, the initial switch is not stable
and the junction immediately switches back. A possible reason is that the switching is thermally aided, but the AP state is not stable at the lower current density.
The critical current density JC is determined as the value of J where the switch to
the AP state occurs and stays stable. The critical current density for the junction in
figure 7.10a is JC = −4.2 MA/cm2 . This value for JC is very close to that measured
‡

As before, the junction is assumed circular
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Figure 7.10: Resistance as a function of current density without (a) and with (b) an applied
external field. The current density sweep is started from 0 mV and increased to the maximum positive or negative value. The current densities at which the junction switches are
indicated by full arrows. The dotted arrow in (a) indicates the decrease in current density
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(a)
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Figure 7.11: The resistance of a circular MTJ with a diameter of 40 nm and perpendicular
magnetic anisotropy as a function of (a) applied field and (b) current density. The latter
shows current induced magnetization switching of the junction between the parallel and
anti-parallel states with low and high resistance, respectively. These results were obtained
by S.Ikeda et al. [1] . This figure was already shown in the introduction (figure 1.5).

by S.Ikeda et al. [1] for a circular MTJ with PMA and a diameter of 40 nm as seen in
figure 7.11a
In figure 7.10a the switch from the P to the AP state is observed, but not the
reversed switch. When the current density is decreased below 4.2 MA/cm2 the junction reverses to the P state, i.e. the AP state appears not stable at lower current
densities. This behavior is in strong contrast with that observed by S.Ikeda et al. [1] ,
who clearly measured current induced switching form the P to AP and the AP to P
state, as can be seen in figure 7.11a. Moreover, no other switching is detected in the
range of current densities between -10 MA/cm2 and +7 MA/cm2 .
When a perpendicular external field is applied the observed switching behavior
changes. An example of such a measurement, with an applied field of 20 kA/m, is
shown in figure 7.10b. In this case the junction is in the AP state for J = 0.2 MA/cm2
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and switches to the P state at a relatively low, J of 0.7 MA/cm2 , compared to the previously observed P to AP switch without an applied field. However, in this case the
P to AP switch for a negative current density is no longer observed in the measured
range.
To acquire information on the thermal stability of the junction and retrieve the
intrinsic critical current density Jc0 , further measurements are needed. As discussed
in section 2.4.2 the critical current density depends on the duration of the pulse τ p
and the time between two pulses§ [1,25] . The relationship between the measured JC
and the intrinsic critical current density JC 0 is given by [73]


kB T τ p
,
(7.8)
ln
JC = JC 0 1 −
E
τ0
where τ0 is the inverse of the attempt frequency and E the energy barrier separating
the two states. In order to find the intrinsic critical current density and the thermal stability the critical current density is determined for various pulse lengths. The
pulse length is varied from 1 ms to 1 s and the time between two pulses is scaled according to the chosen τ p to allow for dissipation of heat between pulsesk . The results
are shown in figure 7.12b. As clearly seen the data corresponds very well to the
measurements by S.Ikeda et al. [1] . The measured dependency of J on pulse length is
fitted using equation 7.8 choosing τ0 = 10−9 s [1] . This gives JC 0 = −5.3 MA/cm2 and
E/kB T = 79.
As mentioned in chapter 1, the required thermal stability factor for application
is 40 k b T , well below the measured 79 k b T . Compared to the measurements by
S.Ikeda et al. [1] , who measured an extremely low Jc0 of 5.9 MA/cm2 and a thermal
stability ratio worse than 43 for the P → AP transition in MTJs with PMA, the
results show that the measured junction outperforms those by S.Ikeda et al. [1] both
on thermal stability and critical current density. It can therefore be concluded that
these junctions show great promise for future application.
A remaining issue is the inability to switch the junction both from P to AP and
back using current induced switching. The MTJs produced by S.Ikeda et al. [1] did
not have this issue as seen in figure 7.11a. S.Ikeda et al. [1] also published measurements on the field induced loops, both major and minor, of the MTJs as seen in
figure 7.11b. As seen in both figures the AP state is stable over a large range of current densities as well as applied fields. To investigate the reason behind the inability
to switch both directions using a current the next section will focus on the field induced switching of the MTJ.
7.3.2

Current density dependence of switching fields

This section shows the preliminary results on the dependence of switching fields
on the current density in the junction. The aim of this section is to gain insight in
the observed inability to switch both P to AP and AP to P using current induced
magnetization switching as seen in section 7.3.1.
§
k

The time the beginning of two consecutive pulses is called the period
The period is constant at 5τ p
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Figure 7.12: The dependence of the critical current density (JC ) on the pulse length (τ p ).
JC is given as a function of ln(τ p /τ0 ) (bottom axis) and τ p (top axis), where τ0 = 1 ns. (a)
shows the results obtained by S.Ikeda et al. [1] for both the P → AP and AP → P transitions. (b) shown the results obtained in this work. Only the P → AP transition is observed.
The points show the average and standard deviation (not visible on this scale) of 10 measurements, with the exception of the measurement for the largest value of τ p where only 3
measurements are performed. The data is fitted using equation 7.8. To aid comparison to
the measurements by S.Ikeda et al. [1] the absolute value of JC is shown.

First, the effect of the current density on the switching behavior is investigated.
Some examples of the resulting major loops for four different current densities are
shown in figure 7.13. For increasing absolute values of the current density, the
switching field from the parallel to the anti-parallel state (P → AP) shift to a lower
field. For increasing absolute current density the two AP areas start to overlap,
(7.13c), and eventually completely overlap (7.13d) effectively only showing one AP
state in which the magnetic orientation of the layers is unclear, i.e. whether the free
layer is aligned or anti-aligned with the applied field.
To have a more detailed picture of the behavior of the switching fields as a function of current density measurements are performed for a larger number of current
densities. The switching fields are extracted and averaged over 5 measurements, the
results are shown in figure 7.14. The transition from the P to AP state shows a
nearly linear dependence on the current density, while the AP to P switch shows
a more complex dependence on the current density. For current densities above
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Figure 7.13: Resistance as a function of applied field along the easy axis for four current
densities.

1.7 MA/cm2 no AP state is observed at all. The width of the AP state for large negative current densities is still increasing, however measurements are not performed
for higher current density not to risk junction breakdown. The switching field for
the P → AP transition decreases linearly with increasing current density. The lines
cross at J = 4.3 MA/cm2 , whereafter the AP states for the forward and backward
branches overlap. Those for the AP → P show a non linear dependence. They coincide with the P → AP switching fields of the reverse branch around J = 5.4 MA/cm2 .
The results are perfectly symmetric in the magnetic field indicating that there is no
exchange biased layer involved, which is indeed the case. The observed behavior
is very interesting and the current densities are large enough for a significant STT
effect. Qualitatively positive currents seem to stabilize the P state, while negative
currents stabilize the AP state. However, due to time limitations a physical model
for this behavior is not found and needs further study.
From the standard deviation in the switching fields it is clear that the switch
from P → AP is much more stable than the switch AP → P. This was also observed
in section 7.1. A possible explanation is a preferential parallel alignment of the magnetization of both layers due to ferromagnetic coupling. If there is ferromagnetic
coupling between the layers the switching of the free layer is opposed by the coupling between the two layers causing the free layer to switch at a higher field. Once
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Figure 7.14: (a) Switching fields as a function of current density. The dotted lines indicate
the points taken from the measurements in figure 7.13, the measurement corresponding
to the dotted line indicated by a is shown in (b) for clarity. The arrow in (a) points from
a measurement to the corresponding point in (b). Error bars give the standard deviations
from 5 consecutive measurements. The field is applied along the junctions easy axis. (Lines
are a guide to the eye.)

in the AP state the coupling between the layers will aid the switching of the second
layer, lowering the required field for switching to the P state aligned with the applied
field. The result is an energetically unstable AP state. As a consequence, thermal
energy will significantly influence the field at which the AP → P switch is observed.
Current density dependency of the minor loop As stated in the previous section,
strong ferromagnetic coupling between the two magnetic layers can be the cause
of the relatively unstable AP state. In this section the coupling is investigated by
observing the minor loop. Furthermore, preliminary results on the dependence of
the minor loop on the current density is presented.
Using a similar procedure as used to determine the major loop the minor loop
is determined. The procedure is also described in section 2.4. An example of such a
loop is shown in figure 7.15. In this figure two aspects stand out: the measured minor
loop is far smaller than expected and the switch from the P to AP state occurs at a
field larger than expected from the major loop measurement. As seen in figure 7.11b
a smaller minor loop is also measured by S.Ikeda et al. [1] , although the effect is much
less pronounced.
To investigate the dependence of the minor loop on the current density, the minor loops are measured at various values of the current density. A phase diagram
is fabricated in a similar fashion to that seen in figure 7.14 for the major loop. The
results are shown in figure 7.16. Around zero applied bias the minor loop is shifted
from zero field indicating coupling between the two layers [1,57,76] . However, due to
the insulating nature of the MgO barrier the well known Ruderman-Kittel-KasuyaYosida interaction is excluded to mediate the coupling [57] , since it is mediated by
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conduction electrons. Slonczewski [65] predicted that tunneling electrons still mediate coupling between the two layers and that the strength of the interaction depends
exponentially on the barrier thickness. Various authors have shown that the coupling term can be both ferromagnetic and anti-ferromagnetic depending on the junction [57] . Using a simple formula for the exchange coupling between two magnetic
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layers [25,106]
J e x = µ0 H s w i t c h M S

t t o p t b ot t o m
t t o p + t b ot t o m

,

(7.9)

the exchange coupling can be calculated. Here the shift field H s h i f t is given by
H s h i f t = (HAP →P − HP →AP )/2. By interpolation of the values for J = ±0.3 MA/cm2
one finds H s h i f t (J = 0 MA/cm2 ) = 18.9 kA/m. Using this value and the layer thicknesses corrected for the MDL gives Je x = 0.012 mJ/m2 . This ferromagnetic coupling
is comparable in magnitude to results found by Hayakawa et al. [25] . Furthermore,
the anisotropic energy density K1 found for the annealed - α sample in section 6.3.2
is 32.1 kJ/m3 which corresponds to an energy per area of K1 t = 0.027 mJ/m2 . This
shows that the interlayer coupling is very strong as compared to the anisotropy of
the layer, i.e. Je x is ∼44% of the anisotropic energy.
During the measurement of the minor loop only one of the two magnetic layers
is switched by the application of an external field, the free layer. The free layer is also
switched when using current induced magnetization switching. Therefore, a correlation between the minor loop phase diagram and the current induced switching
measured in section 7.3.1 is expected. The current density sweep for the measurements in figure 7.10 are depicted by red arrows in the phase diagram (figure 7.16a).
The observed behavior in the current induced switching measurements corresponds
well to the phase diagram. For the measurement at zero field the initial state of the
junction is P and at J = -4.2 MA/cm2 the junction switches to the AP state. As was
discussed in section 7.3.1 the switch from AP to P is observed at the same current
density, also in correspondence with the phase diagram, since there is almost no separation between the switching current densities for the free layer.
For the measurement at an applied field, the initial state of the junction is AP and
a switch to the P state occurs for J = 0.7 MA/cm2 . The initial state and current density that follow from the phase diagram are AP and J = 0.5 MA/cm2 , in reasonable
correspondence. However, in the phase diagram a clear separation of the current induced switching fields is seen and therefore both directions of switching are expected
to be observed, but in the measurement this is not the case. The reason for this is
unclear.
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Concluding This chapter showed preliminary results for the fabricated
Magnetic Tunnel Junctions with PMA and diameters ranging from 150 nm
to 370 nm. The highest observed TMR ratio is 28%, showing that the production process of the junctions was functional. The best performing junctions have an RA product of 1.5-3.5 Ωµm2 s. The observed distribution of
the MR ratio as a function of RA product was explained by the presence
of pinholes and contact resistances. An equivalent circuit model was derived that aptly describes the distribution. From the model the RA product
of the pinholes was found to be 0.8 Ωµm2 , in correspondence with literature. Current induced switching of the magnetization was achieved with a
low critical current density of 5.7 MA/cm2 and a thermal stability factor of
79. The results improved on those measured by S.Ikeda et al. [1] and show
great promise for future application. Finally, very preliminary results on
the influence of current density on the switching behavior were presented
in the form of phase diagrams. The found behavior of the minor phase diagram was consistent with the measured current induced switching of the
junction.

8

Conclusions & Outlook

As stated in the Introduction the goal of this thesis is to bring CoFeB/MgO/CoFeB
magnetic tunnel junction with perpendicular magnetic anisotropy closer to application in HDD read heads and STT-MRAM. The stack is chosen for its potentially
high TMR ratio and simplicity. The work is performed using Co40 Fe40 B20 magnetic
layers to expand the work performed by S.Ikeda et al. [1] . In this chapter a summary
is given of how well the above stated goal is achieved and it concludes with future
steps to move closer towards application.

8.1

Reaching the goal

To achieve the goal three issues are selected for investigation, corresponding to the
three results chapters. How successful these issues are addressed is discussed below.
Optimize thickness (Chapter 5) In this chapter the optimal thickness of the CoFeB
layers for the production of MTJs with PMA is investigated using a wafer with a
crossed double CoFeB wedge. The stack is found to exhibit PMA over a range of
thicknesses and shows large magnetic remanence in perpendicular field. A closer
inspection on a limited thickness range indicates that the magnetic behavior of the
stack depends very strongly on thickness. However, for the measured thickness range
no independent switching of the two magnetic layers is observed. The layer thicknesses found most suitable for the production of MTJs with PMA are 0.83 - 0.90 nm
for the bottom layer and 1.17 - 1.25 nm for the top layer. Additionally, the magnetic
dead layer is investigated and found to be approximately 0.4 nm for the CoFeB/Ta
interface. However, due to a small number of available samples, the uncertainty on
this value is large but within the range found in literature. The Barkhausen length
is determined in order to estimate the junction diameter needed for single domainlike switching and is found to be 50 nm. Comparison to literature values for various
stacks indicate this is a reasonable value.
The research successfully selected the thicknesses optimal for the production of
MTJs with PMA from the used CoFeB/MgO/CoFeB stack.
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Annealing and damping (Chapter 6) In this chapter the effect of annealing on
the magnetization dynamics is investigated. The results for an un-annealed sample
and two annealed samples are compared. A strong influence of the annealing process on the measured hysteresis loops is observed. The shape of the observed loops
is explained by the domain behavior during magnetization reversal. One of the annealed samples is found to shows a maze domain structure during reversal. By ferromagnetic resonance measurements on the un-annealed sample it is observed that
one of the magnetic layers exhibits in-plane magnetic anisotropy while the other
shows perpendicular magnetic anisotropy. The behavior of the two layers is found
to be coupled during the annealing process. For a short annealing step the observed
behavior is an intermediate form of the two uncoupled layers. After a longer annealing step only perpendicular anisotropy is observed. Overall, the perpendicular
anisotropy of the sample decreases after annealing, most likely due to a deterioration
of the interface caused by the annealing process. The Gilbert damping parameter
is investigated using two methods, TRMOKE and FMR. Via both it is found that
the values of the Gilbert damping are in between those found for PMA and in-plane
magnetized materials, consistent with the observed anisotropy of the layers. Coexistence of PMA with a relatively low Gilbert damping is required for a reduction of
the critical switching current.
Switching junctions (Chapter 7) This chapter shows the preliminary results for
fabricated MTJs with diameters ranging from 150 nm to 370 nm. TMR ratios of
28% are observed for the smallest junctions proving the production process of the
junction is functional. However, the TMR value is low compared to that observed
in literature. The RA product of the junctions is found to be a good indicator of
junction quality. The best performing junctions have an RA product in the range
1.5-3.5 Ωµm 2 . The observed distribution of TMR ratios as a function of RA product is explained by an equivalent circuit model incorporating the effect of pinholes
and contact resistance. The model aptly describes the experimentally observed distribution and the pinhole resistance is extracted to be 0.8 Ωµm2 in correspondence
with literature.
Current induced magnetization switching of a junction is achieved with a low
critical current density of 5.7 MA/cm2 . In addition the junction exhibits a high thermal stability ratio (E/k b T ) of 79, sufficiently high for application in memory devices. For the measured switching the junction hereby outperforms those by S.Ikeda
et al. [1] and show great promise for future application.
Measurements on the minor loop of the MTJ indicate that there is an interlayer
coupling energy with a magnitude comparable in order to the anisotropic energy.
The strength of the coupling is likely due to the very thin MgO barrier and is unwanted for further application. Finally, preliminary results on the influence of current density on the switching behavior of the junction are shown in the form of
phase diagrams. These results show very interesting behavior that merits further
investigation into the underlying physics.
In general, the research in this thesis succeeds in increasing the knowledge of
the used junction stack and provides proof of the applicability of the stack in STT-

8.2 Moving on

MRAM. Hereby the goal of this thesis, to bring the used stack closer to application,
is achieved. Although, as with all research, in the end more questions remain than
answers are given.

8.2

Moving on

The research presented in this thesis is only a very small part of the ongoing research
effort invested in progressing the knowledge of MTJs with PMA for the application
in HDD read heads and STT-MRAM. Nonetheless, this work shows some interesting results that merit further research effort.
One such result is the observed influence of annealing. The coupling of the
two magnetic layers after annealing, the change of the orientation of the magnetic
anisotropy and the influence of the used annealing method and duration. It is interesting to view the structural changes that occur due to the annealing, also in view of
improving the TMR through coherent tunneling. In order to investigate the structural changes due to annealing it is proposed to perform cross sectional TEM on the
full layer stack as a function of annealing temperature and time [2,11] . The roughness
of the layers can be investigated using X-ray reflectivity. This was attempted for the
samples in this thesis but was unsuccessful due difficulties in fitting caused by the
large amount of layers in the stack. Additionally, since the used XRD has a Cu x-ray
source, the presence of Cu in the sample might influence the measured spectrum.
However, experts disagree on the influence this has on measurement quality. Since
the layer texture strongly depends on the used seed layers, these cannot be omitted
in the analysis. A possible approach is to deposit a series of incomplete stacks and
use the results obtained on the first n layers to improve the fit for the (n + 1) t h layer,
i.e. gradually increasing the knowledge on the stack. However, this is a very time
consuming process. To determine the magnetic moment and the change therein due
to annealing and also to improve some of the fits to the data, SQUID measurements
are proposed. These were also attempted but due to setup malfunction this could not
be completed. Broadband FMR measurements could be used to gain insight in the
Gilbert damping [96] and anisotropy of the complex samples.
The observed dependence of the switching fields on the applied bias voltage deserves a better theoretical description. An incredible amount of data about the STT
effect in these structures might be extracted from this type of phase diagram. For
instance, Oh et al. [29] show that information about the (perpendicular) spin torque
can be extracted using this type of phase diagram. Additionally, the presence and
behavior of junctions having an extremely low RA product of less than 1 Ωµm2 is
not understood. The possible presence of pinholes in these junctions can be tested
using a technique similar to that of Oliver et al. [78] , but the low RA product indicates
different physics play a role.
A final remark; the strong interlayer coupling caused by the thin MgO barrier
is a side effect of the attempt to produce tunnel junctions within a safe margin of
breakdown voltage, i.e. a low RA product. Therefore, the barrier thickness should
be further optimized to reduce the coupling and increase the TMR ratio while maintaining the perpendicular magnetization. Work on this process has already been
engaged at the collaborating university, the AGH University of Science and Technology, Kraków, Poland.
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A.1

Additional figures

Additional figures with chapter 6.
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Figure A.1: The FMR signal as a function of applied field for -5≤ θ ≤95, where θ is the
angle between the applied field direction and the surface normal. The signal is normalized
to the largest measured signal for the unannealed sample (figure 6.9). A single resonance
peaks is seen.
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Figure A.2: The FMR signal as a function of applied field for -5≤ θ ≤95, where θ is the
angle between the applied field direction and the surface normal. The signal is normalized
to the largest measured signal for the unannealed sample (figure 6.9). A single resonance
peaks is seen.
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Figure A.3: FMR spectrum before background subtraction for the Singulus annealed sample for θ = 0◦ . In this spectrum a second peak is seen around H = 6650 Gauss. (t t o p = 1.17
nm, t b ot t o m = 0.82 nm)

A.2

Longitudinal MOKE measurements

This chapter provides results of longitudinal measurements on the samples used in
chapter 6 where the extraction of the anisotropy of the layers is attempted. References to the polar MOKE results refer to those presented in section 6.1.1. By calculating the equilibrium angle as a function of applied field, as given by equation 2.16b,
the anisotropy constant can be extracted [51] . However, as will be seen, the measurements do not allow the fitting with this simple formula and the extraction of the
anisotropy was unsuccessful. Additionally, the possible presence of an in-plane magnetized layer in the un-annealed sample is investigated. This is done by longitudinal
MOKE measurements on all samples, the result of which is seen in figure A.4. The

A.2 Longitudinal MOKE measurements

results are normalized to the largest measured signal. Since the setup is still most sensitive to the out of plane component of the magnetization, the signals show similar
features as those measured with polar MOKE. As the sample is moved in between
the polar and longitudinal MOKE measurements the region of the sample on which
the measurement is taken differs between both measurements. Consequently, features that show in both measurements are believed to be due to the sample stack
and not due to local defects. This is the last piece of information that was extracted
from these measurements. Similar to the previous section the samples are discussed
in separate paragraphs.
Un-annealed The sample shows switching of the magnetization at higher fields
than measured by polar MOKE, indicating that the field is applied along the hard axis
of the system. The measured coercive field is 15.5 ± 0.3 kA/m, approximately 10×
the coercive field for the polar MOKE measurement (1.47 ± 0.03 kA/m). The same
plateaus in the magnetization, as seen for the polar MOKE measurement, are seen
here indicated with a and b in both figures. This indicates that the behavior is not
due to defects but intrinsic to the layer structure. However, the step in magnetization
is too small to be due the switching of either of the layers independently. The origin
of this step is unclear at present.
The decline in signal strength for higher fields is believed to be due to a rotation of
the magnetization from a perpendicular orientation towards an in plane orientation.
Since the signal is most sensitive to the perpendicular component of the magnetization this decreases the measured Kerr signal. Due to the steps in the magnetization
and because the sample was not measured to higher fields, attempts to fit the data to
extract the anisotropy were unsuccessful.
Finally, no trace of an in-plane magnetized layer is found. If the sample has an
in-plane magnetized component the enhanced sensitivity of the measurement to the
perpendicular component has made it indistinguishable.
Annealed - α The sample also shows a similar shape to the polar MOKE measurement. The coercive field is 9.0 ± 0.3 kA/m, approximately 10× the value for the
polar MOKE measurement (0.92 ± 0.03 kA/m). The field at which M = M s (the end
of phase 2 as discussed in the polar MOKE section) is 34.5 ± 0.5 kA/m, a change of
6.4× compared to the polar MOKE measurement (5.4 ± 0.1 kA/m). The width of
the loop changes less than is expected from the coercive fields. This is not the case
for both other measured samples. However, the mechanism behind this is not clear.
Annealed - β The sample also shows a widening of the hysteresis curve and a
decrease in measured signal for high fields. The measured coercive field is 44.5 ±
0.5 kA/m, approximately 14× the coercive field for the polar MOKE measurement
(3.28 ± 0.03 kA/m); a larger change than was measured for the un-annealed and annealed - α samples. No plateau is seen in the measurement, where one is present in
the polar MOKE measurement. Therefore the plateau is believed to be due to a local
pinning point.
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Since no step in the magnetization was observed, as was the case for the unannealed sample, the results were fitted using equation 2.16b. This was not successful, likely because measurements at higher fields were necessary to accurately
describe the behavior.
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Figure A.4: Magnetization as a function of applied in plane field as measured by longitudinal MOKE. The arrows in figure (a) and (c) indicate the anisotropy fields as found by FMR
(see table 6.1).

Concluding, the extraction of information on the anisotropy of the samples was
unsuccessful as was the observation of an in-plane magnetized layer in any of the
samples. It was observed that the un-annealed sample shows a step in switching
which is due to the stack structure and not due to pinning.

A.3

Equality with the equivalent circuit model by Oliver

In the equivalent circuit proposed by Oliver et al. [78] the MR ratio as a function of
RA product is given by
M R(RAi n t ) = M Ri n t

RAe f f − RAs h o r t
RAi n t − RAs h o r t

(A.1)

The equivalent circuit model derived in this thesis uses for the RA product
RAl ow/h i g h =

A
xA
RA pi nhol e

(1−x)A

+ RA

.

(A.2)

P /AP

The difference in results arises from the fact that Oliver et al. [78] defines the MR
ratio by division of the resistance change by the anti-parallel resistance. Following
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this approach
M R(RAl ow ) =

RAl ow − RAh i g h


=

x
RA pi nhol e



1−x
+ RA

−1

AP

x
RA pi nhol e

=

(A.3)

RAh i g h

+

1−x
RAAP

− RAl ow
−1

RAAP − RAP RAl ow − RA p i n h o l e
RAAP

= M R∗

RAP − RA p i n h o l e

RAl ow − RA p i n h o l e
RAP − RA p i n h o l e

,

(A.4)

(A.5)
(A.6)

this is indeed equivalent to equation A.1 for M Ri n t = M R∗ , RAi n t = RAP , RAe f f =
RAl ow and RAS = RA p i n h o l e .
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