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Abstract

Recent experiments have shown that electric fields can effectively control the
magnetic properties of materials. This control by electric fields gives rise to new
possibilities in the creation of memory devices. In this report, experiments were
performed on the magnetic properties of a Ta/AlOx/Co/Pt stack. This stack
has shown magnetic properties useful for this experiment in earlier research,
because it shows a high perpendicular magnetic anisotropy (PMA) and a high
resistance.

In previous experiments the samples were grown as an oxide-on-magnet
structure. Therefore the oxidation procedure often caused the material to over-
or underoxidize. In this experiment the layers were grown the other way around,
by growing a magnet-on-oxide structure, to rule out the problem of over- or
underoxidation. However, growing on an oxide gives a very rough interface,
therefore also affecting the magnetic properties.

The thickness of the cobalt layer showed great changes in the PMA and
therefore has to be chosen with care. The magnetic properties of the samples
were also highly dependent on the annealing temperature. As the annealing
improved the samples only up to a certain temperature, this temperature also
had to be chosen with care.

After sample optimization, measurements were performed on the electric
field effect. For this, samples of Ta(10nm) / AlOx(1nm) / AlOx(1nm) /
Co(1.2nm) / Pt(3nm) were created and annealed at a temperature of 225 ◦C
for half an hour. The electric field induced coercivity modification was mea-
sured to verify the electric field effect in these samples. Although the junction
showed worse coercivity than the samples created during sample optimization,
a coercivity change of almost up to 50% or 0.5 mT could be measured.
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Chapter 1

Introduction

Ever since the production of the first electronic devices with a memory, scien-
tists have been trying to improve these memories in the devices. The ultimate
goal for research on electronics is to make the memories ever faster, smaller,
cheaper and less power consuming.

These improvements are achieved at a very fast rate. While the first hard
disk drives (HDD) developed in 1956 merely had a memory of 3.75 megabytes
stored on a volume as large as a big fridge, we are now able to store more than
a terabyte of information on a device barely larger than the size of your hand.
This is all possible due to the discovery of a couple of important effects playing
a significant role in the development of new memories. The Giant Magneto
Resistance (GMR) [1] [2] and the Tunneling Magneto Resistance (TMR) effect
make it possible to detect magnetic bits at the nanometer scale through a
simple resistance measurement. A new research field, named spintronics, was
born from these effects.

1.1 Spintronics

In the research field of spintronics, two properties of electrons are of special
importance; the charge and the spin of an electron. The spin of an electron is
a quantum-mechanical property, but it can be imagined as the rotation of an
electron around its axis which creates an intrinsic magnetic moment inside these
electrons. When a lot of electron spins align this can result in a ferromagnetic
object. The magnetization resulting from this can be exploited to create small
magnetic areas which can be used as memory bits.

The GMR effect is found in thin films of ferromagnetic layers with non-
magnetic conducting layers separating them. It was found that when a voltage
was applied over the layers, the resistance measured depended on the alignment
of the magnetization of the layers. When both layers where magnetized in the
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Figure 1.1: An MRAM device consists of an array of MTJs as depicted on
the left. Each of these MTJs can store one bit of information. These bits can
be read and by sending currents through the junctions, because of the TMR
effect the resistance of these junction depends on the relative orientation of the
magnetization. This picture is taken from [4].

same direction the measured resistance was lower than when they were aligned
anti-parallel. This effect is called the GMR effect. [1] [2]

The TMR effect is an extension on the GMR effect and is observed in Mag-
netic Tunnel Junctions (MTJs). Instead of separating 2 ferromagnetic layers
by a non-magnetic conducting layer they are now separated by an insulating
layer. When the insulating layer is thin enough electrons will be able to tunnel
through these layers. However, when the two ferromagnetic layers are aligned
parallel it is more likely that an electron will tunnel through the insulating layer.
Thus the resistance of this MTJ greatly depends on the relative alignment of
the magnetization of the ferromagnetic layers. [1]

1.1.1 Recent technological developments

A recent technological goal in the field of spintronics is to create a Magnetic
Random Access Memory (MRAM). An MRAM consists of an array of magnetic
bits which are used to store the information as depicted in figure 1.1. These
magnetic bits are realized as MTJs by separating two magnetic layers by a
dielectric barrier. The reading of these bits can be done by using small currents
and through the TMR effect the bit can be read by measuring the resistance.
Writing can be achieved by using a strong spin-polarised current to change a
layer’s magnetization using the spin-transfer torque (STT) [2] [3]. There are
a lot advantages of such an MRAM device comparing it to a capacitor-based
Random Access Memory. MRAMs are non-volatile and have a significantly
smaller power consumption than regular RAMs while retaining similar reading
and writing speeds.

Another technological development in the field of spintronics are the Mag-
netic Racetrack Memories as proposed by IBM in 2006 [5]. Magnetic Racetrack
Memories consists of wires which has different magnetic domains. These mag-
netic domains can have a certain direction and depending on their direction a
“0” or “1” bit can be asserted to it. Between these domains there are domain
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walls which can be moved through the magnetic wire by using STT effect [6].
The magnetic domains, or bits, can thus be moved along the wire by current
pulses. See figure 1.2 for a representation of a MRM. An advantage is that
there are no physical moving parts in this memory allowing it to be faster than
the conventional hard disk drives. An advantage of MRM over MRAM would
be that the information density in these wires is a lot higher and because there
is only one read and write unit per wire which can hold several bits, it will also
be more cost efficient.

Figure 1.2: Two different configurations for a magnetic racetrack memory
(MRM). The wires in a racetrack memory consist of many small magnetic do-
mains which either represent a “0” or “1” bit depending on their magnetic
orientation. By sending current pulses through the wire these magnetic do-
mains can be moved through the wire and by using the TMR and STT effect
these bits can be read and written by their corresponding heads. Because the
wires in such a MRM can be bend in three dimensions a higher information
density can be achieved. Image taken from [7]
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H

Magnetic field Electric current Electric field

Figure 1.3: Three different mechanisms to control the magnetization of a
material. From left to right in this picture these mechanisms are by applying
an external magnetic field, sending an electric current through the material
and by applying an electric field over the magnetic material. This picture is
taken from [4]

1.1.2 Controlling magnetization

In the past magnetic storage devices where usually magnetized along their long
surface as seen in figure 1.1. This type of magnetization is called in-plane
magnetization and is the natural preferred magnetization in most large-scale
objects. The existence of such a preferred magnetization is called magnetic
anisotropy. By new fabrication methods scientists have managed to grow very
thin layers of magnetic material which caused the magnetization to point out-of-
plane. This effect occurs due to electron interactions at the interfaces between
the magnetic material and its surrounding layers and is called perpendicular
magnetic anisotropy (PMA). This will be explained more extensively in section
2.2. This out-of-plane magnetization can be seen in 1.3. There are several
methods to change the magnetic anisotropy of magnetic domains in spintronic
devices. An overview of these methods is given in figure 1.3.

The first mechanism to switch or control magnetic fields is by applying an
external magnetic field. This is obvious as an external magnetic field affects
the direction of electron spins. A disadvantage of this is that magnetic field
cannot be scaled down to very small (nanometer) scales. It will also not be able
to control memories where magnetic domains are needed as it will not move
the domains but rather shrink or grow them. Generating magnetic fields is also
power consuming making it not the best way to control the magnetization of a
material. An alternative is to move domain walls through an electric wire by
using currents. This effect is already seen in the explanation for the MRM.

A third method to manipulate the magnetization of a material is what this
thesis is about.

1.1.3 Electric field manipulation of magnetic properties

Recent experiments have shown that electric fields can affect the magnetic
properties in thin films of magnetic layers [4][8]. This was first seen at cryo-
genic temperatures in 2000. [9] However, in 2009 this effect was also observed
at room temperature by Maruyama et al. [10] Maruyama managed to change
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the magnetic anisotropy in an Fe/MgO junction by more than 40% with a rel-
atively small electric field (100mV/nm). The use of electric fields may improve
proposed devices and may lead to new applications.

Recent work on this effect has been done by Van den Brink and Van den
Broek in the research group Physics of Nanostructures (FNA) at Eindhoven
University of Technology. [4] [11] Van den Brink has already studied the electric
field effect on junctions consisting of a Pt/Co/AlOx/Pt stack [4]. The research
on these structures has been continued by Van den Broek [11] which improved
the stack to Pt/Co/AlOx/Ta. The Tantalum layer in this stack acted as a
capping layer, improving the magnetic properties of the samples. Van den
Broek also optimized the thickness of each of these layers to improve the PMA.
They aimed to create a structure that shows a large PMA with high resistance
in order to measure a notable effect on the magnetization by an electric field.
The creation of these samples proved to be difficult because it is very difficult to
fully oxidize the Aluminum layer with a plasma without oxidizing the magnetic
Cobalt layer underneath it. When the oxidation process is too strong, this
Cobalt layer is oxidized its magnetic properties will change and will destroy
the sample. When the oxidation process is too weak, not all of the Aluminum
layer will be oxidized and therefore there will be an Aluminum layer between
the magnetic Cobalt layer and the dielectric Aluminum Oxide layer which will
also decrease its PMA. A detailed explanation of this process will be explained
in detail in chapter 2 and chapter 3.

1.2 This experiment

Because of this difficulty in correctly oxidizing the sample, research into a new
growing order of these samples has been done in this research project. The
samples created in this experiment where the same as those grown in the experi-
ment of Van den Broek but then grown the other way around; Ta/AlOx/Co/Pt.
Growing the layers in this order will eliminate the probability that the Cobalt
layer is oxidized, because it is grown on the sample after oxidizing the Alu-
minum layer. We can therefore oxidize the sample for a long time to make sure
that the Aluminum layer is fully oxidized without oxidizing the Cobalt layer.

When growing in this order it is therefore expected that the PMA will be
larger because the Cobalt layer will not be oxidized and will be in direct contact
with the Aluminum Oxide layer. A disadvantage is that growing on an oxide
layer has not always proven to give a nice interface between the oxide layer and
the layer grown on top of it. [12] [13] The electron interaction at this interface
will therefore also change which will lead to a change in magnetic anisotropy.
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1.3 This thesis

In this thesis the main goal is to grow layers of Ta/AlOx/Co/Pt and measure
its magnetic properties. This thesis will also optimize the thickness of each of
these layers and will look at the effects of annealing and how this affects the
crystalline anisotropy and magnetic anisotropy of the layers. Annealing is done
at different temperatures as well as on the sample as a whole as well as after
between the growing of different layers of the sample to see how this affects
the magnetic anisotropy. In the end the effect of electric field on the magnetic
anisotropy is measured to see if a noticeable effect is observed.

A theoretical description of magnetization and the electric field effect is
given in chapter 2. The basic concept of the sample fabrication and the mea-
surement techniques used during this experiment is described in chapter 3. The
next chapter, chapter 4 displays the results obtained during this experiment
and is divided into two parts. The first part shows the results of optimizing
the fabrication of samples, while the second part will present the results on the
electric field effect. Finally, chapter 5 will present the conclusion that can be
drawn based on the results and will end with a research outlook.



Chapter 2

Theory

This chapter contains the theory that is relevant for the experiment. First the
concept of magnetic anisotropy will be explained. A brief explanation will be
given to determine what the preferred direction of magnetization of a material
will be and how this can be predicted. The kind of material, the order in which
they are stacked and the thickness of each of these stacks will be relevant for the
magnetization. The magnetic anisotropy of a material can also be modified by
applying an electric field over a magnetic material. This phenomenom, known
as the electric-field effect, will also be discussed.

2.1 Spin and Ferromagnetism

When the magnetic field of Cobalt (Co), Nickel (Ni) or Iron (Fe) is measured
when its temperature is below the Curie temperature Tc it will have a certain
magnetic moment. These materials are called ferromagnets. The preferred
direction of such a magnetization is called magnetic anisotropy. To understand
magnetic properties and how they can be altered, by for example the electric-
field effect as explained above, a basic understanding of the physical concepts
behind magnetization is needed.

To understand how materials can have a magnetization, we first need to
understand a concept called spin. Spin can be visualized as the intrinsic angular
moment of a particle. The orientation of the spins of a lot of particles determine
the magnetization of a material. Furthermore, there is also interaction possible
between the spins of different particles. This is very important to understand
the magnetic properties of materials.

This so called exchange interaction can be described by the Heisenberg
model. The Heisenberg model states that the energy of a configuration of spins
is given by:

U = −2JSa · Sb (2.1)

9
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where J denotes the exchange constant and Sa and Sb denote the spin direction
of respectively particle a and b.

When J is positive equation 2.1 tells us that the parallel orientation of spins
is energetically more favorable. It is caused by the fact that, when two spins
have the same direction, they cannot be in the same orbital according to the
Pauli exclusion principle. Therefore, their Coulomb repulsion will decrease and
the energy of the system also decreases. This is called ferromagnetism.

If only the exchange interaction would play a role, the magnetization of
a ferromagnetic material would be favorable in every direction and therefore
would be totally isotropic, independent of the shape or crystal structure of the
material. In practice this is not the case. When you have a ferromagnetic mate-
rial the magnetization will always have a favorable direction. This phenomenon
is called magnetic anisotropy.

2.2 Magnetic Anisotropy

Magnetic anisotropy is caused by various subtypes of anisotropy. The two types
of anisotropy of relevance in this experiment are shape anisotropy and magnetic
anisotropy.

2.2.1 Shape Anisotropy

The previous section states that the neighboring electrons, when the coupling
coefficcient J is positive, prefer a parallel spin state due to the exchange inter-
action. This however does not explain the magnetization of an entire material.
Dipolar coupling between the magnetic moments causes the total magnetiza-
tion to have a preferred direction dependent on the shape of the material, unless
the object is perfectly spherical.

The potential energy of this dipole-dipole interaction is given by:

Edip−dip = − µ0
4πr3

(3(m1 · r̂)(m2 · r̂) − m1 · m2) (2.2)

where mi denotes the magnetic moment, r denotes the distance between
the moments and r̂ denotes the unit vector connecting both magnetic mo-
ments. Figure 2.1 shows different configurations of dipoles with their energy.
Apparently, the energy is lowest when both spins align parallel in a head-to-tail
configurations. This causes the material to have a total magnetization along
its longest axis.
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Figure 2.1: This figure shows the energies of different spin configurations due
to the dipole-dipole interaction. Image taken from [4]

2.2.2 Magneto-crystalline anisotropy

Magneto-crystalline anisotropy is the second type of magnetic anisotropy which
plays a role in this experiment. Magneto-crystalline anisotropy is caused by the
anisotropy of the crystal structure of a material. In an anisotropic environment,
the electrons in the outer shells of the atoms will change their orbit to an
energetically more favorable orbit due to the interaction with the electric charge
of the neighboring atoms. Spin-orbit coupling states that the spin of an electron
is dependent of its orbit. So the preferred spin direction of the electron will
change due to the anisotropic lattice. In [4] a detailed explanation of this
interaction is available. At the interface of two materials, the environment
is strongly anisotropic. So when we look at thin layers of different magnetic
materials sandwiched together, the magneto-crystalline anisotropy will be very
high.

When annealing a crystalline structure, the atoms in the crystal will arrange
themselves into an energetically more favorable position. Due to this the crystal
structure will change and therefore the degree of magneto-crystalline anisotropy
will also change. When annealing you would therefore expect changes in the
magnetization of thin layers stacked together.

2.2.3 Magnetic anisotropy in thin magnetic films

In the previous two sections we have seen 2 different types of magnetic anisotropy.
The types of materials used and the thickness of each layer will determine
what the preferred magnetization direction will be. In thin films the mag-
netic anisotropy can be separated into a volume and a surface part. The total
anisotropy K can than be written as:

K = Kv + 2Ks/t (2.3)

where Kv denotes the volume anisotropy, Ks denotes the surface anisotropy
and t denotes the thickness of the material. The volume anisotropy mainly con-
sists of the shape anisotropy, although a weak magneto-crystalline anisotropy
will also play a small role. The surface anisotropy is mainly characterized by
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the magneto-crystalline anisotropy at the surface which will have a great effect
as explained in section 2.2.2.

Equation 2.3 shows that the thickness of the layer determines the total
anisotropy of the grown sample. One can conclude that when the layer is very
thick the volume anisotropy Kv is going to play a more dominant role. As
the volume anisotropy mainly consists of the shape anisotropy the magnetiza-
tion will point into the in-plane direction as explained in section 2.2.1. When
the layers become very thin, however, the surface anisotropy will play a more
important role, which is mainly caused by the magneto-crystalline anisotropy
as explained in section 2.2.2. Due to this it will be possible for the material
to have a strong perpendicular magnetic anisotropy (PMA) despite the shape
anisotropy.

2.3 Electric-field effect

In the previous section we discussed magnetic anisotropy and its relation to the
magnetization of a material. In this project the electric field induced magnetic
anisotropy modification is investigated in a Cobalt layer. This electric field
effect, which is caused by applying a voltage difference over the sample, is
discussed briefly in this section.

During this project, films that consist of Ta/AlOx/Co/Pt are created as
described in section 3.1.3. In these stacks the Tantalum (Ta), Cobalt (Co)
and Platinum (Pt) are conductive layers, so electrons will be able to freely
move within them. The Aluminum Oxide (AlOx) layer, however, is a dielectric
and no current will therefore be able to flow through it. When a voltage
is applied over the sample, the electrons or holes will heap up on the AlOx
- Co interface. Because of this the electrons in the magnetic material will
feel the change of charge at the surface and therefore change their orbit and
therefore the preferred spin direction will also change as described in 2.2.2.
Since this effect only occurs at the surface of the AlOx - Co interface this effect
is only noticeable with very thin magnetic layers. It is found that the change
of anisotropy is linearly dependant on the applied voltage. [8].

2.4 Magnetization reversal

Suppose that we place a fully out-of-plane magnetized thin film in a magnetic
field which is in the opposite direction as the magnetization direction of the
material. When the magnitude of this magnetic field is increased it will be
more and more energetically favorable for the magnetic material to point in the
direction of the external magnetic field. Thus at some point the magnetized
material will change its orientation into the opposite direction. This process
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Figure 2.2: Magnetization through domain nucleation. With pure domain
nucleation these domains will not grow but more and more domains will change
there magnetization direction forming clusters of smaller domains. Image taken
from [4]

is referred to as magnetization reversal. Due to the magnetic anisotropies the
switching process can be frustrated, and depending on local variations between
these magnetic energies this can become a complex process. There are several
types of magnetization reversal, three cases are significant for this experiment
and will be briefly discussed here; uniform switching, domain nucleation and
domain wall motion.

The first kind of magnetization reversal is uniform switching. This switching
occurs when the magnetic energy is the same in the entire material. The
magnetization of an object than behaves like a single ’macrospin’ describing
the magnetization of the whole material. When the magnetic field increases,
the magnetization of the whole material will, at a certain point, rotate towards
the direction of the external magnetic field. This kind of magnetization reversal
is usually seen in very small magnetic particles.

The second kind of magnetization is domain nucleation. Uniform magne-
tization reversal will generally not occur in larger systems, such as the ones
in this experiment. Instead reversal is induced at certain points in the sample
caused by small defects, giving cause to a different magnetic energy at differ-
ent places in the object. At these defects the magnetization will be easier to
change direction, creating switched domains on the sample. The boundaries
of these domains are called a domain walls (DW) and are generally very nar-
row for perpendicularly magnetized materials due to the magneto-crystalline
anisotropy. This process is called nucleation. Nucleation will therefore cre-
ate very well-defined domains as illustrated in figure 2.2. When the magnetic
field increases, even more of these little switched domains will appear at places
where the magnetic energy is lower than in the rest of the material, until all of
the material has switched it magnetization.

The last kind of magnetization reversal is domain wall motion. When the
magnetic energy of the material at the places where there are defects is not a
lot smaller than in the rest of the material, it is sometimes more energy efficient
to change the magnetization at the domain walls of already nucleated areas.
This is because the spins in the already switched domains will interact with
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Figure 2.3: Magnetization through domain wall motion. If the propaga-
tion field is smaller than the nucleation field, the domains will expand after
nucleation. Image taken from [4]

the spins at these domain walls due to the the exchange interaction, leading
to a smaller magnetic energy around the domain walls. Domain wall motion is
displayed in figure 2.3.

All these processes can be visualized by imagining the material as an energy
landscape. With a flat landscape the magnetic energy is the same everywhere
and thus the entire material will switch at once, which is uniform switching.
An energy landscape with a lot of sharp peaks and steep slopes will probably
lead to nucleation. As the lowest points of the landscape will switch first and
as external field gets bigger, the higher points will also switch. A wobbly
landscape which is a bit smoother will lead to domain wall motion. The valleys
of the landscape will first switch, but because they switch the surrounding area
will gain a little less energy due to the exchange interaction. Therefore, the
surrounding area will become more favorable to be switched and domain wall
motion occurs.

Due to the fact that growing on an oxide is expected to give a rough interface
between the oxide and the layer grown on top of it, the energy landscape will
probably also be rough. Sputtered oxide layers have been seen to give rough
interfaces in several researches. [12] [13] Due to this rough interface, the crystal
anisotropy at this surface will be different at different locations on the sample.
This gives rise to changes in the magnetization due to the magneto-crystalline
anisotropy differences.

There are however several ways to change the energy landscape of such a
material. One such way is to alter it by an applying an electric field. With the
domain nucleation the energy landscape is very rough with a lot of big peaks
and valleys, the relative variation in this landscape will therefore be not very
noticeable magnetization reversal. But with domain wall motion the landscape
is not very sharp peaked but a little more flat. When this landscape changes
this will lead to noticeable changes in the magnetization reversal process. It
will therefore slow down or speed up the domain wall motion. We therefore
expect the magnetic properties to change due to the electric-field effect. [4]



Chapter 3

Experimental Setup

This chapter discusses the methods used to fabricate samples and to measure
the samples. All samples made in this project are fabricated with the CARUSO
sputter coater. The measurements are done by the laser MOKE setup and a
Kerr microscope. The working of the CARUSO as well as the working of the
laser MOKE setup and Kerr microscope are briefly discussed in this chapter.

3.1 Sample fabrication

This section discusses the techniques used to fabricate the samples that are used
in this experiment. First the process of sputtering will be discussed briefly, after
this the process of oxidizing the samples is discussed. This section also covers
the different materials that are used during this experiment and the use of
wedges and junctions to grow specific structures of samples.

3.1.1 Sputter deposition

The samples in this project are all fabricated with the CARUSO ultra-high
vacuum sputter facility (UHV) at the Physics of Nanostructures group at Eind-
hoven University of Technology. DC magnetron sputtering is used to allow thin
layers to be grown with sub-nanometer precision. The CARUSO features six
deposition sources placed above a rotatable sample stage. The base pressure
inside the system is roughly 3 · 10−8 mbar, this is needed to be sure most
pollutants and reactive gases are eliminated during the sputtering process.

The deposition starts with an argon (Ar) plasma which is created near a disc
of the highly pure material you want to deposit (the target). A magnetron is
used to concentrate the Argon plasma on the target which is basically magnets
placed behind the target. A ring shaped anode placed around the plasma and
below the target is used to accelerate the argon ions in the plasma by applying

15



3.1 Sample fabrication 16

Target
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Figure 3.1: A schematic illustration of the sputtering process used to deposit
thin films of the target onto the substrate. This picture is taken from [14].

a voltage difference between the anode ring and the target. These argon ions
hit the surface of the target and shoot atoms out of the target. These loose
atoms dwell down on the substrate. With this technique a growth rate in the
order of 1 Ås−1 can be achieved. The process is depicted in figure 3.1.

3.1.2 Oxidation

When needed, the sample can be plasma cleaned or oxidized inside the CARUSO
sputter coater without breaking the vacuum in a separate oxidation chamber.
The base pressure inside the oxidation chamber is roughly 1 · 10−8 mbar.

In order to oxidize a sample the pre-volume is filled with oxygen to about
21 mbar. This is released into the oxidation chamber and the pressure in
the oxidation chamber will increase to about 1 · 10−2 mbar. In the oxidation
chamber a voltage is applied between an anode and a cathode. The oxygen
will ionize and oxygen ions will accelerate towards the sample. This causes the
oxygen to penetrate the sample and therefore oxidize it. Common operating
parameters for creating the plasma are a voltage limit of 2 kV, a steady current
of 15.0 mA and an oxidation time of 10 minutes.

In this experiment an oxygen plasma is used to clean the substrate or to oxi-
dize aluminum (Al) to create aluminum oxide (AlOx). Figure 3.2 is a schematic
representation of the oxidation process.

3.1.3 Materials

For this experiment samples that show a perpendicular magnetic anisotropy
(PMA) have to be grown, as described in section 2.2. Furthermore, the samples
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Figure 3.2: A schematic illustration of the oxidation process. During this
process an oxygen plasma is created by applying a voltage difference on the
cathode and anode. This picture is taken from [14].

need to act as a capacitor in order to apply an electric field over the sample.
A stack of Pt/Co/AlOx/Pt shows such a perpendicular magnetic anisotropy
and it also contains a ferromagnetic/dielectric interface on which the electric
field effect is possibly visible. Layers of Pt/Co/AlOx also show interesting
applications for domain wall motion [15]. Van den Brink [4] and van den Broek
[11] already did research on these stacks and came to the conclusion that it was
very difficult to consistently grow these samples correctly due to the fact that
the aluminum was very difficult to oxidize just enough so that it would not be
over-oxidized or under-oxidized.

Over-oxidation results in cobalt being oxidized which causes the cobalt to
lose its magnetic properties. Also the electric field effect will decrease be-
cause charges will not built up at the aluminum - cobalt interface anymore.
Under-oxidation would result in the aluminum not being oxidized at the cobalt
interface and thus decreasing the out-of-plane magnetization of the cobalt layer.
These situations can both be seen in figure 3.4. Because of this the layers where
grown exactly the other way around so that the magnetic (cobalt) layer could
not be oxidized due to over oxidation and in this way there will always be an
AlOx at the cobalt interface.

The tantalum layer will act as an electrode and capping layer in order to
create a capacitor-like structure as seen in figure 3.3. Experiments were done
by varying the thickness of every layer.

3.1.4 Wedges and junction fabrication

Wedges and junctions are created during the experiment to investigate different
properties of the samples. Masks have to be used during the sputtering to grow
these structures; the wedge mask and the junction mask.

Wedges are used to vary the thickness of a material across a sample. The
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Figure 3.3: An example stack with a capacitor-like structure. Electric-field
effects can be measured by choosing the correct materials and thicknesses.

Figure 3.4: Over- or under-oxidation is a big problem when growing
Pt/Co/AlOx/Pt samples. When oxidizing too long over-oxidation will occur
which will cause the cobalt to also oxidize. Under-oxidation is also possible
which will result in the aluminum not being oxidized at the cobalt interface.
They will both decrease the magnetic properties needed for this experiment of
the cobalt layer. Picture taken from [16]

wedge mask is a metal plate that has a large gap. One side of this gap has
a sharp edge, this edge is moved along the sample during sputtering to vary
thickness of the deposited layer on the sample. This leads to a wedge in the
sample thickness. A schematic illustration of this procedure is shown in Figure
3.5.

The capacitor-like stacks as shown in Figure 3.3 are grown by using the
junction mask. The junction mask is a tungsten plate with eight slits. The
width of each of these slits is approximately 200 µm. The junction mask can
be rotated in-situ, this allows structures like in Figure 3.6 to be fabricated.

Masked sputtering however does have some drawbacks. As the mean free
path of the atoms is a lot smaller than the distance between the source and the
substrate the atoms will scatter before reaching the substrate. This means that
the atoms will not come in perpendicular to the sample. Because of this the
mask will create rounded edges. Furthermore, the calibration of the CARUSO
is based on uniform film deposition. Because of the mask some atoms will be
blocked which would have reached the substrate when no mask was used. This
is called a tooling factor. Layer thicknesses in this report are not corrected for
this tooling factor.
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Figure 3.5: An illustration which shows the growth of a wedge shaped struc-
ture by using a wedge mask. Image taken from [17]

Figure 3.6: (a) The top view of a junction mask layout. The wires are
approximately 200 µm wide. (b) After rotating the junction mask 90◦ the
junctions grown look like this. Image taken from [4]

3.2 Measurements

The magnetic properties of the fabricated samples are all measured by making
use of the magneto-optic Kerr effect (MOKE). The magnetic optic Kerr effect
describes how the polarization of light changes when it reflects on a magnetic
surface, such as a surface on one of the samples we want to measure. When
linearly polarized light is reflected on a magnetic surface, the polarization either
changes its direction or its ellipticity. This can easily be measured and with
this something can be said about the magnetization of the sample. A more
detailed description of this effect is given in the work of Rietjens [18]. When
the reflection is at normal incidence to the magnetic surface this effect is called
polar MOKE. This is used to measure the perpendicular magnetic field of the
samples.

Two different setups are used to measure the magnetization using the
Magneto-optic Kerr effect. The first one is the laser MOKE setup and the
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Figure 3.7: An example of a hysteresis loop. The loop can be characterized
by the saturation magnetization, the remanence and the coercive field.

other one is the Kerr microscope.

3.2.1 Laser MOKE

The laser MOKE setup is used to measure the perpendicular magnetization in
this experiment. By applying an external field on the sample when measur-
ing the magnetization of the material it is possible to measure hysteresis loops
with the laser MOKE. Hysteresis loops have three important characterization
parameters. The saturation magnetization, Msat, tells what the difference be-
tween the lowes and highest magnetization is. The coercive field, Hc, tells what
magnetic field has to be applied to flip the magnetization of the material. And
the remanent magnetization, Mr, tells us how much magnetization is left when
no field is applied on the sample. An example of a hysteresis loop is given in
Figure 3.7.

To obtain the magnetization of a material with the laser MOKE setup a
laser beam is polarized in one direction with a polarizer. When the laser beam
reflects on the sample the polarization will change because of the magneto-optic
Kerr effect. Because of this the laser beam will have a polarization component
perpendicular to the polarization before reflection. This component is filtered
with another polarizer before it is detected by a CCD detector. We can there-
fore relate the strength of the signal to the magnetization of the material.
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Figure 3.8: A picture of the Kerr microscope used in this project. The yellow
shaped cylinder is the electromagnet which applies an external magnetic field
over the sample. Picture taken from [19]

3.2.2 Kerr microscopy

Another experimental technique which uses the MOKE is Kerr microscopy,
which can be seen in picture 3.8. A Kerr microscope is a microscope with
added polarization filters. Because of this the microscope is able to image the
magnetization of materials. An Evico Magnetics wide-field Magneto-Optical
Kerr-Microscope is used in this research project. It is equipped with a CCD
camera which allows a frame rate of 16 frames per second. A computer depicts
the magnetization as light and dark areas. Kerr microscopy is especially useful
when investigating domain wall motion or domain nucleation. An external
magnetic field can be applied, the electromagnet used to do this has a range
of -86 mT to +86 mT. An image obtained by Kerr microscopy is seen in figure
3.9.

With the Kerr microscope we can also apply different magnetic fields over
the sample. By measuring at different external magnetic fields we can therefore
create hysteresis loops just as with the MOKE setup. However, with the Kerr
microscope we can also select different areas of the junction and look at the
difference of the hysteresis loops.

With the Kerr microscope we can also apply an electric field over the sam-
ples. With this we can therefore look at the Electric field effect as described
in 2.3 and look at the change in the hysteresis loops when applying an electric
field. The software of the Kerr microscope is also able to create Current-Voltage
curves (IV-curves) from which we can find the resistance of the junction.
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Figure 3.9: An image obtained with the Kerr microscope. The dark areas
represent an upward magnetization while the lighter areas indicate downward
magnetization.



Chapter 4

Results and Discussion

This chapter shows the results of the measurements obtained during the ex-
periment. The experiment is divided into two parts. The first part, section
4.1, is about the fabrication process and how this creation can be optimized to
create the best samples for the electric field effect measurements. The second
part, section 4.2, shows the results of measurements done to the electric field
effect on these samples, and specifically the electric field induced coercivity
modification on these samples.

4.1 Sample optimization

In order to measure the electric field effect in thin ferromagnetic layers, sam-
ples had to be created. These samples were required to show a strong per-
pendicular magnetic anisotropy (PMA) and the resistance over the stack of
Ta/AlOx/Co/Pt had to be high in order to gain a strong enough electric field
in the dielectric AlOx layer to maximize the electric-field effect as described in
section 2.3. The first goal in this project is to optimize the thickness of each
layer of material. This is done by growing the samples in the CARUSO sputter
coater as described in section 3.1. To find the optimal thickness of each layer,
the layer was wedged so only one sample had to be created to measure a gra-
dient of thicknesses by the MOKE laser setup as described in section 3.2.1. In
this experiment samples consisting of a Ta/AlOx/Co/Pt layer stack are used
and research is done to optimize the thickness of the ferromagnetic Cobalt
layer and the dielectric Aluminum Oxide layer. The thickness of the Tantalum
layer is already discussed in the work of [4]. The deposition parameters of the
samples created are listed in appendix A.

23
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Figure 4.1: An overview of the first samples that were grown. The layers
consist respectively of 10 nm of tantalum, 1 nm of AlOx, a wedge of Cobalt
from 0 to 2 nm and a 3 nm thick layer of platinum.

4.1.1 Cobalt layer thickness

First the thickness of the cobalt layer is optimized. The first samples that were
grown had layers of 10 nm of tantalum, 1 nm of AlOx, a wedge of Cobalt going
from 0 to 2 nm and a topping layer of 3 nm Platinum. These thicknesses were
chosen based on the work of [4] and [11]. A schematic of these samples can
be seen in figure 4.1. The Cobalt layer was wedged using the technique as
described in section 3.1.4.

The structure was measured using the laser MOKE setup. Section 3.2.1
explains how the saturation, coercivity and remanence characterize the mag-
netic properties of a material using the data generated by the MOKE. This
experiment aims to maximize these three parameters. Figure 4.2 shows the
measured results of these three parameters as a function of the Cobalt thick-
ness. After creation the samples were also annealed at different temperatures.
When samples are annealed the atoms in the sample will reorder themselves
to a more energetically favorable position and thus the characteristics of the
sample will change after annealing. All created samples have been annealed at
different temperatures.

Several things can be concluded from the results in figure 4.2. The first thing
is that this sample does not show very good results when it is not annealed.
The coercivity and remanence are very low across the whole range of 0 to 2 nm
of cobalt thickness.

After annealing, changes in the coercivity and remanence are observed. A
range of cobalt thicknesses where the remanence increases to 100% and an
increase in saturation and coercivity is observed.

It can also be seen that the range of Cobalt thicknesses where the mate-
rial shows an out-of-plane magnetization increases when annealing at higher
temperatures. When however the samples are annealed at temperatures higher
than 200 ◦C, two main effects are visible; the first effect shows that the thinner
cobalt layers do not show magnetization anymore, this is probably due to too
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Figure 4.2: The magnetic properties of samples with a wedge Cobalt thick-
ness. The first graph shows the saturation, the second graph the coercivity
and the third graph the remanence. The effects of annealing are also shown
in these results. Annealing temperatures of 150, 200, 250 and 300 ◦C were
used. It can be seen that annealing has a positive effect on the magnetiza-
tion of the material until a certain temperature after which the out-of-plane
magnetization breaks down completely.

much intermixing of the cobalt layer with other layers. The second effect is that
at the thicker cobalt layer the magnetization increases. This effect is probably
due to the alloying of cobalt and platinum, increasing the magnetization of the
material. At 300 ◦C it seems that the samples have been destroyed and almost
no out-of-plane magnetization is observed anymore. This is probably due to
intermixing of the cobalt layer with another layer.

These results show that annealing is of great significance when creating
samples with a high coercivity and remanence. Since the whole stack of layers
was annealed during these measurements it is not clear which layers are respon-
sible for the effect of increased remanence and coercivity and which layers are
responsible for breaking the sample when annealing at 300 ◦C. To determine
which layers are responsible for these effects, the samples have to be annealed
in between the deposition of two different layers.

4.1.2 Effects of annealing

Two samples were created using this so called in-situ annealing. The first sam-
ple is created in the following order; The layers of Tantalum and Aluminum are
deposited, after this the Aluminum is oxidized. Then the sample is annealed
inside the CARUSO sputter coater. After the annealing the Cobalt and Plat-
inum layer are deposited. When creating the sample in this way, it is possible
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Figure 4.3: The magnetic properties of samples with a wedge Cobalt thick-
ness. Three samples are shown. The first sample shows the three magnetic
properties for a sample which has not been annealed at all, the second sample
shows the results for a sample which has been annealed in-situ after the AlOx
layer and the last sample shows the results for a sample which has been an-
nealed in-situ after the Co layer. All samples have not been annealed afterward
anymore.

to determine whether the redistribution of the oxygen in the Aluminum layer
or the intermixing of the Aluminum Oxide and Tantalum layer shows any effect
on the magnetic properties. After this another sample was grown but instead
of annealing after growing the Tantalum and Aluminum Oxide layer it was
annealed after growing the Tantalum, Aluminum Oxide and the Cobalt layer.
These samples can explain whether the intermixing of Cobalt with Aluminum
Oxide shows any significant effects.

Both samples were grown and the results on the saturation, coercivity and
remanence can be found in figure 4.3.

It can be seen that all three parameters do not seem to differ a lot from
the sample that was not in-situ annealed. The coercivity and remanence still
remain very low so it seems like the intermixing of both the AlOx with the
Ta layer and the Cobalt layer with the AlOx layer does not have any positive
effect on the magnetic properties. Also the saturation stays approximately the
same.

These samples where also annealed again afterward to find out if something
has been broken in the in-situ annealing process. The results of annealing these
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Figure 4.4: The magnetic properties of samples with a wedge Cobalt thick-
ness. Three samples are shown. The first sample shows the three magnetic
properties for a sample which has not been annealed at all, the second sample
shows the results for a sample which has been annealed in-situ after the AlOx
layer and the last sample shows the results for a sample which has been an-
nealed in-situ after the Co layer. After this the samples where annealed after
growing as a whole at 200 ◦C. This is expected the same results as the sample
which has not been annealed in-situ given the results in figure 4.3

samples at 200 ◦C can be found in figure 4.4.

From figure 4.4 it can be concluded that the intermixing of the AlOx with
Tantalum layer or the redistribution of the oxygen in the AlOx layer does not
have any effect on the magnetic properties of these samples. This is because
the sample that was annealed in-situ after the AlOx layer shows the same
results as the sample that has not been annealed inside the CARUSO, even
after annealing as a whole after being taken out of the CARUSO. The fact that
oxygen does not redistribute through the layer corresponds to the results of
[12]. The sample that has been annealed in-situ after the Cobalt layer however
seems to have been completely destroyed. A possible reason for this is that
the cobalt has started to cluster when it was annealed in-situ as the top layer,
which causes to material to lose its out-of-plane magnetization.

These results show that the improvement in magnetic properties there-
fore comes from either the intermixing of Cobalt with the AlOx layer or the
intermixing of Cobalt with the Platinum layer. For this experiment, in-situ
annealing does not show any improvements over the annealing of the sample
after all the layers are grown.
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Figure 4.5: The magnetic properties of samples with wedged Aluminum
thickness. These samples where annealed afterward at 200 and 250 ◦C. The
samples consist of a layer of 10 nm Tantalum, a wedge of 0-10 nm of Aluminum
oxidized for 10 minutes, 1.2 nm of Cobalt and 3 nm of Platinum.

4.1.3 Aluminum layer thickness

After having determined the magnetic properties as a function of the Cobalt
thickness, other samples were grown with a wedged Aluminum thickness. For
these samples we used a Cobalt thickness of 1.2 nm as this gave good results
at an AlOx thickness of 1 nm as shown in section 4.1.1.

The results of the magnetic properties as a function of the Aluminum thick-
ness can be found in figure 4.5. The oxidation process of the Aluminum is again
done for 10 minutes with a current of 15 mA.

Again the sample has to be annealed before it shows any out-of-plane mag-
netization. When annealing at high temperatures the sample starts to break
down again. It can be seen that the magnetization increases rapidly when a
thin layer of AlOx is added to the sample. After this the magnetic properties
stay relatively constant for a very wide range of Aluminum thicknesses up until
about 6 nm where the magnetic properties decrease gradually. This is proba-
bly due to the fact that the Aluminum is under-oxidized at this point, which
is described in section 3.1.3.

4.1.4 Sample optimization discussion

From the previous results it can be concluded that annealing has a positive
effect on the magnetic properties of the samples. However, when annealing at
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Figure 4.6: Sample grown over which we measure the electric-field effect. The
layer thicknesses are chosen as a result of the sample optimization in section
4.1.

temperature higher than 250 ◦C the samples will start to break down and the
magnetic properties quickly deteriorate. Based on these results an annealing
temperature of 250 ◦C is chosen for the creation of the samples over which we
can apply an electric field.

From the results in section 4.1.1 and the results in section 4.1.3 the growth
thicknesses of 1.2 nm of Cobalt and 2 times a layer of 1 nm of Aluminum
have been chosen, the stacks will therefore consist of 10 nm of Tantalum, 1
nm of Aluminum which is oxidized for 10 minutes, 1.2 nm of Cobalt and 3 nm
of Platinum, which can be seen in figure 4.6. The double layer of Aluminum
has been chosen to increase the resistance of the stack to increase the electric
field over the non-conductive Aluminum Oxide layer. By this we make sure
that the maximum electric field effect is measured. Both layers are separately
oxidized to make sure the aluminum will not be under-oxidized. Furthermore
the junctions were annealed at a temperature of 225 ◦C.

4.2 Electric field effect

To perform measurements on the electric field effect, junctions of the stack
as described in section 4.1.4 are grown. These junctions are grown with the
process described in section 3.1.4. Again the growth deposition parameters are
listed in appendix A.

4.2.1 Electric properties of junctions

First the resistance of the junction was measured by using the Keithley. When
growing the junctions as described in the previous section the resistance turned
out to be of non-Ohmic behavior and was measured to be in the range of 100
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Figure 4.7: A typical I-V curve for a stack of Ta
(10nm)/2xAlOx(1nm)/Co(1.2nm)/Pt(3nm). The I-V curve shows a non
ohmic behaviour.

kΩ to 3 MΩ for voltages of -2 to 2 V. A typical I-V curve of the samples can
be found in figure 4.7.

The resistance also changes over time. Two important effects are the cause
of these time-dependent effects. The first effect is that charges can be trapped
at the lattice impurities and defects. At the AlOx/Co interface, the energies
of these charge traps have the highest energy levels. Because of this it is unfa-
vorable for the electrons to tunnel to this interface and therefore the magneto-
crystalline anisotropy will be influenced by these charge traps. Another possible
time-dependent effect is the ion vacancy migration. Places where an oxygen ion
is missing in the AlOx are positively charged and are mobile through the AlOx
layer. This effect allows a conducting filament to be created due to which the
electric-field effect decreases temporarily. These effects are described in more
detail in the reports of Van der Heijden [7], Van den Brink [4] and Van den
Broek [11]. The resistance reported over here is the resistance instantly after
applying the voltage over the junctions.

The junctions can handle voltages of up to 2-3 V before they break down.
When the junction breaks down a path is created for the current to flow through
and the resistance will permanently decrease. When measuring an I-V curve
after break down it will show Ohmic behavior.
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Figure 4.8: Two Kerr pictures taken at different external magnetic fields.
The lighter areas represent an upward magnetization while the darker areas
represent a downward magnetization. In the center of the junction nucleation
kicks in when applying an external magnetic field while at the edge domain
wall motion mainly flips the magnetization. The picture on the left is without
an externally applied field. In the picture on the right a field of 0.6 mT is
applied.

4.2.2 Electric field induced coercivity modification

After gaining results on the resistance of the different junctions the electric
field effect is measured. This is done by measuring the electric field induced
coercivity modification. This is the change in coercivity as a result of an electric
field applied on the junction which is described in section 2.3. Measurements
are done using the Kerr microscope as explained in section 3.2.2.

Typical images obtained by the Kerr microscope can be seen in figure 4.8.
The darker areas represent a downward magnetization while the lighter areas
represent an upward magnetization. Two processes will start to initiate when
applying an external magnetic field. Domains nucleate at the wire edges and
propagate inwards while simultaneously at the center smaller domains start to
nucleate.

For the hysteresis measurement we divided the sample into three regions
of interest. One region of interest in the center of the junction, one at the
lower edge of the junction and one at the right edge of the junction. These
regions are depicted in figure 4.9. In the center region and the right region,
region 1 and region 3, the magnetization will mainly change due to nucleation.
While at the lower region the magnetization will mainly change due to domain
wall motion. The hysterisis loops of all these three regions are determined at
different voltages applied over the junction.

Three typical hysteresis loops of these regions are depicted in figure 4.10.
The regions in the center, on the right and on the bottom are respectively called
region 1, region 2 and region 3. There are some notable differences between
these regions. The gradual increase in the Kerr rotation depicts the out-of-
plane direction as the hard axis for the magnetization. The quick jump in Kerr
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Figure 4.9: To measure hysterisis loops the regions of interest are defined as
in this picture. This is done to evaluate each border of the junction as well as
the center of the junction. The regions in the center, on the right and on the
bottom are respectively called region 1, region 2 and region 3.

rotation depicts the out-of-plane axis as the easy axis of the magnetization.
Especially at the center, it can be seen that the out-of-plane magnetization is
still the hard axis because the gradual change of kerr rotation is visible for a big
range of magnetic fields applied. The fact that the out-of-plane magnetization
is the hard axis can be seen in all three regions, but mostly in the center region.
The hysterisis loops show a much lower coercivity than the samples created in
section 4.1. From the sample optimization we expected the hysterisis loops to
be almost a square, meaning that the out-of-plane magnetization is the easy
axis. In these samples this is not fully realized. This is probably due to the
tooling factor and shadowing effects as explained in section 3.1.4. However,
we can see an easy axis for the out-of-plane magnetization for which we can
measure the electric field induced coercivity modification.

The figure also shows the loops at voltages of +1.5V and -1.5V. A clear
coercivity modification can be seen at these voltages in the regions where the
Kerr intensity increases rapidly, so where the domain wall motion dominates
the hysteresis curves. The change in coercivity as a function of the electric field
is given in figure 4.11. It can be seen that the center area gives the highest
coercivity change. The coercivity change is up to 20% when applying voltages
of 1.75V.
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Figure 4.10: The hysterisis loops of the 3 regions. For every region a loop
is given with a voltage of 0V, 1.5V and -1.5V over the junction. Coercivity
change is clearly visible. The initial coercivity is very small, which makes it
look as if the coercivity change is not a lot.

4.2.3 Electric field effect discussion

In this section we observed that a stack of Ta (10nm)/2x AlOx (1nm)/Co
(1.2nm)/Pt (3nm) show a significant electric field effect. The coercivity change
is up to 0.5 mT. The coercivity without applying an electric field was only 1
mT this is a change in coercivity of 20%.

One problem is that in these samples nucleation plays an important role.
This nucleation probably occurs due to the roughness of the Co/AlOx inter-
face. This nucleation gives rise to rounded hysterisis loops which show no
electric-field effect because the out-of-plane axis will be the hard axis of the
magnetization. A possible way to decrease the nucleation is to vary the depo-
sition parameters so that less impurities will occur in the created samples.

Further more, the samples show a low coercivity. In the sample optimization
the coercivity was higher than in the junctions. This is probably due to small
scale effects which occur when creating small junctions such as the shadowing
effects introducing a tooling factor. Especially with the production of the
junctions this tooling factor seems to be significant.

Overall the results show a big coercivity change which is what we hoped for.
In the samples grown the other way around as in the report of Van den Broek
, no coercivity change was measured.[11] Further optimization of the samples
should be able to increase the coercivity. Optimization also needs to be done
for growing on oxide layers to decrease impurities in the sample to increase the
out-of-plane magnetization.
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Figure 4.11: The change of coercivity plotted against the applied voltage for
every region.



Chapter 5

Conclusion and Outlook

5.1 Conclusion

In the project of Bas van den Broek [11] and Arno van den Brink [4], samples
consisting of a Pt/Co/AlOx/Pt stack were used. The problem was that the ox-
idation of the aluminum layer was very difficult without over- or underoxidizing
it. Therefore the cobalt and aluminum oxide layer were turned around for this
experiment to make sure that overoxidizing of the magnetic cobalt layer was
not possible anymore.

In this project we created junctions consisting of Ta/AlOx/Co/Pt stack.
These junctions were created to measure the electric field induced coercivity
modification in order to tell something about the electric-field effect of the
samples. In order to measure this electric field induced coercivity modification,
samples had to be created that show a high PMA. Furthermore, the resistance
of these samples had to be high in order to obtain a high electric field in these
samples. It turned out that annealing had a significant effect on the magnetic
properties of the samples so research on annealing the samples has also been
conducted.

The samples where annealed at varying temperatures while wedging the
thickness of the cobalt and aluminum oxide layer. The annealing of the sam-
ples showed great improvements in the saturation, coercivity and remanence.
Annealing at higher temperatures had a greater effect than at the lower tem-
peratures up until a temperature of about 250 ◦C. When annealing at tem-
peratures higher than this the sample quickly starts to break down and at 300
◦C the PMA was almost totally gone.

Because of this we tried to anneal the samples inside the CARUSO sputter
clock to see which layers where responsible for the change of the magnetic prop-
erties. When annealing after the AlOx, no changes in the magnetic properties
of the samples were observed. Even when we annealed the sample again after

35
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the total sputter process it did not show any differences as with the samples
that were not annealed inside the CARUSO. When however in-situ annealing
after growing the cobalt layer, the samples where destroyed and they did not
show any out-of-plane magnetization anymore. An explanation for this could
be that the cobalt layer starts to cluster when it is not capped by another
layer. This destroys the magnetic cobalt layer. From this we can conclude
that it is most certainly not the Ta-AlOx interface nor the redistribution of
oxygen through the aluminum which is responsible for the improvements in
magnetic properties. The improvement is therefore caused by the AlOx-Co
interface which maybe changes during the annealing process or the Co-Pt in-
terface. In-situ annealing does not show any improvement over the annealing
of the sample as a whole.

The thickness of the cobalt layer showed the best magnetic properties when
its thickness was in the range of 0.7 to 1.5 nm when annealing the sample at
225 ◦C. We therefore chose a cobalt thickness of 1.2 nm. When annealing at
200 ◦C it did not really matter how thick the aluminum oxide layer was. When
annealing at 250 ◦C the aluminum oxide layer had to be at least 2.5 nm thick
to obtain good results. We chose to grow two layers of 1 nm aluminum oxide,
oxidizing them separately. This maybe was not the best idea as thicker layers
of aluminum oxide also would be good.

The total stack of the created junctions consists of Ta(10nm) / AlOx(1nm)
/ AlOx(1nm) / Co(1.2nm) / Pt(3nm) and was annealed at 225 ◦C. The coer-
civity of the junctions however was lower than expected when looking at the
data of the sample optimization. The electric field induced coercivity change
of this sample was measured and a change of coercivity of up to 0.5 mT of
the initial coercivity of 1 mT was observed. This is a noticeable change in
coercivity due to the applied electric field. The hysterisis loops however were
not very nice as they showed a linear increase at higher magnetic fields. This
is probably due to the growing on an oxide layer which gives a rough interface
between the AlOx and cobalt layers.

5.2 Outlook

There are several improvements that can be made to increase the magnetic
properties of the sample. For example, improvements can be made by chang-
ing the growth parameters in order to gain a better AlOx-Co interface. This
surface is probably rough and therefore causes a very rough potential land-
scape. Also the growing of the junctions can be optimized in order to gain the
same properties for the junctions as for the stacks created during the sample
optimization, it was observed that this was not the case and especially the
coercivity decreased at the junctions. The coercivity change was over 20% but
when the initial coercivity is higher it is possible that this change becomes



5.2 Outlook 37

relatively smaller. It maybe is also interesting to investigate which layer or in-
terface is responsible for the big change in magnetic properties when annealing
the samples. Also, further measurements need to be done on the electric-field
effect. In this experiment a time-dependency of the electric field effect was
observed as was also observed in the reports of Van den Broek and Van den
Brink. [4][11][7]



Appendix A

Deposition parameters

This paragraph contains the deposition parameters used for sputtering in the
CARUSO sputter coater. Five samples were sputtered and used during the
measurements.

Material Base pres-
sure (mbar)

Argon
gas flow
(sccm)

Argon base
pressure
(mbar)

DC
power
(W)

Target-
sample
dis-
tance
(mm)

Dep.
rate
(Ås−1)

Ta (10nm) 8.96 ∗ 10−8 10 1.78 ∗ 10−2 20 95 0.92

Al (1.0nm) 8.96 ∗ 10−8 7 1.25 ∗ 10−2 20 95 0.56

Co (0-2nm) 8.96 ∗ 10−8 7 1.28 ∗ 10−2 20 95 0.67

Pt (3nm) 8.96 ∗ 10−8 2.1 3.41 ∗ 10−3 60 95 1.00

Table A.1: Deposition parameters for Co wedged sample. The Aluminum
layer is oxidized for 10 minutes at 15 mA.
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Material Base pres-
sure (mbar)

Argon
gas flow
(sccm)

Argon base
pressure
(mbar)

DC
power
(W)

Target-
sample
dis-
tance
(mm)

Dep.
rate
(Ås−1)

Ta (10nm) 4.71 ∗ 10−8 10 1.81 ∗ 10−2 20 95 0.92

Al (1.0nm) 4.71 ∗ 10−8 7 1.26 ∗ 10−2 20 95 0.56

Co (0-2nm) 4.71 ∗ 10−8 7 1.27 ∗ 10−2 20 95 0.67

Pt (3nm) 4.71 ∗ 10−8 2.1 3.38 ∗ 10−3 60 95 1.00

Table A.2: Deposition parameters for Co wedged sample in-situ annealed at
200 degrees Celsius after the AlOx layer. The Aluminum layer is oxidized for
10 minutes at 15 mA.

Material Base pres-
sure (mbar)

Argon
gas flow
(sccm)

Argon base
pressure
(mbar)

DC
power
(W)

Target-
sample
dis-
tance
(mm)

Dep.
rate
(Ås−1)

Ta (10nm) 4.28 ∗ 10−8 10 1.8 ∗ 10−2 20 95 0.92

Al (1.0nm) 4.28 ∗ 10−8 7 1.28 ∗ 10−2 20 95 0.56

Co (0-2nm) 4.28 ∗ 10−8 7 1.29 ∗ 10−2 20 95 0.67

Pt (3nm) 4.28 ∗ 10−8 2.1 3.46 ∗ 10−3 60 95 1.00

Table A.3: Deposition parameters for Co wedged sample in-situ annealed at
200 degrees Celsius after the Co layer. The Aluminum layer is oxidized for 10
minutes at 15 mA.

Material Base pres-
sure (mbar)

Argon
gas flow
(sccm)

Argon base
pressure
(mbar)

DC
power
(W)

Target-
sample
dis-
tance
(mm)

Dep.
rate
(Ås−1)

Ta (10nm) 9.00 ∗ 10−8 10 1.82 ∗ 10−2 20 95 0.92

Al (0-10nm) 9.00 ∗ 10−8 7 1.29 ∗ 10−2 20 95 0.56

Co (1.2nm) 9.00 ∗ 10−8 7 1.31 ∗ 10−2 20 95 0.344

Pt (3nm) 9.00 ∗ 10−8 2.1 3.50 ∗ 10−3 60 95 1.00

Table A.4: Deposition parameters for Al wedged sample. The Aluminum
layer is oxidized for 10 minutes at 15 mA.
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Material Base pres-
sure (mbar)

Argon
gas flow
(sccm)

Argon base
pressure
(mbar)

DC
power
(W)

Target-
sample
dis-
tance
(mm)

Dep.
rate
(Ås−1)

Ta (10nm) 9.72 ∗ 10−8 10 1.84 ∗ 10−2 20 95 0.92

Al (1.0nm) 9.72 ∗ 10−8 7 1.31 ∗ 10−2 20 95 0.56

Al (1.0nm) 9.72 ∗ 10−8 7 1.33 ∗ 10−2 20 95 0.56

Co (1.2nm) 9.72 ∗ 10−8 7 1.34 ∗ 10−2 20 95 0.75

Pt (10nm) 9.72 ∗ 10−8 2.1 3.50 ∗ 10−3 60 95 1.00

Table A.5: Deposition parameters for junctions. The aluminum layers are
both oxidized for 10 minutes at 15 mA.
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