
 Eindhoven University of Technology

MASTER

Searching for the electric field effect on the interlayer exchange coupling

Raijmakers, R.A.

Award date:
2016

Link to publication

Disclaimer
This document contains a student thesis (bachelor's or master's), as authored by a student at Eindhoven University of Technology. Student
theses are made available in the TU/e repository upon obtaining the required degree. The grade received is not published on the document
as presented in the repository. The required complexity or quality of research of student theses may vary by program, and the required
minimum study period may vary in duration.

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain

https://research.tue.nl/en/studentTheses/ce193b4a-94a3-40d7-a337-cd9894f4a23f


Eindhoven University of Technology

Physics of Nanostructures

Searching for the Electric Field Effect
on the Interlayer Exchange Coupling

R.A. Raijmakers
Supervisors:

Dr. Ir. Ing. R. Lavrijsen
M.L.M. Lalieu MSc

December 2016





Abstract

Altering magnetic properties of data storage devices by electric fields has gained a lot of
attention over the years. Changing the magnetic anisotropy of magnetic layers has already
been demonstrated, which can possibly lower the power consumption of conventional mag-
netic memory devices. This effect can however not switch the direction of the magnetisa-
tion in those devices, but only provides a way to do so with a conventional method (e.g.
magnetic fields or spin polarised currents), but less power consuming. In this thesis we
investigate a proposed way to use only electric fields to fully switch the magnetisation of
magnetic memory devices. This might lead to even less power consuming memory devices.

In this thesis we investigate the possibility of using the electric field effect on the interlayer
exchange coupling. This interlayer exchange coupling arises in a non-magnetic spacer layer
that is sandwiched between two ferromagnetic layers. Depending on the thickness of this
spacer layer the magnetic layers align their magnetisation parallel or anti-parallel. At
a point where the coupling favours neither the parallel nor the anti-parallel alignment,
an electric field can break the symmetry and favour either of those. We have included
numerical calculations based on the model introduced by Bruno, which uses quantum-well
states to describe this interlayer exchange coupling. We added the electric field effect to
his model, which provides claims that the electric field can influence this coupling.

With a new combination of sputtering, ultraviolet light lithography, and ion beam milling
we have produced patterned samples to perform the necessary measurements. Despite
extensive experimental measurements that have been performed to provide prove of the
electric field effect on the interlayer exchange coupling, we did not obtain the required
data to do so. Altering the composition of the samples yielded new problems which could
not be resolved before the end of this project. We have put forward ways to resolve all
encountered issues, and due to the numerical indications for the presence of the electric
field effect on the interlayer exchange coupling, the experimental confirmation of this effect
is closer than ever. If this effect can be controlled, fully electric field controlled magnetic
memory devices can be realised.a

aMany of the figures in this thesis are designed in colour, and may appear different in black and white
print.
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Chapter 1

Introduction

Ever since computers were first developed in the 1940s, storing data has been a topic of
interest for research. Ever increasing capacities of computers to handle more data, requires
higher storage density, as well as faster writing, and reading capabilities of the stored data.
In the past, the Giant Magneto Resistance (GMR) effect has been discovered in the field
of spintronics. This GMR effect opened a new way to store data, in the form of Magnetic
Random Access Memory (MRAM) devices. These devices allow for fast, durable, and most
importantly, non-volatile data storage. The size of the magnetic bits on these devices can
be scaled down to the order of nanometers, which contributes to higher storage density.
Not only higher storage density is a topic of interest, but also the techniques used to write
and read data are constantly changing. Where conventional devices use magnetic fields,
and electrical currents to write data in MRAM devices, we propose a way to do so with
electric fields. We therefore investigate the electric field effect on two coupled ferromagnetic
layers.

In this chapter we will give a short introduction to the field of spintronics, MRAM, and
introduce the subject of research of this thesis. We build this up by introducing the
mechanism of the GMR effect, describe how this can be used in MRAM devices, and how we
will change these MRAM devices to make them possibly much more energy efficient. Due
to energy guidelines to reduce our carbon footprint, energy efficient devices are becoming
more and more important. Reducing the power consumption of MRAM devices also reduces
the temperature increase in those devices. These temperature fluctuations can lead to
degradation of the device, and ultimately failure. Thus a higher energy efficiency can also
lead to a longer lifetime of our devices.
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6 Chapter 1. Introduction

1.1 Spintronics

This thesis, and the research carried out are part of the field of spintronics. Spintronics
is the study where the central theme is the use of both spin and charge of electrons to
process and store data. Successes for spintronics are, amongst others, magnetoresistance
effects. The Giant Magneto Resistance (GMR) is probably the most well known, and most
used technique that was discovered in this field. The effect was discovered in 1988 by both
Peter Grünberg in Jülich, and Albert Fert in Paris, for which they received the 2007 Nobel
prize in physics.1,2

This GMR effect is also used to read the state of the magnetic memory devices we aim to
design in this thesis, and will thereforebe explained. The GMR effect is a large difference
in electrical resistance, dependent on the state of the magnetic layers in a GMR structure.

Figure 1.1: An overview of a GMR structure, where we have two magnetic layers
(red/blue), separated by a non-magnetic spacer layer(grey). The colour of the magnetic
layer also describes the direction of the magnetisation in this layer.

This structure can be seen in Figure 1.1, in which we see two magnetic layers (red/blue)
separated by a non-magnetic spacer (grey). We let a current travel through the device in
the direction indicated in the figure by I. We can think of a current being composed of
equal parts of spin-up, and spin-down electrons. Because of the direction of the magnet-
isation of the layers, these different spin orientations experience a different resistance in
the magnetic layers. For all electrons, the resistance is lower when the spin aligns with the
magnetisation direction in the magnetic layer. Because of this, the anti-parallel alignment
of the magnetisation of two magnetic layers will yield a higher resistance than the parallel
alignment, which can be seen in Figure 1.2.

If the magnetisation of one of the magnetic layers is kept in the same direction, we can use
the other layer to write, and read data. Since we can distinguish between the parallel, and
anti-parallel configuration, we can assign a ‘0’, and ‘1’ to either of these configurations.
We can use these ones, and zeros to make binary code, creating data that we can use in
computing.
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Figure 1.2: The electrical resistance as a function of the applied magnetic field. As
indicated in the figure, the resistance is dependent on the alignment of the magnetisation
of the two layers. This figure is taken from Swagten,3 with data from Willekens.4

In new data storage techniques, an alternative form of magneto resistance, Tunneling
Magneto Resistance (TMR) is of great importance. Instead of a metallic spacer in the
GMR structure, the TMR structure uses an insulating spacer layer, and the difference in
magneto resistance originates from spin-dependent tunneling of the electrons. Both the
GMR, and TMR techniques can be used to make magnetic memory devices, and we will
not go into more detail about them. We will see next how a magnetic memory device can
be made using these techniques.

1.2 Magnetic Random Access Memory

In order to make memory for everyday use in computing, Magnetic Random Access Memory
(MRAM) is the technique of choice. In MRAM devices, we access a grid of magnetic bits
by two sets of contact lines, perpendicular to each other, as can be seen in Figure 1.3.

In the figure, we see this grid of bits, which we can all access separately by using the correct
combination of a ‘word line’, and a ‘bit line’. The magneto resistance of each magnetic
bit can be read using these contact lines, so we can assign a ‘0’ and ‘1’ to the parallel
and anti-parallel alignment of the magnetic layers respectively. A big advantage of MRAM
devices is the fact that it is a non-volatile memory device. This means that the memory is
retained in the device, even when the power is cut off. MRAM devices are also designed
to combine this non-volatile memory, while they also retain high read-write speeds.6 Non-
volatile devices can be useful in everyday life, not just for regular data storage, but also
for a very short boot time of computers, and other electrical devices. MRAM thanks its
non-volatile character to magnetic anisotropy, which we will briefly introduce, and is more
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Figure 1.3: Cross point architecture of MRAM device. Each magnetic bit can be accessed
by a unique combination of a ‘word line’, and a ‘bit line’. Figure adapted from Maffitt.5

elaborately explained in Section 2.1.

Magnetic Anisotropy (MA) is described as the tendency of the magnetisation in a material
to align with a preferred direction. This direction is a consequence of multiple contributions
to the MA, which depend on the material, the thickness of the magnetic film, and influences
from neighbouring layers. The magnetisation aligns with a certain direction, which is
called the easy axis. For the magnetisation to deviate from this direction, an activation
energy is necessary. We can design a memory device in such a way that this energy is
much lower than the thermal energy. We will discuss two types of MA, which are In
Plane Magnetic Anisotropy (IMA), and Perpendicular Magnetic Anisotropy (PMA). The
difference between these is the direction of the preferred direction of the magnetisation.
For IMA, the magnetisation is preferred to align along the layers. For PMA, the surface
normal is the preferred direction for the magnetisation. PMA is known to drastically
increase storage density for magnetic memory devices.7

If we want to switch the magnetisation in the device, a couple of conventional techniques
are uesd. These are magnetic fields, or spin polarised electrical currents. These both have
a disadvantage when we scale the magnetic bits down. For magnetic fields, this is the
stray fields at neighbouring bits. If the magnetic field at neighbouring bits is too large,
this will cause them to align with the magnetic field, and this way data can be lost. The
disadvantage of the use of spin-polarised currents is the large current density that is needed
to write magnetic bits. The required current density is about 1011 A m−2, which is power
consuming, and causes the device to heat up. Heating up the device can lead to damage,
as can metal migration due to the large current densities. Because of these disadvantages
of electrical currents, and magnetic fields, we ideally look for a different way to write the
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data in the magnetic bits. For this cause, electric fields have been proposed in several ways.
One of these is to influence the magnetic anisotropy by an electric field, and then use a
small current or magnetic field to break the symmetry between the favoured directions for
the magnetisation. This combination can cause the magnetisation in the material to rotate
over 180◦.8 Another way is to use magnetoelectric coupling in multiferroic materials. This
is a whole different approach to alter magnetic properties by an electric field, and are not
a part of this study.9

Instead of these methods to switch the magnetisation, we want to propose a different
way, using an electric field. To do so, we will investigate if we can influence the so called
Interlayer Exchange Coupling (IEC) by an Electric Field Effect (EFE). We briefly introduce
this IEC next, as well as the EFE on the IEC, but a more elaborate explanation is provided
in Sections 2.2 and 2.3.

1.3 This Thesis

The aim of this thesis is to show the presence of the EFE on the IEC. To do so, we will
first provide a theoretical background, supported by numerical calculations for the EFE
on the IEC. We will show experimental results that are obtained, both on the EFE on IEC
measurements, as well as measurements that aim to overcome problems that arose during
the search for this effect. To illustrate what we want to see, we now introduce the IEC,
discuss what the EFE can do to alter this effect, and how this research might lead to new
and efficient memory devices.

The Interlayer Exchange Coupling arises when two Ferromagnetic (FM) layers are sep-
arated by a non-magnetic (NM) metallic layer. The strength and sign of this coupling
depends mainly on the material, and thickness of this NM layer. The details of this effect
are presented later in this thesis. For now we focus on the change of sign of the coupling as
a function of the NM layer thickness. In a FM/NM/FM trilayer stack this means that the
two FM layers prefer a parallel (P) or anti-parallel (AP) alignment of their magnetisation,
dependent on the NM thickness. We can see this effect in Figure 1.4(a) (black line). A
positive coupling strength indicates a favour for an AP alignment of the magnetisation of
both layers, and a negative coupling strength favours P alignment. So we see that we can
control the P or AP alignment of these magnetic layers if we choose the thickness of the
NM layer accordingly. After the fabrication of a device, however, this thickness is set, and
cannot be changed anymore. If we want to influence the coupling between the two FM
layers, we need a feature we can control after the fabrication of the device.

We mentioned previously that our idea is to influence this IEC by the means of an EFE.
To do so, we will use a stack that is schematically sketched in Figure 1.4(b). In this figure
we see the FM/NM/FM trilayer, upon which we make a contact at the bottom. On top
of one of the FM layers we introduce a dielectric film, on which we make another contact.
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(a) The IEC strength as a function of the NM layer thickness. (b) Sketch of device that can be
used to induce an EFE on the
IEC. Electron accumulation/de-
pletion are indicated by dots.

Figure 1.4

If we now apply a voltage, dependent on the sign of the voltage, electrons will build up or
deplete at the FM/dielectric interface as indicated by the circles and dots. The IEC itself
arises from conduction electrons in the NM layer that travel through the FM/NM/FM
trilayer. Since we now introduce a charge accumulation/depletion at the FM/dielectric
interface, this will affect these electrons, which will influence the strength, and when the
parameters are chosen correctly, also the sign of the IEC. We will elaborate more on this
effect in Chapters 2 and 3. An example of the change of the IEC due to an EFE is also
shown in Figure 1.4(a) with the red line. We can see here that, relative to the black line,
where we do not apply an electric field, the curve is shifted. If we now look at the vertical
line, we see that the sign of the IEC has changed, which changes the alignment of the two
FM layers between P and AP.

Before the start of this thesis, first principle calculations have been carried out,10 which
indicate that the IEC might be influenced by an EFE. The authors proposed a system
with a ferroelectric material, instead of a dielectric material. This is proposed to open the
possibility to non-volatile magnetic memory that can be switched with an electric field.
After that, in the group where the work for this thesis was carried out, another thesis was
written on the same subject, with the first experiments on the subject.11 In that thesis,
the evidence for the EFE on the IEC was not confirmed yet with enough data, which is
why we have followed up on those experiments.



1.3 This Thesis 11

In this thesis we have made advantages in the experimental search for the EFE on the IEC.
For this we have used patterned devices, based on the FM/NM/FM/dielectric stack we
introduced in Figure 1.4(b). To make these devices, we have developed a new combination
of techniques to make these patterned devices. We will build up a theoretical background
in Chapter 2 to be able to interpret these measurements. We present a toy model of
the IEC, in which we introduce the EFE. We will support this theoretical framework
with numerical calculations, which we will present in Chapter 3. In Chapter 4 we will
present all techniques we have used to fabricate the devices, as well as the measurement
methods to characterise these devices. The results of these measurements we performed
on these devices will be presented in Chapter 5, which we have summarised in Chapter 6.
Encountered problems and our suggestions of feature research on the subject of this thesis
are presented in Section 6.1.
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Chapter 2

Theory

In this chapter we explain the theory behind the Electric Field Effect (EFE) on the Inter-
layer Exchange Coupling (IEC). To do so, we first explain the origin of ferromagnetism,
magnetic anisotropy, and the EFE on the magnetic anisotropy. We need this background
to understand where the magnetic behaviour in our samples originates from, in order to
be able to influence these properties. In the second section, we introduce the theoretical
background of the IEC and the EFE on this coupling. To show the influence of various
parameters, we will include numerical calculations based on this theory in Chapter 3, as
these will give a quick insight in how to influence the IEC. In the last part of this chapter
we look at the mechanism of magnetisation reversal in magnetic layers, for a system with
either one or two (coupled) magnetic layers. In that section we can see how to influence
switching the magnetisation, and we will better understand the measurements performed
for this thesis.

2.1 Ferromagnetism and Magnetic Anisotropy

To understand the coupling of magnetic layers, we will first look at the origin of the mag-
netic behaviour of thin films. Some materials, known as transition metals, such as cobalt
(Co), iron (Fe) and nickel (Ni), have a spontaneous magnetisation ~M below their Curie
Temperature TC. This phenomenon is called ferromagnetism. Below this temperature,
all spins are aligned in one direction, even in the absence of any external magnetic field.
The effect that causes this is called the direct exchange interaction, which is a result of
the Pauli exclusion principle. This principle forbids electrons with similar spin to occupy
the same orbital state. This means that the Coulomb repulsion of two parallel spins is
lower than that of two anti-parallel spins that can occupy the same orbital state. In the
mean-field approximation, we assume every magnetic atom experiences a field proportional
to the total magnetisation ~M of all other spins. The exchange field can be calculated in

13



14 Chapter 2. Theory

this approximation, and is about ten thousand times larger (103 T) than the field due to a
magnetic ion (10−1 T) on the neighbouring point in the crystal lattice of the material.12

The direct exchange, however, does not explain why the magnetisation has a preferred
direction. The mechanism that explains the preference of the magnetisation to align along
some axis, is magnetic anisotropy. One or multiple axes can be favoured by the magnet-
isation. This way we can introduce one or more so called easy axes, or possibly an easy
plane. Perpendicular to these axes or plane we introduce hard axes, and also possibly a
hard plane. A possible structure with more than one easy axis, is a cubic structure, where
we can imagine three perpendicular axes, which are all equally favourable. Restrictions
introduced by the shape of the sample, and sample composition will influence the direction
of the easy axis.

Figure 2.1: Schematic overview of a sample with perpendicular magnetic anisotropy
(PMA), where we have put the magnetisation ( ~M) at an angle θ to the easy axis.

When the easy axis aligns with the plane of the sample, we call this in-plane magnetic
anisotropy (IMA), and when it aligns with the sample normal, we call it perpendicular
magnetic anisotropy (PMA). An example of a sample with PMA is shown in Figure 2.1,
with the magnetisation at an angle to the easy axis. The energy associated with this
misalignment is called the magnetic anisotropy energy, which in first order for thin films,
is equal to

EAni = K sin2 θ. (2.1)

In this equation K is the anisotropy constant and θ is the angle between the magnetisation
and the easy axis. By this convention, the anisotropy constant is positive for perpendicular
magnetic anisotropy, and negative for in-plane magnetic anisotropy.

In a thin film, we can decompose the anisotropy constant into two contributions; magneto-
crystalline anisotropy, and shape anisotropy. The magnetic-crystalline anisotropy can be
explained by the effect of spin-orbit coupling, whereas the shape anisotropy can be ex-
plained purely by dipole-dipole interactions. In the remainder of this section, we will
elaborate on both mechanisms.
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For now, we need to point out that atoms that are near the surface of a material have a
different contribution than those in the bulk of the material. This leads to an anisotropy
constant that is built up from surface terms KS,top, KS,bottom, and a volume term KV. The
total anisotropy constant equals

K = KV +
KS,top +KS,bottom

t
, (2.2)

where t is the thickness of the magnetic film. In this equation, we can see that the
surface contributions become more important as the film thickness goes down. The volume
anisotropy is dominated by shape anisotropy, the surface terms are dominated by magneto-
crystalline anisotropy. This surface anisotropy favours PMA, on which we will elaborate
later. We can see from Equation (2.2) that the magnetic anisotropy can be influenced
by changing the magnetic layer thickness t. This can also be seen in Figure 2.2, where
K · tCo is plotted versus tCo measured on a [Co(tCo)/Pd(1.1)]N multilayer. In this figure,
we assume KS,top equals KS,bottom, and t = tCo, so Equation (2.2) becomes K = KV + 2KS

tCo
.

If we multiply this equation by tCo on both sides, we obtain

K · tCo = KV · tCo +KS. (2.3)

Figure 2.2: Plot of KtCo versus Co layer thickness. Below t⊥ the anisotropy favours
perpendicular magnetic anisotropy, above t⊥ the anisotropy is favoured to be in-plane, as
a result of the magnetic anisotropy energy, given in Equation (2.1). Figure taken from
Bloemen.13

We now take the derivative with respect to tCo, and see that in Figure 2.2 the slope equals
KV. Setting tCo in Equation (2.3) to zero, we see that the offset in the graph equals 2KS.
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By increasing tCo, the anisotropy changes from PMA to IMA. This transition depends on
the relative magnitudes of KV and KS. The mechanisms that govern these parameters
will be explained in the remainder of this section. A more elaborate description of those
mechanisms are given in the literature by Bruno.14 After that we will review the electric
field effect on magnetic anisotropy, as this might show up in our measurements.

2.1.1 Microscopic Mechanisms

Dipole-Dipole Interaction

In a ferromagnetic material, like Fe, Co, or Ni, the magnetic moment is not localised, so
the local density magnetisation has to be considered to describe the magnetic moment.
This has been done by Jansen,15 followed by Bruno,14 and we will start at the point where
Bruno derived the dipolar energy, which is

Edip =
µ2
B

2

∑
i 6=j

mimj

r3i,j

(
1− 3 cos2 θi,j

)
, (2.4)

where mi, and mj are indexed spins, with θi,j the angle between the line separating these
spins, ri,j, and their mutual orientation of magnetic moment. For any pair of spins, the
dipolar energy is minimised when the moments are parallel to this line of separation. When
we look at spin i, because of the 1

r3i,j
term, the summation above slowly converges. As a

consequence of this, the dipolar field that spin i experiences, depends significantly on the
moments located at the boundary of the sample, which results in shape anisotropy.

For the dipolar field ~Hdip(i), we intuitively feel that for spins that are far away from spin i,
the exact position is less important than for the spins that are closer by. Because of this,
we can replace the individual moments of far away spins by a macroscopic magnetisation
distribution ~M(~r). For spins closer to spin i, this does not hold. These considerations
were used by Lorentz to calculate the dipolar field at spin i, where he split the sample
into two parts; a sphere of radius R around spin i where the discrete moment distribution
is retained, and the rest of the sample where the magnetisation density is approximated
by ~M(~r). For this magnetisation density, the dipolar field can be expressed as due to a
combination of a volume density and a surface density of pseudo-magnetic charges. A
sketch of this decomposition can be seen in Figure 2.3.

For a uniform magnetisation, only the surfaces carry some of this charge and the dipolar
field can be written as

~Hdip(i) = ~Hcav + ~HL + ~Hd, (2.5)
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Figure 2.3: Sketch of the Lorentz decomposition, used for calculating the dipolar field
experienced by a spin located at atom i.

where ~Hcav is due to the dipole-dipole interactions inside the sphere of radius R, ~HL =
(4π/3) ~M (the Lorentz field) is the field created by the surface pseudo-charges at the edge

of the cavity, and ~Hd (the demagnetisation field) is the field due to the pseudo charges on
the rest of the sample.

The sum of the cavity and Lorentz field converge rapidly, and only contribute to the
magneto-crystalline anisotropy, which will be discussed in the next section. However, the
shape anisotropy is entirely a result of the demagnetising field ~Hd. The entire anisotropy
can be split into two terms, the volume anisotropy, and the surface anisotropy. The volume
anisotropy is due to the bulk magnetisation ~MVol, which is equal to the bulk magnetisation.
The surface anisotropy is due to the deviation of this magnetisation near the surfaces, which
we will denote as ~MSur. In general, the anisotropy per unit volume can be denoted as

GVol
Shape = −2π ~MVol · ~D · ~MVol, (2.6)

where ~D is the demagnetising tensor, which for the case of a plate of infinite size with the
normal parallel to the z direction is equal to

~D =

 0 0 0
0 0 0
0 0 1

 .
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For our thin film stacks, this results in the volume shape anisotropy

GVol
Shape = KVol

Shape sin2 θ, (2.7)

which minimises for θ = 90◦, favouring in-plane anisotropy. In this equation, KV
Shape =

−2πM2
V, which for Co equals −9.31× 10−5 eVatom−1. Since this volume anisotropy fa-

vours in-plane magnetic anisotropy, the surface anisotropy must overcome the effect of this
volume anisotropy to achieve perpendicular magnetic anisotropy, as can be seen in Equa-
tion (2.2). The surface shape anisotropy also contributes to the total surface anisotropy,
but the amplitude of this contribution is relatively small compared to other contributions
to the surface anisotropy, and is this calculation is thereby here omitted. For a calculation
and comparison we refer to the literature of Bruno.14 The surface anisotropy depends on
hybridisation of orbitals, and spin-orbit coupling of the atoms at the interface, as we will
discuss next.

Spin-Orbit Interaction

The Spin-Orbit Interaction (SOI) is a term in the Pauli Hamiltonian governing the theory
of electron movement in the limit where the velocity of the electron is low compared to
the speed of light. The Pauli Hamiltonian is an approximation under this assumption to
the Dirac equation. The exact Dirac equation and all its terms are given by Bruno,14 and
only the SOI term is presented here. This term reads

HSOI =
e~

4m2c2
~σ ·
(
~E × ~p

)
, (2.8)

where e, m, ~σ, and ~p are the charge, mass, spin, and momentum of the electron, ~ is the
reduced Planck constant, c is the speed of light, and ~E is the electric field. This SOI term
can be interpreted as the coupling between the spin of the electron and the magnetic field
created by its own orbital around the nucleus. Since the orbital motion is coupled to the
lattice via the electric potential of the ions, this term contributes to the magneto-crystalline
anisotropy.

In the neighbourhood of the nucleus, where the electrical potential (Φ) is spherical in good
approximation, the spin-orbit term is large and the electric field can be written as

~E = −~r
r

d~Φ

dr
, (2.9)

so that we can express the SOI as
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HSOI =
−e~

4m2c2r

d~Φ

dr
~σ · (~r × ~p)

=
−e~2

2m2c2r

d~Φ

dr
~l · ~s

= ξ(r)~l · ~s. (2.10)

Since the magnetism of the transition metals is due to the d electrons, we only consider
the spin-orbit interaction of those d electrons. We average the spin-orbit factor ξ(r) over

the d orbitals and write HSOI = ξ~l · ~s. The spin-orbit factor is material dependent and
increases with increasing atomic number. The choice for the materials in our samples will
be explained later in this chapter.

2.1.2 Electric Field Effect

In this thesis, we focuss on the influence of the EFE on the IEC. The EFE is known
to also have an influence on the MA of thin magnetic layers. Multiple reports of this
influence have been published,8,16 including a switch from IMA to PMA.17,18 The change
in anisotropy is believed to be due to a change of the band filling at the Fermi level.8 This
changes the interfaces where PMA originates as discussed before. The change in MA can
also originate from structural changes due to oxygen migration at the interface between
a transition metal and a dielectric.11 Multiple techniques of calculations are presented in
the last decades, which do not all agree on the exact origin of the EFE on MA.19–21 A
discussion of the origin of this effect will here be omitted, but throughout the thesis we
should keep the MA change in mind when analysing the EFE on IEC measurements. We
will next discuss the origin of the IEC itself, and how an electric field can influence this
phenomenon.

2.2 Interlayer Exchange Coupling

Since we aim to influence the IEC by an EFE, we will introduce these next. As was
discussed in Chapter 1, this coupling arises from the NM spacer between the FM layers.
In this section we will introduce the accepted theory behind the IEC. In the next section
we will introduce the IEC model introduced by Bruno.22 In Chapter 3, we will give the
results of numerical calculations that will show, amongst others, the influence of the EFE
on the IEC.
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2.2.1 RKKY Model

From the few interactions that contribute to the IEC between two magnetic layers, only
the RKKY interaction can describe the full phenomenon of IEC. The RKKY interaction
was first described by Ruderman, Kittel, Kasuya, and Yosida.23–25 The other interactions,
namely the dipole-dipole interaction mentioned in Section 2.1.1, and the direct-exchange
interaction, discussed briefly in Section 2.1, are too weak on the length scales on which the
IEC is observed.11

Figure 2.4: Schematical representation of a free incoming electron ei interacting at the
NM/FM interface at z = 0. Figure adapted from Lalieu.11

The IEC that arises in magnetic layers, separated by a non-magnetic spacer layer essentially
has the same physical origin as the RKKY coupling between magnetic impurities embedded
in a non-magnetic host layer. For both cases, it is the localised and spin-polarised disturb-
ances that are coupled to each other by their influence on the electron wave functions
in the non-magnetic material. For the FM/NM/FM system this is due to the interfaces
between the separate layers. These interfaces each set up an oscillatory polarisation in
the non-magnetic spacer. All electrons in the spacer layer scatter from the interface, and
the incoming electron wave functions interfere with the scattered waves. Consider, in Fig-
ure 2.4, the electron traveling from the NM layer towards the interface with the FM layer,
ei. Not considering exchange splitting between spin-up and spin-down yet, the electron
will experience a potential step V 0 due to the mismatch in band structure between the
two materials. From quantum mechanics26 we know that the wave function of the electron
will partly reflect (eR) and partly be transmitted (eT). If we set the direction in which the

electron was initially traveling to be the z direction and the wave vector ~k = ~kz = kz ẑ, we
get
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ψ(z) = eikzz +ReikRz (z < 0)

ψ(z) = TeikTz (z ≥ 0), (2.11)

where R and T are the reflection and transmission amplitudes and kz, kR, and kT are the
wave vectors of the incoming, reflected, and transmitted electron wavefunctions, respect-
ively. Since the electrons travel in one direction, we have kR = −kz. This leads to the
probability of finding the electron in the NM layer

|ψ(z)|2 = |eikzz +Re−ikzz|2

= 1 +R2 +R
(
e−2ikzz + e2ikzz

)
= 1 +R2 + 2R cos 2kzz. (2.12)

All states below the Fermi energy contribute to these oscillations, but they all cancel out,
except for those at the Fermi level itself. We now introduce a spin-dependent scattering at
the interface due to an exchange splitting of the potential for spin-up (V ↑) and spin-down
(V ↓) electrons. This leads to an oscillatory spin density that is also spin polarised. Using
the potential landscape of Figure 2.4, we find

|ψ(z)↑|2 − |ψ(z)↓|2 ∝ 2
(
R↑ −R↓

)
cos 2kzz. (2.13)

If we introduce a second FM interface somewhere at z ≤ 0, this layer will couple to the
spin density in the NM created by the interface at z = 0. Since the spin density oscillates
as a function of the spacer thickness, the coupling oscillates as well. This way, the two FM
layers will be coupled either ferromagnetically or anti-ferromagnetically depending on the
thickness z of the non-magnetic spacer. This is a phenomenological model, which describes
the system intuitively. It is however, not entirely realistic, and more realistic calculations
are based on the model by Bruno, which uses quantum well states inside the spacer.

2.3 Bruno’s Model

Bruno’s model is described in this section, which he introduced in the 1990’s.22,27–32 The
origin of the coupling is described with a spin asymmetry of reflections at the NM/FM in-
terfaces for majority and minority electrons. Bruno uses the t-matrix formalism and Green
operator to calculate the IEC energy as a function of the angle between the magnetisation
in the FM/NM/FM system. His full derivation can be found in literature, whereas we
here only give a phenomenological description of the system. We will support these with
numerical calculations in Chapter 3, which we will build into a system to include the EFE
on the IEC.
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The model described by Bruno is very similar to the model described in Section 2.2.1.
It is also based upon the spin asymmetry of reflection coefficients at NM/FM interfaces.
The model starts with a FM/NM/FM trilayer, with thicknesses LA, D, and LB. The

magnetisation of the FM layers are ~MA, and ~MB, with angle θ between them. We still

align the stack in the z direction, so we can write ~k =
(
~k‖, ~kz

)
for the electrons. If we

introduce the potential for the FM layers V ↑A , V ↓A , V ↑B , and V ↓B and their reflection amplitudes
r↑A, r↓A, r↑B, and r↓B, we define the spin average r̄A(B), and spin-asymmetry ∆rA(B)

r̄A(B) =
r↑A(B) + r↓A(B)

2
(2.14)

∆rA(B) =
r↑A(B) − r

↓
A(B)

2
. (2.15)

The energy of the exchange coupling per unit area can be expressed as30

E(θ) = − 1

4π3
Im

(∫
d2~k‖

∫ ∞
−∞

dεf(ε)
∞∑
n=1

Rn
+ +Rn

−

n
einqzD

)
, (2.16)

with

R± = r̄Ar̄B + ∆rA∆rB cos (θ)

±
[
(r̄Ar̄B + ∆rA∆rB cos (θ))2 −

(
r̄2A −∆r2A

) (
r̄2B −∆r2B

)] 1
2 . (2.17)

In Equation (2.16) we integrate ~k‖ over the two-dimensional Brillouin zone, and f(ε) is the
Fermi-Dirac distribution. The energy E (θ) can be expanded in powers of cos θ as

E (θ) = J0 + J1 cos θ + J2 cos2 θ + · · · , (2.18)

where J1 is the bilinear coupling constant, and J2 is the biquadratic coupling constant.
Since J0 is constant in θ, this does not contribute to the IEC. The higher order terms, J2
and onwards, are usually very small, compared to the bilinear term. This term, J1, is now
evaluated as the coupling constant mainly responsible for the IEC. We can see that for
J1 > 0, the energy is minimised for an anti-parallel, or anti-ferromagnetic (AF) alignment,
while for J1 < 0 a parallel, or ferromagnetic (F) coupling is favoured. These equations can
be interpreted for different models, as we will now demonstrate for a free electron model.
In this approximation, the IEC coefficient in the expansion can be expressed as32

J1 = − 1

4π3
Im

[∫
d2~k‖

∫ ∞
−∞

dεf(ε)Int(kz)

]
, (2.19)

where

Int(kz) =
2∆rA∆rBe

2ikzD

1− 2r̄Ar̄Be2ikzD +
(
r̄2A (∆rA)2

) (
r̄2B (∆rB)2

)
e4ikzD

. (2.20)
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We will calculate the integral at T = 0K, so we will only calculate the integral up to
the Fermi energy and f(ε) = 1. If we now take identical ferromagnetic layers, we have

r
↑(↓)
A = r

↑(↓)
B = r↑(↓), and LA = LB = L, and for the electrons, we have the dispersion

relation

ε(~k) =
~2

2me

~k2 + V =
~2

2me

(~k2‖ + ~k2z) + V, (2.21)

where me is the electron mass, and V is the energy level in the layers. For free electrons, we
have the free electron bands in the NM spacer and the FM layers, as depicted in Figure 2.5.
We use the ↑ electrons as the majority electrons, and the ↓ as the minority electrons.

FerromagnetSpacer

Figure 2.5: Free electron bands in the NM spacer and FM layers for both spin up and
spin down electrons. Figure adapted from Lalieu.11

The only thing that remains to calculate the IEC for various systems are the actual re-
flection amplitudes. Van de Vorst33 has derived a recursive formula to determine the total
reflection coefficient from subsequent interfaces:

Rn =
rn,n+1 +Rn+1e

2ikz,n+1tn+1

1 + rn,n+1Rn+1e2ikz,n+1tn+1
, (2.22)

where Rn is the total reflection amplitude at the interface between layer n and n+ 1, tn+1

is the thickness of layer n+ 1, kz,n+1 is the wave vector in layer n+ 1. Using the fact that
Fermi levels are homogeneous across the system, we can determine the wave vectors as

kz,n+1 =

(
k2z,n +

2me(Vn − Vn+1)

~2

) 1
2

, (2.23)
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with which we can determine the reflection amplitudes

rn,n+1 =
kz,n − kz,n+1

kz,n + kz,n+1

. (2.24)

We cannot actually calculate the integral in Equation (2.19) in the current form. We
have to use a few assumptions and mathematical properties to be able to do so. We first
change the integration over ε to an integration over kz, by using the energy of the free
electron model, including changing the integration boundaries. Since there are no poles in
the first quadrant of the complex plane for the integrant, we can use a split in integration
boundaries, where one of the two terms does not contribute to the IEC. If we look at
Equation (2.19), we still have the integral over the k‖, which we can carry out separately.
We then substitute this into Equation (2.19), and use kz = kf + iκ. We now end up with
the integral

J1 =
~2

4π2me

Im

[∫ ∞
0

dκ κ(kf + iκ)(2kf + iκ)Int(kf + iκ)

]
(2.25)

With this set of equations we can now calculate the IEC either analytically or numerically.
Before, Lalieu11 has used approximations to calculate the integrals analytically. These
can be found in the appendix of his thesis, whereas here we will show the influence of
layer thicknesses, extra layers, and the electric field effect by numerical calculations. We
will go into these calculations in Chapter 3. We have chosen for numerical calculations,
because we can directly investigate the influence of all parameters of the system. We can
also model various systems, without much extra effort, by simply altering the potential
landscape, and let the calculations be performed by a computer. As said, those influences
will be presented in Chapter 3.

2.4 Magnetisation Reversal

To be able to use magnetic layers for memory devices, we need to be able to control the
magnetisation of these layers. We have seen in Section 1.2 that the magnetisation of one of
the layers has to be reversed in order to assign binary code to the state of the magnetisation
of those layers. The usual way to switch the magnetisation is to use a magnetic field. In
this section we will discuss the magnetisation reversal that will occur in samples throughout
this thesis. This will involve single FM layers, and coupled FM layers. The model used to
describe the mechanism is the Stoner-Wohlfarth model which will be explained next.

2.4.1 Single Layer

The mechanism of magnetisation reversal by introducing the Stoner-Wohlfarth model will
be discussed in this section. This model is widely used in magnetism. The basis of the
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Stoner-Wohlfarth model, as can be seen in Figure 2.6 is a uniform magnetisation in the
magnetic layer ~M , of which we keep the amplitude constant to MS, at an angle θ to the
sample normal. The magnetic field ~H has a single direction at an angle φ to the sample
normal. In our model, the easy axis is directed along the z direction, parallel to the sample
normal.

Figure 2.6: Schematic overview of the Stoner-Wohlfarth model.

The behaviour of the magnetisation as the magnitude and sign of the magnetic field change,
can be described by the magnetic energy associated with the interaction between the
magnetisation and the magnetic field, and the anisotropy energy. Together, these terms
account for the total magnetic energy

EMag = EZ + EAni = −µ0MSH cos(θ − φ) +K sin2 θ, (2.26)

where EZ is the Zeeman energy, which can be simplified, since we align the magnetic field
with the easy axis (φ = 0). If we minimise this Zeeman energy with respect to H, we
see that the magnetisation should switch as soon as H changes sign, thus no hysteresis
seems to be present yet. Due to the anisotropy term however, the energy still has a local
minimum for θ = 0 at any field H > − 2K

µ0MS
. This means that the magnetisation only

switches when the magnetic field becomes smaller than this value. In Figure 2.7 we have
depicted the calculated energy as a function of the angle θ. We start out with θ = 0, and
decrease the value of the magnetic field down from H = K

µ0MS
. We see that for this value,

the energy has an absolute minimum for θ = 0. However, if we increase to a negative field
H = − K

µ0MS
, we see that the absolute minimum is at θ = π. The magnetisation will not

switch directly, since θ = 0 is still a local minimum. Only if we decrease the magnetic field
to H = − 2K

µ0MS
, this local minimum vanishes, and the magnetisation switches to θ = π.

The same will happen when we reverse the process and increase the magnetic field to
H > 2K

µ0MS
, switching the magnetisation back to θ = 0. This process is called hysteresis.

A theoretical hysteresis loop for a single magnetic layer with PMA, is shown in Figure 2.7.
In this figure we see the coercive field HC and the remanence mangetisation MRem, which
is the magnetisation that remains when the field is switched off. We go through the graph
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Figure 2.7: Magnetic energy as a function of the angle between magnetisation and positive
z axis for three field strengths.

by starting at the bottom left, saturating the magnetisation in the negative z direction.
We then follow the black arrows to the top right, switching the magnetisation at HC to
the positive z direction. Now we have saturated the magnetisation in the up direction, and
sweep the field back to the negative z direction, switching at −HC. We have indicated the
magnetic field in units of K

µ0MS
, since we now can directly relate the energy function with

the figures. These parameters are generally not all known, but they can be determined by
certain measurement techniques.

2.4.2 Coupled Layers

The work for this thesis involves a system of coupled magnetic layers, as we have seen
in Sections 2.2 and 2.3. Thereforewe expand the Stoner-Wohlfarth model to include the
Zeeman energy for both magnetic layers, an extra anisotropy energy term for the second
magnetic layer and the coupling energy due to the interlayer exchange coupling:

EMag = −µ0H (MS,1t1 cos(θ1) +MS,2t1 cos(θ2)) +K1t1 sin2(θ1)

+K2t2 sin2(θ2) + 2J1 cos(θ1 − θ2). (2.27)

In this model we have not yet made any assumptions about the relative amplitude of
the saturation magnetisation, thicknesses, and anisotropy terms of the two ferromagnetic
layers. It is however, more convenient to assume that the properties of both layers are the
same, transforming Equation (2.27) into

EMag = −µ0HMSt (cos(θ1) + cos(θ2)) +Kt
(
sin2(θ1) + sin2(θ2)

)
+ 2J1 cos(θ1 − θ2), (2.28)
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Figure 2.8: Theoretical hysteresis loop of a single magnetic layer.

where we have not yet assumed anything about the angles θ1, and θ2. These are the angles
between the magnetisation of the respective layer and the sample normal in the positive
z direction. The coupling constant J1 is positive for AF coupling, and negative for F
coupling. If we now set θ2 = 0, we can make an energy calculation as a function of θ1 for
different strengths of magnetic fields. In our example, we set J1 = 3, t = 1, and K = 1
and vary −µ0MSH. These values are taken for convenience and do not necessarily relate
to the parameters in the real systems involved in this thesis. The results of the energy as
a function of the angle θ1, are depicted in Figure 2.9. If we now saturate the free magnetic
layer to θ1 = 0 by applying a large negative magnetic field. We now increase the magnetic
field and observe what happens with the local minimum in the magnetic energy at θ1 = 0.
This minimum vanishes already for negative magnetic fields, as can be seen in Figure 2.9.
We thus now have an anti-parallel alignment of the magnetisation of the two magnetic
layers. If we further increase the magnetic field strength, the second magnetic layer will
also switch to θ2 = π. If we alter the coupling constant to be negative, we now have a
system that favours θ1 = θ2, effectively showing a single switch, as in Figure 2.7.

We can go back to the system and not yet assume the anisotropy, thickness or saturation
magnetisation to be equal for both layers. We now normalise the hysteresis loop on the
total saturation magnetisation. A theoretical hysteresis loop is shown in Figure 2.10. We
go through this hysteresis loop in the same way as in Figure 2.8, saturating the magnetic
field in the negative z direction, increasing the field to the maximum positive value, and
then decreasing it back to the negative field at which it was saturated. The amplitude
of the switches are not the same for both layers. The amplitude of each switch depends
on the magnetic properties of the magnetic layers, and the used technique for measuring
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Figure 2.9: Magnetic energy as a function of the angle between the magnetisation of
layer 1 and positive z axis for three field strengths.

the hysteresis loop, as will be discussed later in Sections 4.2.1 and 4.2.2. We again start
at a high negative magnetic field, sweeping it up. We now see that first one of the layers
switches at H = −1, with a relative amplitude of 0.4 and the other layer switches up at
H = 3 with a relative amplitude of 0.6. Sweeping the magnetic field back down switches the
magnetic layers back to the negative z direction. The direction of the magnetisation of both
magnetic layers are indicated in Figure 2.10 by arrows directly above or below the hysteresis
curve. The magnetic layers in a coupled FM/NM/FM layer can have different magnetic
properties. This can be due to deposition conditions, neighbouring layers or any other
factor that influences the magnetic properties of a magnetic layer. If this happens, we can
also see a so called rearrange in the hysteresis loop. This happens when it is energetically
more favourable for one layer to align with the magnetic field then for the other. A
theoretical hysteresis loop with the arrows indicating the direction of the magnetisation
of the magnetic layers is depicted in Figure 2.11. In Figure 2.12 we see a so called minor
loop, for which we stop the increasing of the magnetic field up at H = 0. In this way, we
obtain information about the switch of only one FM layer, which can be more useful for
analysis. We can also reverse the sweep at any other value for H, as long as we only switch
one magnetic layer. In the figure, we see the coupling field HIEC due to the interlayer
exchange coupling, the coercive field HC of the switched layer, and the relative amplitude
of the switch with respect to both switches in Figure 2.10.

We can relate the coupling field HIEC to the coupling constant J1, by calculating the energy
it will take in Equation (2.28) to overcome the AF coupling. We now for simplicity assume
identical layers, but the derivation can also be done for non-identical layers, but this yields
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Figure 2.10: Theoretical full hysteresis loop of two anti-ferromagnetically coupled mag-
netic layers.
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Figure 2.11: Theoretical full hysteresis loop of two anti-ferromagnetically coupled mag-
netic layers, with a rearrange. The arrows in the figure indicate the direction of the
magnetisation of the magnetic layers.

a solution with much more variables and therefore less physical transparency. The field
that we calculate is

HIEC =
2J1

µ0MSt
. (2.29)
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Figure 2.12: Theoretical minor hysteresis loop of two anti-ferromagnetically coupled
magnetic layers. In this minor loop, we only see one switch.

For measurements, we now have a direct relationship between the measured field around
which the switches occur and the coupling constant. As mentioned before though, the
applied electric field will also influence the magnetic properties of magnetic layers, and
this has to be taken into account when drawing conclusions from measurements.



Chapter 3

Numerical Calculations

To support the theoretical framework based on the model of Bruno, introduced in Sec-
tion 2.3, we will present numerical calculations we performed. In this chapter we will
model various variations on the FM/NM/FM system to show the influence of thicknesses
of various layers, presence of additional layers, and most importantly the EFE on the IEC.
The various systems we now model will also be encountered in the experimental results,
with similar physical properties, such as layer thicknesses. We will describe and sketch
the system for every calculation, and then calculate the coupling constant J1, using the
integral

J1 = − 1

4π3
Im

[∫
d2~k‖

∫ ∞
−∞

dεf(ε)Int(kz)

]
, (3.1)

where

Int(kz) =
2∆rA∆rBe

2ikzD

1− 2r̄Ar̄Be2ikzD +
(
r̄2A (∆rA)2

) (
r̄2B (∆rB)2

)
e4ikzD

. (3.2)

We have included a short recap of all used equations, and the code for Mathematica34 in
Appendix A. This short recap can be used to determine all variables present in the integral
above. The used equations were all previously introduced in Section 2.3. Using these we
can express all reflection coefficients for all subsequent layers, and calculate the integral,
using numerical values from either literature or experiments. If not otherwise reported,
we use a thickness of magnetic layers of 0.8 nm, a spacer layer thickness of 0.9 nm, the
exchange splitting between majority and minority electrons of 1.5 eV for cobalt,35 and a
wavenumber of kz =1.36× 1010 m−1 for copper.29 The remaining constants are the electron
mass me and reduced Planck’s constant ~, which have their normal literature value. Using
these values and thicknesses, we can build all the systems we want to evaluate. All values
not mentioned here, are mentioned later when used.

We assume for simplicity that the potential for the majority electrons in the ferromagnetic
layers is equal to the potential in the nonmagnetic layers. This is physically not correct,
since the number of orbiting electrons for the NM and FM materials is not equal, but this

31
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can be altered by offsetting the potentials of the FM layers if necessary for more precise
calculations. For the insulating layer we set the potential energy for all electrons to be
infinitely high, resulting in a reflectivity of 1 for all electrons at the interface with the
insulating layer.

3.1 Influence of Layer Thicknesses

In this section we will first look at the influence of layer thicknesses, which gives us a way
to check the implementation of our model with the calculations done by Bruno. If we
are confident about the correct implementation, which indicates a correct derivation of all
reflection coefficients, we can include the EFE on the IEC in our model. We will also see
later, when we include the EFE on the IEC, that the layer thickness dependency of the
IEC is crucial when we want to confirm the EFE on the IEC with experimental results.

3.1.1 Spacer Layer

First we construct a model of a spacer layer of thickness D, covered on both sides by a
magnetic layer of thicknesses LA, and LB, which we will assume to be equal for simplicity.
We depict this potential landscape in Figure 3.1. In this figure, we see the potential of
minority electrons, V ↓, the reflection amplitude for these electrons r↓1, and the wavenumber
kz in the spacer material. We can now also see that the potential for majority electrons
in the FM layers is set equal to the potential in the NM layers, and with it the reflection
of these electrons. The wavenumber in the ferromagnetic material can be calculated using
Equation (2.23), but is not depicted in the figure to keep the figure clean. With these
parameters, we can now calculate the IEC constant J1, using Equation (2.25), with Equa-
tion (2.20). If we now vary the thickness of the spacer layer, we will see the oscillating
dependency of the coupling constant J1 on this thickness, as depicted in Figure 3.2. This
oscillatory dependency was already introduced by the RKKY model in Section 2.2.1. We
now also see that the amplitude of this coupling constant decreases with increasing spacer
layer thickness. This can be explained because we take all conduction electrons in the
NM layer into account for the spin-polarisation densities. These electrons do not all have
exactly the same wave vector kz. Due to this different wave vector, the interference of all
electrons will yield a decreasing amplitude of the spin-polarisation density as the thickness
of the NM layer increases.30

3.1.2 Magnetic Layer

We will now vary the magnetic layer thickness, and use the same potential landscape we
saw in Figure 3.1. We will still assume identical magnetic layers, i.e. we set LA = LB,



3.1 Influence of Layer Thicknesses 33

Figure 3.1: The potential landscape for the FM/NM/FM system.
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Figure 3.2: The coupling constant J1, as a function of the spacer thickness D.

but now vary this thickness. The results are presented in Figure 3.3, where we see both
the magnetic and the spacer layer thicknesses varied. From this figure, we see that the
amplitude of the oscillations is much larger in the direction of varying the spacer layer
thickness than in the direction where the magnetic layer thickness is varied.

The same calculation has been performed by Bruno, of which the results are presented in
Figure 3.4. Unfortunately, Bruno did not include a scale with the figure. We can conclude,
from the amount of roots that we can count in the oscillatory behaviour in both our, and
Bruno’s results, that the observed period is the same for both calculations. From this we
can conclude that we have implemented the model that Bruno introduced correctly in our
numerical calculations. We will now build the complete FM/NM/FM stack with the EFE
on the IEC in the next section, to see the influence of the EFE in our calculations.
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Figure 3.3: Numerical calculations, varying both the magnetic layer thickness on the
x-axis, and the spacer layer thickness on the y-axis. We see a difference in the amplitude
along the x-axis, and y-axis.

Figure 3.4: Numerical calculation of the coupling constant as a function of both the
magnetic layer thickness L, and spacer layer thickness D done by Bruno.22

3.2 Complete System

In this section we present numerical calculations of the EFE on the IEC, based on the model
described before. To include the EFE in the system, we change the potential landscape to
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include an insulating layer as a top layer. At this insulating layer, electrons will gather,
when a voltage is applied over the stack, inducing an electric field at the interface of this
dielectric. We describe this electric field with an extra layer that differs in potential from
the adjacent layer by an amount of VEFE, as can be seen in Figures 3.5 and 3.6. We can
either choose to model a system with a FM/NM/FM/Insulator stack, or with the FM/N-
M/FM/NM/Insulator stack. The fabrication process for patterned devices for experiments
can favour one over the other, so we will model them both here. The specifications for all
layers are as we proposed before, with the addition of the non-magnetic layer on top of
the second magnetic layer for the latter system, and the screening length T1 of the EFE.
The thickness of the NM top layer is set to 1 nm. For the screening length of static electric
fields, different values have been reported in literature, depending on the system. Consid-
ering our system, we have assumed a screening length for the EFE of T1 =0.2 nm.36 Since
both the system with, or without the NM overlayer can have benefits, either for fabrication
purposes or to observe the EFE on the IEC, we will do the calculations of both systems
side by side. At each calculation we will discuss similarities, as well as essential differences
when they are observed.

Figure 3.5: The potential landscape for the FM/NM/FM/Insulator system, including
the EFE.

3.2.1 Spacer Thickness

To start the comparison between the two systems, either with the NM overlayer or without,
we will check the initial behaviour of the coupling constant as a function of spacer layer
thickness, as can be seen in Figure 3.7. For these calculations we have set all extra VEFE
potentials to zero in Figures 3.5 and 3.6, so the EFE does not influence the IEC yet.
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Figure 3.6: The potential landscape for the FM/NM/FM/NM/Insulator system, includ-
ing the EFE.
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(a) Without NM overlayer.
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(b) With NM overlayer.

Figure 3.7: Numerical calculations of the coupling strength as a function of the spacer
layer thickness between the magnetic layers. On the left we have the results for a system
without a second NM layer between the top magnetic layer and the insulating layer, the
results on the right are from calculations with an extra NM layer.

For the NM spacer layer thickness of both systems, we see very similar results in both
amplitude and period. Oscillations due to the thickness of a NM overlayer have been
experimentally observed, which can account for the small differences in the amplitude and
period of the oscillations we obtain.37 This is due to an influence of an extra reflection,
which can either contribute to an constructive or destructive interference of the electron
wave functions in the NM spacer layer. Because the effects are small in these calculations,
we do not elaborate more on the discussion on these small differences. A large difference in
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amplitude is however observed between the systems we observe here, and the FM/NM/FM
trilayer introduced in Section 3.1. This is likely due to the fact that all electrons at the
FM/insulator or NM/insulator interface now reflect and contribute to the interference of
electron wave functions in the NM spacer layer.

3.2.2 Electric Field Effect

We have seen how the complete system behaves when the spacer layer thickness is varied.
We will now introduce the EFE on the IEC to our model with an extra potential step as seen
in Figures 3.5 and 3.6. To do this, we pick one of the peaks where J1 > 0 from Figure 3.7,
both for the FM/NM/FM/Insulator system as for the FM/NM/FM/NM/Insulator system.
From these peaks, we pick the point where J1 = 0 at the left side of the peak, the point
at the top of the peak, and the point where J1 = 0 at the right side of the peak. These
results are shown in Figure 3.8.

From the results in these figures, we can draw a few conclusion about the EFE on the IEC.
First of all we see a change in sign for the EFE on the IEC if we change the thickness of
the spacer from the left to the right side of the peak and vice versa, indicated by looking
at the top row of the figures and the bottom row of the figures. For the points at the
peak in the middle row of the figures, we see a near parabolic behaviour of the EFE on the
IEC. If we can observe the same behaviour of the EFE on the IEC, as a function of spacer
thicknesses in experiments, we can eliminate other effects to be the cause of the change
in coupling strength between the ferromagnetic layers. A second observation we notice
is that the absolute strength of the EFE on the IEC is a bit larger for the system with
the extra NM layer between the top FM layer and the insulator. This effect is however
relatively small, and we have also seen that the absolute strength of the coupling is a
bit larger for the same system. Because of this, we do not expect much larger effects of
either system when speaking percentage wise of the EFE on the IEC in experiments. From
these calculations we can also conclude the importance of reproducibility of the coupling
constant as a function of NM spacer layer thickness. Even though the observed period
of the oscillatory behaviour observed in calculations is different than in experiments, we
do see that a deviation in spacer layer thickness can influence the behaviour of the EFE
on the IEC. We will discuss next what causes the difference between these calculated and
experimentally observed oscillation periods.
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(a) D =0.616 nm, no NM overlayer.
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(b) D =0.602 nm, with NM overlayer.
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(c) D =0.670 nm, no NM overlayer.

- 3 - 2 - 1 0 1 2 30 . 4

0 . 6

0 . 8

1 . 0

J 1 (m
J/m

2 )

V E F E  ( e V )

(d) D =0.657 nm, with NM overlayer.
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(e) D =0.732 nm, no NM overlayer.
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(f) D =0.717 nm, with NM overlayer.

Figure 3.8: Overview of the calculated influence of an EFE on the coupling constant J1
for different spacer thicknesses. On the left results for the FM/NM/FM/insulator system
are shown, on the right the results of the FM/NM/FM/NM/insulator system. On the top
row we have results for a the spacer thickness that is a root at the left side of a AF coupling
peak, on the bottom we have a root at the right side of the same AF peak. The middle
row corresponds to the spacer thickness at the top of this AF peak.
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3.3 Aliasing

When we compare the coupling constant as a function of the NM spacer layer thickness
from our numerical calculations with previous experimental results,11 we see a difference
in period of the oscillatory behaviour. This difference in period can be explained by an
effect called aliasing. In short, since the spacer has a lattice spacing that is larger than
the period of the oscillations obtained by numerical calculations before, the results will be
aliased by this lattice spacing. This way we obtain new oscillations that are slower than
the lattice spacing.38 An example of this aliasing can be seen in Figure 3.9, where we have
aliased previously calculated results with a lattice spacing of 0.18 nm, which is the lattice
spacing of Cu.
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Figure 3.9: The coupling constant J1, as a function of the spacer thickness D, aliased
with a lattice spacing of 0.18 nm.

If we now look at the results from the numerical calculations of the influence of the EFE on
J1, we did not take this aliasing into account. If this aliasing works the way we described
above, we can look at the results of the aliased curves. We have calculated the unaliased
curves for an effective applied voltage of 0, -3, and 3 eV. The unaliased curves can be seen
in Figure 3.10. We then aliased the results, again with a lattice spacing of 0.18 nm, and
fitted a damped sine function through all the sets of points. These results can be seen in
Figure 3.11.

If we compare these figures, we see that through the aliasing, the EFE on the IEC has
changed sign. In Figure 3.10 we see that the curve for −3 eV shifted to the left, with respect
to where we do not have any applied electric field. In the aliased case in Figure 3.11, we
see that the curve for −3 eV has shifted to the right instead. If we perform experiments,
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Figure 3.10: The coupling constant J1, as a function of the spacer thickness D, calculated
for three values of the effective electric field.
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Figure 3.11: The coupling constant J1, as a function of the spacer thickness D, calculated
for three values of the effective electric field, now aliased with a lattice spacing of 0.18 nm.
We included the unaliased case for VEFE as a reference.

and observe the EFE on the IEC, we can confirm or dismiss this way of aliasing by looking
at the sign of the EFE on the IEC at different spacer thicknesses.



Chapter 4

Methodology

In this chapter the processes involved in the sample fabrication and the measurement
techniques are discussed. The production process involves a combination of DC and RF
sputtering, UV lithography (UVL), and Ion Beam milling (IBM). These are discussed in
relative detail with the choice of materials. We have chosen for a combination of UVL,
and IBM for patterning the devices. We chose this method, because we can make large
samples, and characterise the magnetic properties before patterning, and we do not suffer
from shadowing effects during the deposition of the main FM/NM/FM stack. We have
also designed the UVL mask in such a way that we preserve a spot on each sample that
we can check at any point for its magnetic properties. The main measurement techniques
are the magneto-optical Kerr effect (MOKE), and the Anomalous Hall Effect (AHE). The
MOKE measurements are discussed in a very general way, as the underlying physics is less
relevant for this thesis, and described in the literature for more in depth information. The
AHE measurements are discussed a bit more extensively, as the core measurements of this
thesis use this technique.

4.1 Sample Fabrication

To produce samples that are suited to measure the electric field effect on the interlayer
exchange coupling, we have used a combination of techniques. These techniques include
both DC and RF magnetron sputtering, Ultra-Violet light Lithography (UVL), and Ion
Beam Milling (IBM). In order to explain why we need those fabrication techniques, we will
first discuss which materials we will use next.

41



42 Chapter 4. Methodology

4.1.1 Materials

In this section we will briefly explain the choices of materials made to make the stack we
use. We will first decide on the material for the magnetic layers. Since we favour PMA in
our samples, since this can increase the storage density of MRAM devices, we want a total
positive anisotropy constant, which consists of a volume, and surface anisotropy term as
we already saw before, namely

K · t = KV · t+KS. (4.1)

For this reason, we choose Co over Fe, because Co has a lower volume anisotropy constant.
Even though Ni has an even lower volume anisotropy, the fact that the interface anisotropy
for Ni is often also negative, means magnetic Ni layers will not show PMA at any layer
thickness. Also, since we build further onto the work of Lalieu,11 and because of experience
in the group, we use Co.

When calculating the anisotropy constant for Co with various interfaces due to spin-orbit
interactions, we see that a thin Co layer favours in-plane anisotropy. However, when Co
is sandwiched between Cu, Ag, Pd or Pt, out-of-plane anisotropy is favoured.14,39 For Pd
and Pt, this is due to a large Stoner-enhanced susceptibility at the Co contact and their
large spin-orbit coupling. For Cu and Ag, which have filled d bands, the spin-polarisation
is negligible. This means that they only influence the anisotropy due to s−d hybridisation
with the Co d bands. For these reasons, we will use Pt to enhance the PMA of the magnetic
Co layers. In the first part of our experiments, the stack is finished by a Pt layer, both to
get the top Co layer to have PMA, as well as its resistance to chemicals and exposure to
air.

Since Pt/Co/Pt interfaces are often used to obtain PMA, it was believed that the presence
of a heavy metal was essential. Work by Yang shows that the PMA is onset by the
hybridisation of the 3d orbitals of the transition metal with the 5d orbitals of the heavy
metal.40 The combination of the spin-orbit coupling and the charge transfer induced by
this hybridisation leads to PMA.41 However, it has been shown that Co/MOx interfaces
can also produce PMA, where M can be Ta, Mg, Al, Ru etc. despite the weak spin-orbit
coupling at the interface.42,43 Large PMA values have been reported for various materials,
like crystalline MgO and amorphous AlOx layers.44–46 In those articles, it has also been
shown, using X-ray photo-electron spectroscopy, that the presence of the oxygen atoms at
the interface influences the PMA. Annealing samples has also been shown to increase the
PMA.47–49 For these reasons, when we switched the stack from a Pt capped Co layer, to a
Co layer with an insulator on top, we initially used AlOx, but later switched to MgO for
reasons explained in Chapter 5.

The only material we have left to choose is the non-magnetic material that we have used
to mediate the IEC through. A lot of materials have been used to show IEC either in
calculations50,51 or experiments,52,53 such as Cu, Au, Ru, Cr, Nb, Mo, Ir, etc. From
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the work of Parkin,53 we know that Ru has the strongest coupling constant from these
materials, and thus the coupling should be easy to observe. We also build onto the work
of Lalieu,11 who also used Ru. For these reasons our choice for the spacer material is also
Ru. We have seen that adding Pt layers above and below the Ru spacer layer will tune
the strength of the coupling,11 and according to Parkin,53 the Pt itself does not contribute
to IEC. In Section 2.3 we have seen that the thickness of all materials will influence the
strength, due to the exponential decay in the wave functions. This way, inserting extra Pt
layers will lower the coupling strength, but not influence the coupling in any other way.

Adding all these arguments together, we build a stack, from bottom to top of Pt/-
Co/Pt/Ru/Pt/Co/M, where M is either Pt, AlOx, or MgO.

For the insulating layer we use MgO, as this can be directly sputtered in the Nanofilm
facility. The contacts we use are sputtered in either Nanofilm, or CARUSO, depending on
availability of suited materials. The materials most suited are non-corrosive, low resistance,
non-magnetic metals. A corrosive metal can be used, if properly protected by a non-
corrosive capping layer, for example Al, capped with Pt.

We now know what materials we want to use, and in the next section we can elaborate on
how to deposit those materials, using sputter deposition.

4.1.2 Sputtering

Sputter deposition is a widely used technique in both research and industry, mainly due
to the simplicity and ability to control the deposited layer thicknesses an a sub-nanometer
scale. The reason to use both techniques is the need to sputter both insulating materials
as well as metallic materials. Metallic materials are grown using DC sputtering, because
of better quality of the films and better reproducibility, with respect to RF sputtering.
Insulating materials, however, can not be sputtered with DC sputtering, so RF sputtering
has been used. Typical growth rates for the techniques are about 1 Å s−1, where growth
rates for RF sputtering are generally lower than those for DC sputtering. We will now
briefly discuss both techniques, where a more extensive discussion can be found in the
work of Ohring.54

A schematic overview of the sputtering setup is depicted in Figure 4.1(a). In this figure,
we sketched the situation for DC sputtering, for the RF setup the power source is replaced
with an AC power source. During sputtering, Argon gas is injected into the chamber to a
pressure of 1× 10−2 mbar and a voltage is applied between the target and a ring shaped
anode. This creates a plasma, and Argon ions are accelerated towards the target material,
where they knock off individual target atoms. This material then condensates on the
substrate and thin films can be deposited. The stray field from the magnet placed on top
of the target increases the mean free path of the ions and electrons, effectively increasing
the deposition rate, and stabilising the plasma discharge.
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(a) Sputter deposition (b) Wedge growth

Figure 4.1: Schematic overview of (a) sputtering and (b) wedge growth. Figures adapted
from.55

For the sputtering techniques, we can use either of the two growth facilities of the Physics
of Nanostructures group, CARUSO and Nanofilm. CARUSO is a high vacuum facility
with a base pressure of about 10−8 mbar, that can hold six different targets, whereas the
Nanofilm facility can hold up to 12 different targets and has a base pressure of down to
10−10 mbar. Other advantages of the Nanofilm facility include possibilities to transport
samples to various chambers where the samples can be analysed or processed. For example
a chamber with XPS technology is present, as well as a chamber where a IBM source is
located. Also the system has more storage space for masks and samples, thus increasing
the rate at which samples can be produced without breaking vacuum.

Wedge growth is often used to study thickness dependency of various properties of fabric-
ated samples. In Figure 4.1(b) a schematic overview of a wedge growth is depicted. If we
want to study thickness dependent parameters of a material, the wedge mask is linearly
moved closely over the substrate, during the deposition of this material. To determine the
position of the wedge, the wedge mask can be used to place markers, by cleverly positioning
this mask.

4.1.3 Plasma Oxidation

Since we do not have all oxide targets available, we often use plasma oxidation after de-
positions to oxidise the materials. This way we can produce desired metal oxides. To do
so, we load the sample into a process chamber connected to the sputter facilities, which
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we have for both the CARUSO and Nanofilm facility. In here, we expose the sample to an
oxygen plasma for a set amount of time. By making wedged samples, and probing them
later, we can find the ideal settings for this process to make sure we have not under or
over oxidised our samples. For example, if we over oxidise a Ta/Pt/Co/Al sample, the Co
will oxidise, which will destroy the PMA. If we under oxidise this, the Co will not be in
contact with oxygen atoms, which enhances PMA.56

4.1.4 Annealing

To increase PMA in thin film stacks, annealing is often used. Annealing is a relatively
simple technique where the sample is exposed to high temperatures for a period of time in
the absence of oxygen and water. In our case, we have used a Argon flow over the sample,
while heated up to 350 ◦C for 30 min. To explain the process of annealing, we assume a
Pt/Co/Al sample, which is annealed afterwards using plasma oxidation. When oxidised,
the oxygen atoms migrate through the Al along the grains of Al, even into the Co layer.
When thermally annealed, the oxygen atoms now diffuse into the Al grains, leading to a
more homogenous Co/AlOx interface, which enhances the PMA in those samples.47 This
works equally well for other materials. Improvement of PMA has also been reported for
Co/MgO interfaces.40

4.1.5 Ultra-Violet Light Lithography

A widely used method for patterning devices in micro and nano-electronics is Ultra-Violet
Light Lithography (UVL). This technique has the advantage that a large surface can be
patterned at once, making it a relatively quick process.

In the UVL process, we use a substance, usually a polymer in solution, that we will call
the UV resist. Depending on exposure to UV light and the type of resist, the solvability of
this resist is increased or decreased in the so called developer. In Figure 4.2 the stepwise
process of the technique is shown. The steps are, from top to bottom as follows:

A We begin with a substrate, this can be coated with materials or a bare substrate.

B We spin coat the UV resist onto the substrate. In our case we use the maN-415 resist,
which is spin coated at 2500 rpm for 30 s.

C Now we align the mask (thin horizontal black stripes) with the substrate. In consecutive
steps, we use marks to align with previous steps in the process. We then expose the
sample to UV light for 20 s.

D We rinse the exposed samples in the developer. In the developer, parts of the resist
will be removed, because of the solvability difference after exposure to the UV light.



46 Chapter 4. Methodology

Figure 4.2: The stepwise process of the ultra-violet light lithography.

The timing of development and exposure is important to get the highest resolution.
Depending on the resist, we are now left with a positive or negative image of the mask.

E Depending on what we want to do next, we can subtract material or add material
everywhere. This step is only depicted for the negative resist.

F We now remove the resist and any material that was on top of the resist. This results
in the last step.

G In our case, the layer of resist is much thicker, 2µm, than the layers we want to add or
remove, which are at maximum 80 nm. This ensures the edges of the resist to be still
accessible to remove after the subtractive or additive step of material.
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4.1.6 Ion Beam Milling

During the process of the fabrication, we use Ion Beam Milling (IBM) as a subtractive
method to get our samples patterned, of which a schematic drawing is depicted in Fig-
ure 4.3. In IBM, a homogeneous and parallel beam of ions is accelerated onto the sample,
which mills away material from the surface of the sample. To improve uniformity of the
milling, the sample is rotated during the process. The sample normal is put at an angle to
the incident ions to improve the smoothness of the edges and prevent redeposition of etched
material. For an in depth study of the IBM process, including the physical mechanism to
produce the ion beam, and the physics behind the milling process, we refer to an extensive
study of this IBM setup done by Weekenstroo.57

Figure 4.3: Schematic overview of ion beam milling. The dotted lines represent the
incoming ions.

4.1.7 Fabrication Process

In this section, we will explain how we fabricated our samples for the electric field effect
measurements step by step. We first deposited the initial stack of Ta/Pt/Co/Ru/Pt/Co/X,
where X can either be Pt, MgO or AlOx.

We started with samples where the first stack that was deposited consisted of Ta/Pt/-
Co/Ru/Pt/Co/Pt stack. The production of samples with MgO, or AlOx are essentially
the same, but we end up with a slightly different stack. We will discuss the fabrication
process step-by-step by looking at Figure 4.4.
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(a) First UVL step (b) IBM and resist removed (c) Second UVL step

(d) MgO and resist removed (e) Third UVL step
(f) Contacts deposited, and res-
ist removed

Figure 4.4: Schematic overview of the UVL steps of the sample fabrication. The sample
is depicted in chronological order, alternating the sample with resist in red and the sub-
tractive/additive step and resist wash off. The substrate is depicted in blue, the original
stack in grey, the MgO in green, and the metallic contacts in orange.

a First we pattern the full sample with the structure on which we will eventually do the
AHE measurements. This structure can be seen in red in Figure 4.4(a). The red in all
these figures represent the UV resist, and the grey represent the initial stack for the IEC,
ending with either Pt, MgO, or AlOx.

b After putting the sample through an IBM session, and then washing off the remaining
resist, we end up with the structure in Figure 4.4(b), in which the blue represents the
silicon substrate.

c We now apply a second layer of resist to cover almost the entire sample, except where we
want to insert an insulating layer. To do so, we use alignment marks, which we will omit
in the schematic figures, but can be visible in a microscope image of a finished sample.
The second layer of resist can be seen in Figure 4.4(c).

d We use RF sputtering to sputter MgO, and then remove the resist again. We end up
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with a sample where the first deposited structure is partially covered with a thick MgO
layer, as can be seen in Figure 4.4(d). In this image, the deposited MgO is coloured
green.

e Applying a new pattern of UV resist, we cover most of the sample, but not the parts
where we want to deposit the contacts. This is shown in Figure 4.4(e), and the result
after depositing the contacts, and removing the resist in Figure 4.4(f). Throughout this
thesis we have used a variety of metals, like copper, gold, aluminium, and platinum,
where we make sure to end with a metal that provides a good contact.

f A microscope image of one of the finished samples is shown in Section 4.1.7, in which the
before mentioned alignment marks for consecutive UVL steps can be seen in the form of
small squares and crosses.

(a) Microscope image of a finished sample

(b) Stack at line A

(c) Stack at line B

Figure 4.5: The full sample on the left, with the cross, insulating layer and contacts. On
the right we have a cross section at two places. In these, the substrate is blue, the initial
stack is grey, the insulating layer is green, and the contacts are orange. Note that the
dimensions in the right pictures are not to scale.

In Section 4.1.7 we see how the stack is built up at different positions across the sample.
We have used the same colours for all materials as we did in Figure 4.4. From these
sketches we can deduct why the insulating layer, and the contact layer have to be thick.
The insulating layer has to be thick to avoid contact on the edges of the grey stack with
the orange contacts, and the contacts have to be thick to make contact over the edges
of the insulating MgO layer. Even for the initial stack where we end with the thin MgO
layer, the resistivity seems to be sufficiently low to do measurements. For AlOx capped
samples, we have not made the entire samples, due to problems on which we will return in
Section 5.2.1.
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4.2 Characterisation Techniques

In this section we discuss the techniques used to magnetically characterise our samples.
These techniques include the Magneto-Optical Kerr Effect (MOKE), and the Anomalous
Hall Effect (AHE). The MOKE technique is used to determine the magnetic properties of
the samples without any applied electric field. The core measurements of this thesis are
the AHE measurements, and in particular those with an applied electric field.

4.2.1 Magneto-Optical Kerr Effect

The Magneto-Optical Kerr Effect is a versatile and fast way to determine magnetic proper-
ties of our samples. An advantage of this technique is the ability to probe the samples very
locally due to the use of a laser probe. This is used to scan across samples and search for
magnetic properties that depend on the position of the sample, which is useful for wedged
samples, as introduced in Section 4.1.2.

The technique relies on the Kerr effect, which is a rotational effect of the light that reflects
from a non-transparent sample. In Figure 4.6, a sketch of the Kerr effect is shown. We
send linearly polarised light onto the sample, which can be thought of as a superposition
of equal parts of left-and right-hand circularly polarised light.

Figure 4.6: The basis of the MOKE measurements. Due to the magnetisation of the
material, the index of refraction is different for right- and left-handed circularly polarised
light. Linearly polarised light thus results in elliptical light after the reflection of a magnetic
sample. Image adapted from.58

When the light is reflected at the surface, it first travels a short distance into the sample.
During travelling this distance, the velocity and absorption of the two circularly polarisa-
tions are different, and as a result, the reflected light has a different polarisation plane
and ellipticity. All samples in this thesis are designed to have perpendicular magnetic
anisotropy, so we use the so called polar MOKE setup. In this setup the magnetisation
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and applied magnetic field are parallel to the normal of the sample, as is the incidence and
reflection of the laser light.

MOKE measurements are a top down method of probing the magnetic properties of our
samples. Due to scattering of light in the sample, this leads to a higher sensitivity in the
MOKE measurements to the top Co layer in our stack. If we use this in combination with
AHE measurements, which will be introduced in the next section, we have two ways of
determining the magnetic properties of our samples. The sensitivity of AHE measurements
depends differently on the magnetic properties, which we will discuss later.

MOKE is also very useful since it does not require deposited samples to be processed any
further, in contrast to AHE measurements. The MOKE measurements are, however, not
suited for measurements with an applied electric field in our case, since an applied electric
field across the sample demands a thick top contact and insulating layer, which together
make the probing depth to reach the magnetic layers using MOKE to large for the laser
light.59

For a more detailed description of MOKE, I would recommend the Ph.D. thesis from
Schellekens,60 Dalla Longa,58 and Van Kampen.61

4.2.2 Anomalous Hall Effect

Another method to determine magnetic properties of our samples is the Anomalous Hall
Effect (AHE), also known as the extraordinary Hall effect or spontaneous Hall effect.62

The AHE has roots in the history of electricity and magnetism. At first Edwin H. Hall
discovered that a current carrying conductor in a magnetic field has its electrons ‘pressed’
to one side. He later saw that this effect was about ten times larger in ferromagnetic iron,
which is now known as the Anomalous Hall Effect.63

When a current passes through a thin FM film, the AHE produces a potential differences
perpendicular to the direction of the current. For a perpendicular magnetised film, we can
write the total Hall resistivity as ρH = ROHEµ0Hz + RAHEµ0Mz, where ROHE and RAHE

are the resistant coefficients for respectively the ordinary and anomalous Hall effect. Hz is
the applied magnetic field and Mz the magnetisation of the sample, both directed along
the normal of the sample. The anomalous Hall coefficient in this equation is proportional
to RAHE ∝ VAHE

I
, in which VAHE is the potential difference that is build up due to the AHE,

and I is the applied current. If we put the two equations together, we can see that the
voltage that is built up is a good measure for the out of plane magnetisation. In Figure 4.7,
a sketch of the measurement set up is given. We depict the direction of the current flow
and the way we measure the potential difference due to the AHE. The sample shows 3
possible positions at which we can do these measurements, and all positions should give
the same result. The reason to have 3 positions is to either be able to obtain more data,
making the duration of the measurements shorter as the amount of measurements goes
down by a factor of 3. Also, the samples are not always perfect and some paths may be
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damaged throughout the process. Having 3 possible measurement positions ensures us to
have a better chance of being able to actually do measurements on each sample.

Figure 4.7: A schematic representation of a Hall cross to perform the AHE measurements.

The origin of the AHE is still under debate, but current theories focus on an extrinsic
effects due to spin-dependent scattering of charge carriers, skew or an intrinsic effect which
is described in the Berry phase effect in the crystal momentum space. In the article by
N. Nagaosa et al.,63 an overview of the history and current theories about the anomalous
Hall effect are described in detail, which will here be omitted. We do mention that the
extrinsic scattering effects lead to the contribution of each FM layer to be proportional to
their thicknesses and qualities. Since the proportionality of the AHE measurements are
different than those from MOKE measurements, we can look at the combination of those
techniques on the same sample. From a set of measurements from both the MOKE, and
AHE setup, we can deduce the order of switching of the FM layers. The results of these
measurements are given in Chapter 5. As we have seen in Section 2.1.2, the EFE also
influences the MA of magnetic layers. If we design our samples in such a way that the
layer that is farthest away from the dielectric switches first, this might decrease the EFE
on the MA. We will have to keep this effect in mind when we perform the EFE on IEC
measurements however. These EFE measurements on the IEC will be briefly explained
next, where we will mention the measurement procedure as well.

Electric Field Effect measurements

To do the EFE measurements with the AHE setup, we have to alter the set up from the
normal AHE setup slightly. We use an extra voltage source to apply a voltage to the top
electrode, as shown in Figure 4.8. This voltage is switched from 0 V, to a positive voltage,
say 1 V, and then to the same voltage but negative, so −1 V. Between a negative voltage,
and the next positive voltage, we do a control measurement at 0 V. This way, we have
data about the behaviour of the samples as a function of time. We can thus see if there is
a structural change in the sample itself after a voltage has been applied, which cannot be
attributed to the IEC. This data is crucial to prove the EFE on the IEC if we find this.
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Figure 4.8: A schematic representation of a Hall cross, with top electrode, insulated by
the green insulating layer from the Hall cross. A voltage is applied to this top electrode
with respect to the Hall cross to apply an electric field.
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Chapter 5

Experimental Results

In this chapter we present the results of our experiments. To be able to do the EFE meas-
urements, some optimisation, and reproducibility studies have been performed beforehand.
From Section 3.2.2 we have seen that the thickness of the spacer layer is crucial to finding
different signs of the EFE on the IEC, which is essential to provide good evidence of this
effect. To do so, we have included reproducibility studies of this spacer layer dependency.
Due to the lack of evidence of the EFE on the IEC from samples produced with a Pt
capping, in the CARUSO facility, as will later be discussed, we have changed the stack.
The most notable change is to switch to oxide capped stacks, eventually switching the de-
positions to the Nanofilm facility. The exact reasons for altering the stack, and switching
to a different facility will be discussed later in this chapter. The change to the Nanofilm
facility also required to optimise the stack, and check for the reproducibility of samples in
the Nanofilm facility, before producing the samples on which to perform the EFE on IEC
measurements.

5.1 Platina Capped Stacks

We will now present the results we obtained from samples that were capped with a Pt layer.
This Pt layer is added on top to make samples with PMA in the magnetic layers, and Pt
is a material that can resist exposure to all chemicals used in the fabrication process. We
first have altered the stack to make the bottom Co layer switch first. We then look at
the influence of the spacer layer, and check throughout the project for reproducibility to
make sure the depositions are consistent. The reproducibility is essential to be able to
obtain reliable results for the EFE measurements, as seen in Section 3.2.2. After the first
results from the EFE measurements, where no EFE on the IEC was observed, we altered
the stack to a an insulating capping layer on top of the top Co layer. The results of the
measurements on those stacks are presented in Section 5.2.

55
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5.1.1 Magnetisation Reversal Order

With a combination of MOKE and AHE measurements, we can determine which layer
switches first of our two anti-ferromagnetically coupled layers. Since MOKE is a top down
method of probing, and AHE is sensitive to the quality and thickness of the magnetic
layers, as discussed in Sections 4.2.1 and 4.2.2, there is a difference in relative amplitude
of the signal from both layers. Since the amplitude of the AHE signal is sensitive to film
quality of the magnetic layer, we assume the bottom Co layer will give a higher AHE signal.
This is caused by the order of deposition, from which we assume that the quality of each
subsequent layer is at best, as good as the quality of the previous layer, but never better.
For MOKE measurements, we assume the top Co layer to give a higher relative signal due
to the internal reflection of the laser light from the bottom Co layer.

As discussed in Section 2.1.2, the EFE will influence the anisotropy of the magnetic layers,
as well as the saturation magnetisation. To minimise the effect on the measurements due to
change in these parameters, we want to switch the bottom magnetic layer, since this layer
is the farthest away from the electric field. Due to this fact, the electric field is smaller at
this layer, thus having less influence on the magnetic behaviour of this layer. During the
AHE measurements for the EFE, we measure the coupling field, defined as HIEC = 2J1

µ0MSt
.

This coupling field should not be influenced by a changing anisotropy, but does depend on
the saturation magnetisation of both magnetic layers, as derived in Section 2.4.2. We have
to take this into account during the analysis of the results of the EFE on the IEC.

To switch the bottom magnetic layer, we performed a number of measurements with chan-
ging stacks. Wedging either of the Co layers in the Ta/Pt/Co/Pt/Ru/Pt/Co/Pt stacks
resulted in the top Co layer to switch first, with both layers out of plane magnetised. To
get the bottom layer to switch first, we then lowered its PMA by removing the Pt layer
directly on top of the bottom Co layer, producing Ta/Pt/Co/Ru/Pt/Co/Pt stacks. We
now observed the bottom layer to switch first, as we will discuss based on the combined
measurements of the MOKE and AHE, presented in Figures 5.1(a) and 5.1(b). The com-
position for this stack was Ta(2)/Pt(10)/Co(0.8)/Ru(1.2)/Pt(0.75)/Co(0.8)/Pt(1), with al
thicknesses in nm

The way we go through the measurements is to first saturate the magnetic field at a high
negative field, sweeping it up to the maximum positive value, and then sweep back. In this
figure, we can see that the amplitude of the first switch is notably smaller (larger) than
the amplitude of the second switch for the MOKE (AHE) measurement.

What we have seen is that the PMA of the bottom magnetic layer was higher in the original
stack, but by altering the stack, thereby lowering the PMA of this layer, we have succeeded
in switching the bottom Co layer first, observed by the combination of the MOKE and
AHE measurements. We can thus now move on to producing the stacks we need for the
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(a) MOKE measurement.

- 2 0 0 - 1 0 0 0 1 0 0 2 0 0

- 1

0

1

No
rm

alis
ed

 AH
E s

ign
al

B  ( m T )
(b) AHE measurement.

Figure 5.1: Side by side comparison of the (a) MOKE and (b) AHE measurements. Note
the difference in relative amplitudes of the switches in both measurements.

EFE measurements. We will however check the reproducibility of the coupling field as a
function of layer thickness of the spacer, as we have seen that this is crucial to be able to
provide enough evidence of the EFE on IEC.

5.1.2 Influence of Spacer Thickness

In order to be able to observe the EFE on the IEC, as presented in Section 3.2.2, we first
need full control over the IEC in multiple samples. We would like to mention again that we
saw an inverse sign of the EFE on the IEC in Section 3.2.2 depending on the thickness of
the spacer layer. We will check the reproducibility of the IEC by making samples where we
wedge the thickness of the spacer material. The samples are composed as follows, with the
thicknesses of each layer in nm: Ta(2)/Pt(10)/Co(0.8)/Ru(tRu)/Pt(0.75)/Co(0.8)/Pt(1).
To check for reproducibility, we made multiple samples with the same composition, and
measured the couple fields HIEC as a function of the spacer thickness tRu. The results are
shown in Figure 5.2. In this figure, we can only show the anti-ferromagnetic coupling fields.
This is due to the fact that ferromagnetically coupled layers will switch simultaneously,
and will switch like one magnetic layer symmetrically around ~H = 0, which will yield a
couple field measurement of HIEC = 0 for all ferromagnetic coupling strengths.

In this graph we see that the position of the middle of the peak for anti-ferromagnetic
coupling of the first 4 samples line up with each other. This is also true for the 3 last
samples amongst each other. However, these two sets of samples do not line up with each
other. The only difference between those samples is the position of the Ru target in the
CARUSO system. The CARUSO has 6 positions where targets can be loaded, and the Ru
target moved to a different position between the fabrication of the two sets of samples. The
exact reason why this position gives different results is not clear, but we know we should



58 Chapter 5. Experimental Results

0 . 6 0 . 8 1 . 0 1 . 2 1 . 4
0

5 0

1 0 0

1 5 0

2 0 0

H IEC
(m

T)

t R u ( n m )

 # 1
 # 2
 # 3
 # 4
 # 5
 # 6
 # 7

Figure 5.2: The couple field as a function of Ru thickness in samples fabricated in the
CARUSO facility, numbered for different samples 1 to 7.

check for reproducibility when changing targets to different positions.

What we also see is that the amplitude of the coupling varies between the samples. This
can be because of a slight inconsistency in any of the layer thicknesses, that would influence
the IEC strength, as we have seen in the numerical calculations in Chapter 3. We know that
the thickness of the spacer material will influence the sign and strength of the IEC, as does
the thickness of the magnetic layers. The thickness of the Pt layer on top of the Ru layer
will also influence the strength of the IEC, due to the exponential decay of the amplitude
of the electron wave functions in the model. So we see that small deviations in the Pt
layer will influence the strength of the IEC, and deviations in the Ru layer thickness will
influence both the amplitude and peak position of the IEC, measured here as the couple
field. We conclude that the CARUSO facility has small, but present inconsistencies in
growth rates. We thereforehave to regularly check for reproducibility of the samples, to be
able to produce samples on which to perform the EFE measurements. Those measurements
for this current stack will be presented next.

5.1.3 Electric Field Effect on the Interlayer Exchange Coupling

To search for the EFE on the IEC, we have done extensive measurements on fully pro-
cessed samples. The initial FM/NM/FM stack consists of Ta(2)/Pt(10)/Co(0.8)/Ru(tRu)/
Pt(0.75)/Co(0.8)/Pt(1), grown on SiO2 coated insulating Si substrates in the CARUSO
facility. The MgO layer that insulates this stack from the top contact is grown in the
Nanofilm facility, since we can use RF sputtering in this facility to directly sputter a high
quality MgO layer for this. The contacts are all sputtered in the CARUSO facility, and
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are composed of either 4 nm of Pt, and 80 nm of Au, or 80 nm of Al with 4 nm of Pt. We
use the best conducting material available at the moment in the sputter system, keeping
in mind oxidation of these contacts, cost, and the ease of further processing of the samples
to make them suitable for the AHE setup. The measurements themselves are carried out
as explained in Section 4.2.2, of which the results are shown in Figure 5.3.
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Figure 5.3: The EFE results for four different samples with Pt capping, produced in the
CARUSO facility. The samples are numbered, so we can distinguish between them. We see
no consistent influence of the EFE on the IEC amongst this series of samples. We also see
that the measurements at zero applied voltage slightly differ from each other, implicating
a structural change due to applied electric fields. These zero measurements also follow the
trend of the last applied voltage, implicating a structural change.

In each of these figures, we see two sets of measurements: the measurements at certain
applied voltages in black, and the ‘zero measurement’ in red. The measurements in black
have error bars, as this is an average of multiple subsequent measurements, where the ‘zero
measurement’ does not have error bars, since we carry out only one each time. We will
go through the measurement sequence to explain the ‘zero measurement’ indicated in the
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figures. We start at zero applied voltage, do a series of measurements, and then switch to a
positive applied voltage. We now do a series of measurements again, and switch to the same
voltage, but negative. We then do a control measurement at zero applied voltage, which
we have called the ‘zero measurement’. We then go up in the voltage step, increasing the
amplitude of the voltage, and do these control measurements after each positive-negative
cycle. Using these control measurements, we can check for structural changes, and check
if a change in couple field (HIEC) is due to either the EFE on the IEC, or due to these
structural changes in the samples.

From the measurements, we can see an effect of the electric field created by the applied
voltage to the couple field. This effect, however is small, about 2% at an applied voltage of
12 V for sample C1511013, and the effect is also observed in the ‘zero measurement’. The
fact that these control measurements follow the same trend as the measurements, indicates
structural changes to the sample after applying a voltage.

The samples we made are composed as follows: Ta(2)/Pt(10)/Co(0.8)/Ru(tRu)/Pt(0.75)/
Co(0.8)/Pt(1), where tRu is equal to 0.7 nm for C1511009 and C1511013, and 1.2 nm for
C1511011 and C1511014. If we look at Figure 5.2, and the results from Section 3.2.2,
this would yield an opposing sign for the two different Ru thicknesses. We do not observe
this opposing sign at all in our measurements. We also see that for all samples, the ‘zero
measurements’ follows the same trend as the normal measurements.

Before dismissing the EFE on the IEC to not exist, we search for reasons why these samples
do not show the sought after effect. The extra Pt layer on top of the top Co layer, was
introduced to provide a protective top layer, that increases the PMA of the Co layer. This
layer, however, might dampen the EFE by dampening the electron wave functions that
reflected at the introduced EFE layer in our model in Section 3.2.2. In the model, we
have perfect interfaces, but in the experiments this is of course not the case. To solve this
problem, we have decided to try samples without this Pt layer, but deposit an insulating
layer directly on top of the top Co layer. For this we will try different materials, as will be
discussed in Section 5.2.

Voltage Induced Breakdown

When a large voltage is applied over the insulating MgO layer, we see a hard breakdown
of the sample, which is visible in Figure 5.4. In this figure we see a large step in HIEC

at a voltage of 7 V. Measurements after the breakdown do not provide any useable data,
and have thereforebeen omitted in the previous section. We have shown the data here
for one sample to indicate that we can see this hard breakdown in the data. Due to the
fact that the samples become damaged after the breakdown, at each voltage we obtain
a lot of measurements before increasing the voltage at the risk of this breakdown. A
hard breakdown is associated with the creation of a short circuit path between the top
and bottom electrode. From a microscope picture, we can see that the sample is severely
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damaged, as can be seen in Figure 5.5.

- 1 0 - 5 0 5 1 01 6 0

1 7 0

1 8 0

1 9 0  C 1 5 1 1 0 1 1
 Z e r o  M e a s u r e m e n t

H IEC
 (m

T)

V E F E  ( V )

Figure 5.4: The EFE measurements for one sample, where we also see the break-down
after 7V.

Figure 5.5: Microscope picture of a damaged sample after the hard breakdown. We see
areas where the contacts are damaged (black spots).
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5.2 Oxide Capped Stacks

Since we did not see the EFE on the IEC in the Pt capped samples, and suggested that this
extra Pt overlayer might dampen this effect, we switch to oxide capped samples. We have
a few choices for the oxide material, and as seen before by Lalieu,11 aluminium capping
with plasma oxidation can produce the required samples. Due to reproducibility issues, as
well as processing issues with the aluminium capped samples, we later switched to MgO.

5.2.1 Aluminium Capping

Since the results with the Pt layer did not provide any evidence of the EFE on the IEC, we
decided to try to cap the structure with aluminium, producing a Ta(2)/Pt(10)/Co(0.8)/
Ru(tRu)/Pt(0.75)/Co(0.8)/Al(tAl) stack, and oxidise this in the oxidation chamber con-
nected to the CARUSO faciliy with an oxygen plasma. To see what thickness of alu-
minium we need for an optimal PMA in the top Co layer, we first made a sample of
Ta(2)/Pt(2)/Co(0.8)/Al(2-5) with constant oxidation conditions of 10 minutes at a pres-
sure of 1 mbar and a current of 15 mA. We then scan along the wedged Al using MOKE
and from these measurements, we extract the remanence (MR), and the coercivity (HC).
The results of these measurements are depicted in Figure 5.6(a). From this figure, we see
a range for the Al thickness where the remanence (MRem) is at 100%, and where we have a
substantial coercivity. From this range we will pick about the middle, to leave a little room
for uncertainty, since we do not have any knowledge of the reproducibility of the oxidation
yet. We decide to take a Al thickness of 3.7 nm. The hysteresis loop at this Al thickness
is shown in Figure 5.6(b).

Due to several issues, we decided to not use oxidised Al as a capping. The reasons for
this are issues with the reproducibility, which are probably due to fluctuations in the
deposition or oxidation process. The main issue, however, was in the processes to fabricate
our samples. When performing UVL on these samples, we have to develop the resist in the
developer. The developer that we use in this process etches away the Al layer.a Because
of this, we switched to MgO, which we can only grow in the Nanofilm facility. From this
point on we used the Nanofilm for all of our depositions, except for sputtering contacts,
which we can still do in either CARUSO or Nanofilm.

5.2.2 MgO Capping

Due to the lack of confirmation of the EFE on the IEC with the stacks grown in CARUSO
with the Pt capping, and problems with the Al capping, we now switch to MgO capped

aThere are developers that do not etch Al, but changing to a material that we have already used (MgO),
is our choice, rather than to change the recipe in the UVL. This is especially true, since there are some
reproducibility issues with the oxidation of the Al.
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(a) The coercivity (HC, black line, left scale),
and the remanence (MRem, red line, right scale)
as a function of the Al thickness. Both are nor-
malised to their maximum values seen in the
measurements.
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(b) Hysteresis loop for tAl =3.7 nm.

Figure 5.6: Results from MOKE measurements for a sample with a wedged Al top layer,
after plasma oxidation.

samples. We have seen that a thick layer of MgO resisted the used chemicals before, as
the measurements in Section 5.1.3 indicated. MgO was only available in the Nanofilm
facility, thus we need to start over with the optimisation of the entire stack. First we
will optimise the Co layer thickness in a Ta/Pt/Co/MgO stack to search for the optimal
PMA properties. We will also investigate the influence of annealing such samples to the
magnetic properties. This is not necessarily interesting for us at this point, but might yield
interesting conclusions for the group of Physics of Nanostructures in the future. After this
optimisation we will check full stack samples, and their reproducibility in the Nanofilm
facility as we did with the CARUSO facility in Section 5.1.2. We will then investigate the
full stacks, and see if we can reproduce the influence of the spacer thickness, as we observed
in Section 5.1.2. At this point we will also look at the reproducibility of the depositions,
as this was an issue in the CARUSO. From this, we will go to uniform layered full stack
samples, to process these to do the EFE on IEC measurements on. Due to problems with
water absorption of the MgO, which will be explained in Section 5.2.2, we could however
not do these measurements. In that section, a solution to our problem is proposed as well.

PMA Properties

As discussed in Section 2.1.1, large PMA values have been reported for Co/MgO inter-
faces. Before we can do the EFE measurements, the optimisation of the Co thickness in a
Ta(2)/Pt(4)/Co(tCo)/MgO(4) is determined by a wedge growth of this Co layer. We search
for the best PMA in this stack by scanning across the wedge with MOKE measurements.
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We thereforeplot the remanence magnetisation, and the coercivity as a function of the Co
thickness. These results are shown in Figure 5.7(a).
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(a) The coercivity (HC, black line, left scale),
and the remanence (MRem, red line, right scale)
as a function of Co thickness of a Ta/Pt/-
Co/MgO stack, obtained from MOKE measure-
ments.
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(b) Hysteresis loop for tCo =1.3 nm.

Figure 5.7: Results from MOKE measurements for a sample with a wedged Co layer,
capped with a MgO layer.

In this figure, we see a broad range of thicknesses for the Co thickness where the remanence
is at 100%, with a maximum coercivity of around 33 mT. The hysteresis loop at 1.3 nm of
Co is shown in Figure 5.7(b), in which we see a square loop that indicates a good PMA
sample at this thickness. We also annealed this sample for 30 minutes at 350 ◦C, with a
constant Ar gas flow over the sample, to prevent exposure to oxygen or water during the
annealing. The results of MOKE measurements after this annealing procedure can be seen
in Section 5.2.2. In this figure we show both the remanence, and hysteresis as a function
of the Co thickness, as well as the hysteresis loop at tCo =1.3 nm.

After annealing the sample, the range of tCo where the remanence is 100% increased, and
the coercivity went up to about 45 mT. For our EFE measurements, we do not need
these increased values, and at this point we are not sure what annealing would do to the
entire stack of coupled Co layers with multiple layers in between. These measurements
are an indication that annealing Ta/Pt/Co/MgO stacks does increase the remanence and
coercivity, which can be useful for future studies in the group.

Influence of Spacer Thickness

We now have the results of the MgO capped samples, and have seen that obtaining good
quality PMA samples is possible. We now switch back to our coupled system for the EFE
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(a) The coercivity (HC, black line, left scale),
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as a function of Co thickness of a Ta/Pt/-
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(b) Hysteresis loop for tCo =1.3 nm, after an-
nealing for 30 minutes at 350 ◦C.

Figure 5.8: Results from MOKE measurements for a sample with a wedged Co layer,
capped with a MgO layer, after annealing.

measurements on the IEC. Before we do the EFE measurements, we check the reprodu-
cibility of the IEC as a function of spacer thickness. This reproducibility is important,
because we saw in Section 3.2.2 that the EFE has a different sign on the IEC, depending
on the spacer thickness. Also, we previously saw for the Pt capped samples from CARUSO,
that the reproducibility of these stacks was somewhat of an issue. We have now deposited
Ta(2)/Pt(10)/Co(1.3)/Ru(tRu)/Pt(0.75)/Co(1.3)/MgO(4) stacks, where we wedged the Ru
from 0 to 2 nm. We have performed MOKE measurements of minor loops along the wedge,
and plotted the couple field HIEC as a function of the Ru thickness. The results of these
measurements are shown in Figure 5.9 for 4 different samples. We again, can only obtain
the coupling field for anti-ferromagnetic coupling as mentioned before in Section 5.1.2.

In this figure, we see that for these four samples the observed peaks for the anti-ferromagnetic
coupling align with each other perfectly to the precision of which we can determine the po-
sition. This is due to the stepwise behaviour of the scanning, which is done by moving the
sample by 0.25 cm along the 1.5 cm wedge. If watched closely, one can observe the stepwise
behaviour in Figure 5.9. You can also see that the first peak for all four samples is off by
no more than one step, relative to each other. The small fluctuation in the height can not
be explained by limitations of the measurements. This small fluctuation is probably due
to very small deviations in the deposition rate of either Pt, or Co. It can be Pt, since the
Pt is present on top of the Ru layer, to tune the strength of the IEC. A small thickness
difference in this Pt layer can lead to a stronger or lower IEC strength. We have also seen
in Section 3.1.2, that the thickness of the magnetic layers influences the strength of the
IEC. So for the same reason, a small deviation in the thickness of either Co layer will lead
to a small difference in the IEC strength. What we see is also that the Nanofilm facility
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Figure 5.9: The couple field as a function of Ru thickness in samples fabricated in the
Nanofilm facility, numbered for different samples 1 to 4.

has a higher quality of reproducibility than we have seen for the CARUSO in Section 5.1.2.
As mentioned before, the reproducibility is essential to produce samples in which we can
observe the EFE on the IEC with opposite signs. As we will see in the following section,
there were some problems during the processing of the samples, which are the result of the
MgO top layer.

Water Influence

To do the EFE measurements, we have made structured samples as before. However,
when we performed measurements with the AHE setup, we noticed we did no longer
observe hysteresis loops that are characteristic for two coupled magnetic layers. What
we observe is a single switch centered around H = 0, implicating something changed
the magnetic properties of our stack. Measuring old samples with the MOKE setup also
revealed changes in the hysteresis loops. We expected that used chemicals during the
UVL process, and degradation over time might explain these changes, and thereforehave
investigated this. We have taken measurements of a sample, and cut it in a few pieces to
investigate different influences on the magnetic properties.

In Figure 5.10 we see hysteresis loops for the sample, directly after deposition (black), and
after one month (red). During this month, the sample was in a sample box in an office,
exposed to atmospheric pressure, and normal humidity levels. For the just deposited
sample, we see two switches, with very clear anti-ferromagnetic coupling. These switches
show a sample with good PMA properties, as the switches are fast and square. When
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Figure 5.10: Full hysteresis loops of a sample directly after deposition(black), and after
one month (red).

we look at the red line, we now clearly see three switches, which indicates a rearrange in
the sample around 100 mT. Also, this switch around 100 mT is not abrupt, but seems to
happen gradually. We can already see that some changes occur after just one month of
exposure to air.
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Figure 5.11: Minor hysteresis loops of a sample directly after deposition(black), and after
one month (red).
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In Figure 5.11, if we look at the minor loops of the just deposited (red), and one month
old (black) sample, we see minor changes as well. From these loops we can conclude that
the couple field HIEC has increased over time. This can have multiple origins, if we look
back at the equation for the couple field

HIEC =
2J1

µ0MSt
. (5.1)

This change can either be from a changed coupling constant J1, or the product MSt has
changed. The latter can have happened if the Co layer partially oxidised, which influences
the effective thickness of the Co.

To investigate the influence of water, and UVL developer on the magnetic properties of the
samples, we submerged parts of the original sample in those liquids. We used the standard
amount of time that was used in the UVL process for both fluids. The hysteresis loops for
these samples are presented in Figure 5.12.
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Figure 5.12: Full hysteresis loops of a sample after being submerged in either only
water(black), or both UVL developer and water(red). The graphs are vertically offset to
each other, because they almost completely overlap otherwise.

In this figure we see two almost identical hysteresis loops. In black we see the hysteresis
loop of a piece of the sample that has been submerged in water, in red we see a piece that
was submerged in UVL developer, and water subsequently. Because the hysteresis loops
largely overlap, we offset them to each other vertically. Apart from this vertical offset, we
see no difference between the two hysteresis loops. This implies that exposure to water is
the problem to why the magnetic properties of our samples has changed so much.
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We think that the water reaches the Co layer. If this happens by absorption in the MgO
layer, or through transport through this layer due to the MgO being porous we do not
know. What the exact cause is, is not relevant to this thesis, so we will propose a solution
to the problem instead. If the MgO is indeed absorbing or transporting water to the Co
layer, we can protect the Co layer in two ways. We can either try to replace MgO with a
different capping material, or we can cap the MgO with a protective layer. Since the MgO
provides good PMA samples and proved to be insulating when a thick layer was deposited,
we will suggest to first try the latter. We have also seen previously that replacing the MgO
layer to an AlOx layer yields a number of problems, as was discussed in Section 5.2.1. For
the capping of the MgO, we suggest using either tantalum, letting this oxidise naturally
when exposed to air, or aluminium oxidised by exposure to an oxygen plasma. However,
using aluminium would bring back the problem of the developer that etches away the
material during the UVL process, thus favouring tantalum for initial experiments.
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Chapter 6

Conclusion

We have performed experimental work to search for the EFE on the IEC, as well as
provided numerical calculations to investigate this effect. These numerical calculations
are based on the model introduced by Bruno of the IEC, in which we incorporated an
extra layer to include the EFE. In those calculations we have found that an EFE on
the IEC should be present in both a system of FM/NM/FM/NM/dielectric, as well as
FM/NM/FM/dielectric. We also found in these calculations that the sign of the EFE on
the IEC will depend on the thickness of the NM spacer layer in between the two FM layers.
The reproducibility of this NM spacer layer is thus important to control in order to perform
EFE on IEC measurements.

Before the experimental measurements were performed, structured devices needed to be
created. For the first time for electric field effect measurements in the group, we have used
a combination of sputtering, UVL, and IBM to create these devices. Reproducibility of
the IEC as a function of the spacer thickness issues arose during the optimisation studies
in this thesis. These issues were addressed, and functional devices were first made with Pt
capping layers.

The first EFE measurements on these Pt capped samples did not give an indication of
a results for the EFE on the IEC. We saw that control measurements followed the same
trend as the measurements when an EFE was applied, indicating structural changes in the
sample composition. We concluded that the Pt capping layer might influence the EFE
on the IEC, and proposed oxide capped samples instead. In these experiments we also
observed the samples to have a hard breakdown, creating short circuited paths through
the insulating layer. When we take into account the problems that arose with MgO capped
samples, this might be due to water absorption of MgO.

During the fabrication of oxide capped stacks, multiple issues arose. For the AlOx capped
samples, the reproducibility of the magnetic properties with the plasma oxidised Al top
layer did not resolve. In the fabrication process of the UVL lithography, we also saw that
the chemicals that are used in that process etched away the Al layer, which destroyed the
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magnetic properties of the top Co layer. A different material can be used, or a developer
for the UVL process that does not etch the Al.

An alternative oxide for the AlOx was MgO, which can directly be RF sputtered from
the Nanofilm facility. This change in material and facility demanded more optimisation
studies of the stack. We have indicated high quality MgO growth is possible, producing high
coercivity values for Co/MgO interfaces, as well as a high remanence magnetisation in those
samples. Annealing these samples in an Ar rich environment proved to further increase
the coercivity, as well as the range where full remanence magnetisation was observed.

When processing MgO capped samples we observed changes in the magnetic properties of
these stacks. After investigating degradation over time, and chemical treatments of MgO
capped samples, we concluded that exposure to water destroy the magnetic properties of
the Co layer in contact with the MgO. We have thus obtained more knowledge about
this material, which was not previously used for these purposes in the group of Physics of
Nanostructures.

Although we did not find the EFE on the IEC as we intended, we have produced results
on numerical calculations, fabrication processes, and material properties. These give rise
to more experimental work that can be done in the search for the EFE on the IEC, which
we will present in the next chapter.

6.1 Outlook

Even though no EFE on the IEC was found during the work performed for this thesis, new
insights in both the production of structured samples, as well as material properties have
been obtained. Numerical calculations, as well as possible improvements in the stack to
overcome encountered issues ask for more experimental work in the pursuing of the EFE
on the IEC.

As we have observed, the MgO is sensitive to exposure to water. We can solve this problem
by either replacing MgO with a different oxide material, or capping it with another material.
If we cap the MgO with another material, we want this material to also be an oxide, since
we then remain the FM/NM/FM/dielectric stack. If we switch to a different oxide, we have
a few candidates with which we have some experience. Other oxides that have proved to
be able to provide PMA to the Co layers are TaOx, and AlOx. If we switch back to AlOx,
we need to have a better control over the reproducibility of the oxidation of this layer.
This can be done by changing the growth technique for this layer from DC sputtering Al,
with subsequently plasma oxidation to RF sputtering of an AlOx target.
Another option is to switch to oxides with higher dielectric constants. These should be
able to withstand higher applied voltages, at which the amplitude of the EFE on the IEC
should be larger. If the EFE on the IEC is small, this higher amplitude might make it
possible to observe this effect. An example of materials with a high dielectric constant is
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the perovskite family of oxides, such as BaTiO3 or Pb[ZrxTi1−x]O3. These have dielectric
constants ranging anywhere from 300ε0 to even > 1000ε0, depending on growth technique,
doping, and orientation. Comparing this to 9ε0 for Al2O3, or 9.9ε0 for MgO, we can increase
the used voltages over tenfold.64,65

Independent of what oxide is used, we would like to mention that stoichiometry studies can
be useful. When the stoichiometry of the top Co layer, and the oxide change, the magnetic
properties of the Co will likely change as well, which might lead to false conclusion about
the EFE on the IEC.

We can also choose to switch the fabrication process, which would allow us to first deposit
the contacts, then the oxide, and as a final step the FM/NM/FM stack. This will have
some disadvantages, as we then can no longer first check the magnetic properties of the
FM/NM/FM stack before going through the entire fabrication process. Since the surface
on which we in this case deposit the FM/NM/FM stack, is likely rougher then directly
on a cleaned substrate, this might also influence the reliability of the entire stack. Some
optimisation of the stack may thus be required if this approach is chosen.

Another way the EFE can influence the magnetic properties is by the EFE on the magnetic
anisotropy of the Co layers. The magnetic anisotropy of the top Co layer can influence
the coupling strength, since the potential landscape that we use in the numerical model
will then also change, which influences some of the reflection coefficients. The influence
of an EFE on the magnetic anisotropy of the Co layer can be studied. To do so, AHE
measurements can be performed, where the applied magnetic field used to switch the
magnetisation is tilted with respect to the normal of the sample. We expect the change
in the change in magnetic anisotropy to be symmetrical with respect to the EFE, but this
does not hold for the EFE on the IEC as we have seen in our calculations.

We can alter the stack in another way, which is to remove the Pt layer on top of the Ru
spacer layer. For us, this layer is present, since we can tune the strength of the coupling
constant with it. However, this might turn out to be a layer that decreases the strength
of the EFE on the IEC in the same way the Pt layer on top of the top Co layer was. The
amplitude of the wave functions of the electrons decay exponentially with the thickness
of the layers. An extra Pt layer might be the reason the EFE on the IEC is too small to
observe.

If the EFE on the IEC can be experimentally confirmed using any of these suggestions,
we can then see how large the EFE on the IEC is. If we choose the NM spacer layer in
the FM/NM/FM stack correctly, we can obtain a coupling constant J1 = 0. At this value,
a small EFE will change the alignment of the magnetic layers between P and AP, which
is useful for data storage applications. When we can control the switch between P and
AP alignment of the Co layers, we can replace the dielectric with a ferroelectric material.
When we do this, the EFE will still be present, even if the voltage is switched off, due
to the polarisation that these materials have. This polarisation in a ferroelectric material
is similar to the magnetisation that is present in ferromagnetic materials. Replacing the
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dielectric with a ferroelectric material then allows us to produce non-volatile magnetic
memory devices that are controlled by electric fields. This can possibly produce the next
generation of magnetic memory, with a much lower power consumption.



Bibliography

1 M. Baibich, J. Broto, A. Fert, F. Nguyen Van Dau, and F. Petroff, “Giant magnetores-
istance of (001)Fe/(001)Cr magnetic superlattices,” Physical Review Letters, vol. 61,
pp. 2472–2475, November 1988.

2 G. Binasch, P. Grünberg, F. Saurenbach, and W. Zinn, “Enhanced magnetoresistance in
layered magnetic sstructure with antiferromagnetic interlayer exchange,” Physical Review
B, vol. 39, pp. 4828–4830, March 1989.

3 H. Swagten, Magnetism and Magnetic Materials. 2011. Course syllabus at the Eindhoven
University of Technology.

4 M. Willekens, Magnetic multilayers. PhD thesis, Eindhoven University of Technology,
1997.

5 T. Maffitt, J. DeBrosse, J. Gabric, E. Gow, M. Lamorey, J. Parenteau, D. Willmott,
M. Wood, and W. Gallagher, “Design considerations for mram,” IBM Journal of Re-
search and Development, vol. 50, pp. 25–39, January 2006.

6 M. Durlam, Y. Chung, M. DeHerrera, B. Engel, G. Grynkewich, B. Martino, B. Nguyen,
J. Salter, P. Shah, and J. Slaughter, “Mram memory for embbeded and stand alone
systems (invited),” IEEE, 2007.

7 P. Carcia, A. Meinhaldt, and A. Suna, “Perpendicular magnetic anisotropy in pd/co
thin film layered structures,” Applied Physics Letters, vol. 47, pp. 178–180, July 1985.

8 A. van den Brink, “Electric-field control of magnetic anisotropy and domain wall mo-
tion,” Master’s thesis, Eindhoven University of Technology, April 2012.

9 G. Liu, C.-W. Nan, and J. Sun, “Coupling interaction in nanostructured piezoelectric/-
magnetostrictive multiferroic complex films,” Acta Materialia, vol. 54, pp. 917–925, 2005.

10 M. Fechner, P. Zahn, S. Ostanin, M. Bibes, and I. Mertig, “Switching magnetization by
180 with an electric field,” Physcial Review Letters, vol. 108, p. 197206, May 2012.

11 M. Lalieu, “Charging the interlayer exchange coupling - Searching for the electric field
effect in interlayer coupled FM/NM/FM trilayers,” Master’s thesis, Eindhoven University
of Technology, September 2014.

75



76 BIBLIOGRAPHY

12 C. Kittel, Introduction to Solid State Physics. John Wiley & Sons, Inc, 8 ed., 2005.

13 P. Bloemen, Metallic Multilayers: Experimental investigation of magnetic anisotropy and
magnetic interlayer coupling. PhD thesis, Eindhoven University of Technology, 1993.

14 P. Bruno, Magnetismus von Festkörpern und Grenzflächen, ch. 24. Physical origins and
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Appendix A

Numerical Calculations Code

In this appendix, we provide the code used with Mathematica34 to do the numerical cal-
culations of the IEC as a function of layer thicknesses, and the EFE. The specific systems
are given in Chapter 3, and will here be omitted. We briefly mention the used formulas
from Section 2.3, and then give the code to calculate the IEC constant J1.

The reflection coefficients, which are different for all systems are calculated using the
recursive formula introduced previously

Rn =
rn,n+1 +Rn+1e

2ikz,n+1tn+1

1 + rn,n+1Rn+1e2ikz,n+1tn+1
, (A.1)

from which we will determine the spin average, and spin asymmetry

r̄A(B) =
r↑A(B) + r↓A(B)

2
(A.2)

∆rA(B) =
r↑A(B) − r

↓
A(B)

2
. (A.3)

We have already derived, that under the assumptions of a free electron model, we can cal-
culate the reflection coefficients as a function of the potential landscape with the formulas

kz,n+1 =

(
k2z,n +

2me(Vn − Vn+1)

~2

) 1
2

, (A.4)

rn,n+1 =
kz,n − kz,n+1

kz,n + kz,n+1

. (A.5)
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We have also derived that we can change the integration over ε to an integration over kz
in the calculation of the coupling constant J1, which yielded

J1 =
~2

4π2me

Im

[∫ ∞
0

dκ κ(kf + iκ)(2kf + iκ)Int(kf + iκ)

]
, (A.6)

where

Int(kz) =
2∆rA∆rBe

2ikzD

1− 2r̄Ar̄Be2ikzD +
(
r̄2A (∆rA)2

) (
r̄2B (∆rB)2

)
e4ikzD

. (A.7)

The code includes a list of declarations of the variables, which are system specific reflection
coefficients, wave vectors, and the spin average and asymmetry introduced above. Since
these are all system specific, we will not mention them for all systems, but will provide
the code used to do the EFE calculations for the FM(a)/NM/FM(b)/dielectric system
from Section 3.2.2. We have indicated the FM layers with a and b, and the up and down
electrons with u and d respectively.

C l ea rAl l [ ” Global ‘ ∗ ” ]
rau = 0 ; ( r e f l e c t i o n c o e f f i c i e n t ( r ) at the FM( a )/NM i n t e r f a c e
f o r up e l e c t r o n s (u ) )
rad = r1d ∗(1 − Alpha )/(1 − r1d ˆ2∗Alpha ) ; ( r at FM(b)/NM
i n t e r f a c e f o r d e l e c t r o n s )
rbu = ( r2u + Beta )/(1 + r2u∗Beta ) ;
rbd = ( r1d + ( r2d + Gamma)/(1 + r2d∗Gamma)∗Delta )/(1 +

r1d ∗( r2d + Gamma)/(1 + r2d∗Gamma)∗Delta ) ;
k f = Sqrt [2∗m∗( e f ) /\ [ HBar ] ˆ 2 ] ;
k1u = kf ; ( s e t the p o t e n t i a l f o r up e l e c t r o n s in the FM l a y e r s
equal to NM l a y e r )
k1d = Sqrt [ ( k f + I ∗k )ˆ2 − 2∗m∗Vsp l i t ∗1.6022∗10ˆ−21/\ [HBar ] ˆ 2 ] ;
k2u = Sqrt [ ( k1u + I ∗k )ˆ2 − 2∗m∗Vefe ∗1.6022∗10ˆ−21/(\ [HBar ] ˆ 2 ) ] ;
k2d = Sqrt [ ( k1d + I ∗k )ˆ2 − 2∗m∗Vefe ∗1.6022∗10ˆ−21/(\ [HBar ] ˆ 2 ) ] ;
r1u = 0 ;
r1d = ( kf + I ∗ k − k1d )/ ( k1d + kf + I ∗k ) ;
r2u = ( kf + I ∗k − k2u )/ ( k f + I ∗k + k2u ) ;
r2d = ( k1d + I ∗k − k2d )/ ( k1d + I ∗k + k2d ) ;
Alpha = Exp [2∗ I ∗k1d∗LA ] ;
Beta = Exp [2∗ I ∗k2u∗D2 ] ;
Gamma = Exp [2∗ I ∗k2d∗D2 ] ;
Delta = Exp [2∗ I ∗k1d ∗(LA − D2 ) ] ;
rava = ( rau + rad ) / 2 ; ( sp in average f o r i n t e r f a c e with FM( a ) )
rd i a = ( rau − rad ) / 2 ; ( sp in asymmetry f o r i n t e r f a c e with FM( a ) )
ravb = ( rbu + rbd ) / 2 ; ( sp in average f o r i n t e r f a c e with FM(b ) )
rd ib = ( rbu − rbd ) / 2 ; ( sp in asymmetry f o r i n t e r f a c e with FM(b ) )
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m = 9.10938215∗10ˆ−31; ( e l e c t r o n mass )
e f = 1.1625∗10ˆ−18; ( f e rmi energy l e v e l o f NM l a y e r )
HBar = 1.054571726∗10ˆ−34; ( reduced planck ’ s constant )
Vsp l i t = 150 ; ( s p l i t f o r up and down e l e c t r o n s in Co in 0 .01 eV)
D1 = 9∗10ˆ−10; ( t h i c k n e s s o f spacer l a y e r in m)
LA = 8∗10ˆ−10; ( t h i c k n e s s o f FM l a y e r s in m)
D2 = 2∗10ˆ−10; ( s c r e e n i ng l ength o f e l e c t r o n bu i ld up in the
FM(b) l a y e r in m)
Vefe = 100 ; (EFE p o t e n t i a l in 0 .01 eV)

J1 [ LA , D1 , Vefe , D2 ] := \ [ HBar ] ˆ 2 / ( 4∗\ [ Pi ]ˆ2∗m)∗
Im [ Exp [2∗ I ∗ kf ∗D1 ] ∗ NIntegrate [ Evaluate [ k ( k f + I k )
(2 k f + I k ) (2 rd i a rd ib Exp[−2 k D1 ] ) /
(1−2 rava ravb Exp[−2 k D1 ] Exp [ 2 I k f D1 ] +
( rava ˆ2 − rd i a ˆ2) ( ravb ˆ2 − rd ib ˆ2)Exp[−4 k D1 ] Exp [ 4 I k f D1 ] ) ] ,
{k , 0 , I n f i n i t y } , AccuracyGoal −> 8 , Method −> ” Trapezo ida l ” ] ] ;
( Ca l cu la te the coup l ing constant , as a func t i on o f 4 v a r i a b l e s )

Plot [1000∗ J1 [LA, 0.95∗10ˆ−9 , Vefe , D2 ] , {Vefe , −300, 300} ,
ImageSize −> Large ] ( Used to p l o t the graphs f o r
Chapter 3 . )


