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Abstract

Controlling the magnetic state has been a field of interest for decades. The magnetic state
is generally manipulated using magnetic fields or electric currents but in the last decades, the
use of electric fields as a new way to manipulate the magnetization has gained a lot of at-
tention. It has been predicted that the use of electric fields can lead to a reduction of power
consumption by a factor of 100 in magnetic tunnel junctions. Moreover, it has been demon-
strated that the magnetic anisotropy can be modified using electric fields, however, full control
of the magnetic state using electric fields has not yet been demonstrated experimentally.

In this thesis, experimental work has been performed towards the demonstration of elec-
tric field driven switching of the magnetization. This is done by exploiting a phenomenon
called interlayer exchange coupling. The interlayer exchange coupling arises across a non-
magnetic layer that is sandwiched by two ferromagnetic layers. Depending on the thickness
of this non-magnetic layer, the magnetization of the two ferromagnetic layers are coupled in
either a parallel or anti-parallel configuration, i.e. the interlayer exchange coupling displays
an oscillatory behavior. By choosing the non-magnetic spacer layer thickness at a root of the
interlayer exchange coupling strength, the application of an electric field would result in a
non-zero coupling, where the configuration (parallel or anti-parallel) of the magnetization of
the ferromagnetic layers depends on the polarity of the applied electric field.

To demonstrate the electric field effect on the interlayer exchange coupling, an extensive
study has been performed in which both the size and the reproducibility of the effect that
is induced by the applied electric field are examined. Electric field effect measurements dis-
played a sensitivity which has not been observed before and to this day, its origin remains
unknown. Moreover, our measurements did not provide any experimental proof of an electric
field effect on the interlayer exchange coupling. New insights have been obtained on material
usage, fabrication process and solutions have been proposed to resolve encountered issues that
will bring us closer to the demonstration of the electric field effect on the interlayer exchange
coupling.

The oscillatory behavior of the interlayer exchange coupling is also examined and it was
shown that an accurate value for the Fermi wave vector can be extracted from this behav-
ior. The Fermi wave vector is a material parameter and essential in the calculation of the
interlayer exchange coupling and can thus be utilized in theoretical models to improve future
simulations.
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Throughout this thesis abbreviations are used. Most of these abbreviations will be written
in full at its first occurrence in every chapter but they are also listed here for convenience.

AF Anti-ferromagnetic (coupling)

AHE Anomalous Hall effect

AP Anti-parallel

DC Direct current (sputtering)

EBL Electron beam lithography

EFE Electric field effect

GMR Giant magneto resistance

FM Ferromagnetic

IBM Ion beam milling

IEC Interlayer exchange coupling

IMA In-plane magnetic anisotropy

MOKE Magneto-optic Kerr effect

MRAM Magnetic random access memory

MTJ Magnetic tunnel junction

NM Non-magnetic metallic (layer)

P Parallel

PMA Perpendicular magnetic anisotropy

RF Radio frequency (sputtering)

TMR Tunneling magneto resistance

UVL Ultra-violet lithography
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1
Introduction

In the last decades major advances have been made by the microelectronics industry in the
development of alternatives for complementary metal-oxide-semiconductor (CMOS) technol-
ogy. CMOS is a technology for constructing integrated circuits. It is used for example in
microprocessor, microcontrollers and static random access memory (RAM). With the on-
going decrease of device sizes the probability of tunneling through these devices increases,
resulting in larger and larger leakage currents. In the case for CMOS-based memory, this
has led to the emergence of magnetic RAM (MRAM). Especially the MRAMs based on mag-
netic tunnel junctions (MTJ) have become interesting for data storage technologies, owing
to its non-volatility, higher thermal stability, fast access time and endurance. [1] One of these
emerging MRAM technologies is where the writing and reading is controlled by spin transfer
torque (STT). [2] SST-MRAMs make use of a two-terminal MTJ where the writing and read-
ing operations, which are controlled by injecting currents into the MTJs, share the same path
through the MTJ. Although these types of MRAMs are promising candidates, they still have
shortcomings. For instance, the switching efficiency of the magnetization can be improved by
injecting larger currents, but this also results in accelerated aging of the MTJ performance.
Furthermore, the writing and reading operations sharing the same path through the junction
leads to reliability issues during reading operations (i.e. a read operation can lead to a bit
flip). [3,4]

1.1 Spintronics

The field of spintronics is a rapidly advancing research area that aims for the development
of new electric devices. The name spintronics stems from the fact that this research field
combines and exploits an electron’s spin and charge. Probably the most important discovery
in the field of spintronics to this day is the giant magneto resistance (GMR) effect. It was
independently observed in 1988 by Grünberg [5] and Fert [6], for which both received the nobel
prize in 2007. They used structures with two ferromagnetic (FM) layers that are separated

1



Introduction

(a) (b)

Figure 1.1: (a) Illustration of the GMR effect. Electrons traveling through structures with their spin aligned
to the magnetization of the FM layers experience a lower resistance with respect to electrons
traveling through structures in which the magnetizations are aligned AP. This effect is demon-
strated in (b) where the electrical resistance is plotted as a function of the applied magnetic
field, which is used to switch the configuration (between P and AP) of such a structure. The
figure shows an increased resistance for electrons traveling through an AP configuration of the
FM layers (black arrows) compared to a P configuration. Figure taken from Swagten. [7]

by a non-magnetic (NM) layer and showed that the resistance of the two FM layers depends
on the relative orientation of the magnetization of both layers. This is illustrated in Fig. 1.1
(a), where two ‘GMR’ structures are shown and the relative orientation of the magnetization
of the two layers with respect to each other is indicated with the white arrows and colors of
the layer (red and blue). The reason why the resistance would be higher in one configuration
compared to the other can be understood as follows. Consider a current (with equal amounts
of spin up and down electrons) that is passed through the structures as indicated in the
figure. The electrons with its spin in the same direction as the magnetization of the bottom
FM layer will experience less resistance than electrons with opposite spin; hence, creating a
spin polarized current. The electrons that passed through the bottom FM layer, will travel
through the top FM layer where the resistance that is felt by the electrons will again depend
on their spin. Therefore an anti-parallel (AP) alignment of the magnetizations of the FM
layers will result in a higher resistance with respect to the structure where the magnetization
of the two layers is aligned parallel (P). This effect is demonstrated in Fig. 1.1 (b) where the
electrical resistance of such a structure is plotted as a function of the applied field. The field
is used to switch the configuration (i.e. P or AP) of the FM layers. The figure shows that
the electrical resistance increases for electrons traveling through a structure with AP aligned
FM layers compared to P aligned FM layers. The discovery of the GMR effect led to the
development of one of the most promising data storage techniques magnetic random access
memory, which will be introduced next.

1.1.1 Magnetic random access memory

As was stated in the beginning of this chapter, MRAM technologies have become more inter-
esting because of its capability to store large amount of data on a small scale. A schematic
illustration of a MRAM device is shown in Fig. 1.2. The figure shows a grid of similar

2



1.1 Spintronics

Figure 1.2: Schematic overview of the principle of MRAM. Specific bits (‘0’ or ‘1’ depending on the config-
uration of the FM layers) can be addressed by sending a current through the corresponding bit
and word lines. Adapted from Schellekens. [8]

structures as shown in Fig. 1.1. The structures are called magnetic tunnel junctions (MTJs)
and consist of two FM layers that are separated by a thin insulating layer. The resistance
difference between P and AP alignment of the FM layers is now caused by spin-dependent
tunneling of the electrons, hence the name tunnel magneto resistance (TMR). In the world
of data storage, these MTJs are referred to as bits, as they are represented by either a ‘0’
or a ‘1’, depending on the configuration of the FM layers. A series of these bits can create
a binary code that is used to store data in computer technologies. One of the reasons why
MRAM technologies is so popular is because of its ability to store non-volatile data (retaining
data with power turned off). This ability originates from a phenomenon in magnetism called
magnetic anisotropy and will briefly be introduced here.

Magnetic anisotropy

The magnetization in a magnetic specimen is generally not random, but the magnetization
prefers to align itself along a certain direction, instead. This tendency is called magnetic
anisotropy and the preferred direction is called an easy axis. For a long time, the magnetic
storage devices worked with magnetic layers that preferred their magnetization to be directed
in the plane of the layer. However, due to the advanced technologies of the last decades it
became possible to grow structures of sub-nanometer thickness. As the devices were scaled
down, it was found that instead of an in-plane magnetized layer, the magnetization could also
point out-of-plane; a phenomenon that was called perpendicular magnetic anisotropy (PMA).
The origin of perpendicularly magnetized stacks comes from the electronic interactions at the
interface between the FM layer and adjacent material, which is the reason why it becomes
dominant for thin films. The discovery of perpendicularly magnetized layers paved the way
to even smaller bits, hence increasing the data storage. Moreover, PMA bits are even more
stable than the in-plane magnetized layers as the energy it takes to switch the magnetization
is usually larger in these type of bits. A typical way to switch the configuration of these bits
is the use of a spin polarized current. The use of these types of currents has its shortcomings.
One of them is the current density needed for the magnetization reversal. The current density
is typically in the order of ∼ 107 A cm−2 [9] which is power consuming and results in thermal
heating of the structures. As a consequence, the data stored in these bits might end up lost
as a result of rapid aging of the bits. Therefore, with the continuous downscaling of the
magnetic structures, it has become more and more interesting to search for different ways to
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Figure 1.3: (a) Simplified illustration of the sample structure that is used by Maruyama et al. for a voltage-
induced magnetic anisotropy change. (b) Magneto-optical Kerr ellipticity ηk plotted as a function
of the applied field for two different applied voltages: -200 V (red curve) and 200 V (blue curve).
Inset indicates the direction of the magnetization at points A and B in the graph. Adapted from
Maruyama et al. [10]

manipulate the magnetization. One of them is the use of electric fields and this will be the
common thread through this thesis. The general term that is used to describe the influence
of an electric field on the magnetic properties of a materials is the electric field effect (EFE).
The EFE will be introduced in the next section together with state-of-the-art results that
have been obtained in the last decade.

1.1.2 Electric field effect

Magnetic properties of samples are in principle defined during the fabrication process and ma-
nipulating these properties after they have been prepared and put into use has been an elusive
idea for a long time. A novel way to realize this was already proposed in the 1960s [11,12] which
is the use of electric fields. Although the use of electric fields as a new way to manipulate
magnetic properties was already proposed back then, it only started to gain a lot of atten-
tion in the last decades. The reason for this is that the techniques to fabricate appropriate
materials, in which it would be possible to observe an effect on magnetic properties upon the
application of an electric field, were not yet advanced enough. The electric fields cannot reach
a value high enough to affect bulk properties of ferromagnetic metals. [13] This is due to the
screening (i.e. damping of an electric field by charge carriers in present in itinerant material)
of the surface charge induced by the electric field. The electric field will not reach the bulk
but instead is confined to a depth in the order of Ångströms (∼Å) in the FM material. It
is therefore expected that the use of electric fields will have the largest effect on magnetic
properties where the surface-to-volume ratio is high, i.e. thin magnetic films. [14] The tech-
nologies to fabricate these thin films have emerged in the last decades which paved the way
for electric-field-controlled spintronics devices. In fact, recently a study demonstrated that
utilizing electric-field-assisted switching in MTJs can reduce the current densities needed to
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Figure 1.4: (a) Schematic design of the sample structure used by Fechner et al. [18] to theoretically demon-
strate the switching of the IEC using an electric field. (b) Energy difference ∆E plotted as a
function of the NM Au layer thickness T in ML’s. The graph shows that for specific thicknesses
of the Au layer, the IEC may be switched between AP and P alignment of the FM layers under
polarization switching (P ↑ or P ↓) of the ferroelectric layer. Adapted from Fechner et al. [18]

switch the magnetization by a factor of 100 [15], which in turn reduces the Joule heating in the
devices induced by the current densities. This study already shows the potential of electrical
control of the magnetization in future spintronic devices.

The first experimental demonstration of electric field control of ferromagnetism was not
earlier than 2000 by Ohno et al. [16] Their results were however obtained at cryogenic temper-
atures, and although it was already predicted back then [17], E-control of magnetic properties
at room temperature in a solid-state device was experimentally demonstrated not earlier than
2009 by Maruyama et al. [10] They showed that the magnetic anisotropy can be influenced us-
ing electric fields. A simplified illustration of the sample structure that they used in their
experiments is shown in Fig. 1.3 (a). The sample structure shows an in-plane magnetized
Fe layer that is sandwiched between a MgO and Au layer. The MgO serves as an insulating
layer (featuring a high resistance) resulting in an accumulation of electrons at the Fe/MgO
interface as a result of a voltage that is set across the sample structure. They measured the
influence of applying a voltage on the magnetization using the magneto optical Kerr effect
(this measurement technique will be discussed in Sec. 3.2.1). The result of their experiments
is shown in Fig. 1.3 (b) where the magneto-optical Kerr ellipticity is plotted, for two different
applied voltages, as a function of the magnetic field, which was applied along the sample’s
normal. The inset shows the magnetization’s direction for the indicated points A and B. This
demonstrates that the magnetic anisotropy of thin Fe films can be affected by electric fields,
which is attributed to the electronic interactions at the Fe/MgO interface. Furthermore, it
shows that if the applied voltage is high enough, the magnetization can even be pulled out-
of-plane (red curve), which was not observed experimentally up to that point.

Although this was a spectacular result, the switching was limited to an angle of 90◦. A
switch over an angle of 180◦ was not possible using only electric fields. However, in 2012 a
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Figure 1.5: Schematic representation of two nanomagnets which are RKKY coupled through elctrons within
two dimensional surface states of a three dimensional TI. The nanomagnets are separated by a
gate metal that is controlled using a voltage. By applying a voltage over the gate metal, the
electron concentration beneath the gate metal can be controlled and thereby the RKKY coupling.
Adapted from Ghosh et al. [19]

paper was published by Fechner et al. in which they demonstrated through calculations that
it would be possible to use electric fields to switch the magnetization over an angle of 180◦. [18]

The system that they used differs from the system previously mentioned by Ohno et al. An
illustration of their sample structure is shown in Fig. 1.4 (a), where a trilayer system of two
ferromagnetic (FM) Fe layers (thickness is 1 monolayer) separated by a non-magnetic (NM)
Au layer, in contact with a ferroelectric PbTiO3 layer. The two FM layers are coupled in the
trilayer system through the NM layer. This coupling is called interlayer exchange coupling
and will be introduced in the next section. Similarly to the Fe/MgO interface mentioned
above, the PbTiO3/Fe interface will be charged by an electric field that is applied across
the sample structure. However, a ferroelectric layer has a spontaneous electric polarization,
meaning that the interface remains charged even in the absence of an electric field, which in
turn allows for non-volatile switching of the magnetization in the Fe layer. The spontaneous
electric polarization is attributed to the amount of oxygen atoms and cations that are being
displaced, δ = zcations − zoxygen, within each layer. A positive (negative) displacement indi-
cates a polarization pointing towards (away from) the interface, P ↑ (P ↓). The main outcome
of their experiment is shown in Fig. 1.4 (b). The graph shows the energy difference ∆E
between P and AP alignment of the magnetizations M1 and M2 as a function of the Au layer
thickness T in ML’s. The two curves indicate the polarization direction of the PbTiO3 layer.
The graph shows that for well designed structures (i.e. T = 1 and T = 4) the magnetization
can rotate over an angle of 180◦ under polarization switching. They attributed the mechanism
responsible for rotation of the magnetization to magnetoelectric coupling (i.e. manipulating
the magnetization using electric fields) that takes place at the PbTiO3/Fe interface, and is
enhanced by the interlayer exchange coupling acting in the Fe/Au/Fe trilayer. In this work,
a mechanism similar to the switching of P ↑(↓) is utilized. An electric field will be applied
across an insulating barrier that is on top of a FM/NM/FM trilayer, which will also induce
changes to the electronic structure at the insulator/FM interface. This will be discussed in
more detail in Sec. 1.2.

Another interesting research article was published in 2016 by Ghosh et al. [19] They
demonstrated through calculations the possibility of low-power memory and nonvolatile logic
applications using voltage-controlled switching of nanomagnets, which are coupled through
RKKY coupling. An illustration of the setup used for their calculations is shown in Fig.
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Figure 1.6: (a) Simplified illustration of the circular pMTJ used by Newhouse-Illige et al. to demonstrate
the voltage control of the interlayer exchange coupling. (b) Continuous switching of HIC as a
result of an applied voltage VSET across the pMTJ. The sign switch of HIC corresponds to a
switch of the configuration of the FM layers in the pMTJ. Fig. (b) adapted from Newhouse-Illige
et al. [22]

1.5. The illustration shows two FM nanomagnets (with PMA), in contact with a topologi-
cal insulator (TI) and coupled via electrons that are present in the two-dimensional surface
states of the three-dimensional TI. [20,21] The PMA is stabilized by the MgO deposited on
top of the nanomagnets. The nanomagnets are separated by a gate metal which is voltage
controlled and can thereby control the surface charge concentration underneath the gate. The
charges on the surface of the TI mediate the RKKY coupling between the nanomagnets and
by changing the charge concentration, the RKKY coupling strength can be increased above
or decreased below a threshold value and thereby turning the coupling on or off, respectively.
Furthermore, the gate control could also be used to switch the RKKY coupling between FM
and AF configurations of the nanomagnets, making them particularly useful for memory and
logic applications.

Even more recently it was experimentally demonstrated by Newhouse-Illige et al. that
electric fields can be used to control the configuration of magnetic layers in a MTJ. [22] The
MTJs used in their work have perpendicular easy axes (pMTJs), and consist of two FM
CoFeB layers that are separated by an insulating GdOx barrier. A simplified illustration of
the pMTJ is shown in Fig. 1.6 (a). Separating two FM layers by a NM layer induces a cou-
pling called the interlayer exchange coupling (IEC) and causes the FM layers’ magnetizations
to align in either a P or AP configuration. They showed that based on the interfacial nature
of the PMA, electric fields can be used to manipulate the magnetic properties of the pMTJs.
Moreover, they demonstrated that the IEC can reversibly and deterministically be switched
between P and AP configurations of the FM layers using an electric field. Switching of the
IEC is attributed to oxygen migration through the GdOx barrier inducing alterations to the
electronic structure in the pMTJs. Their main result is shown in Fig. 1.6 (b) where they
plotted both the IEC fields HIC (blue) and the voltage that was set across the pMTJs, at
an elevated temperature between 150-180 ◦C (red), as a function of the number of switches
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between P and AP alignment of the FM layers corresponding to HIC > 0 and HIC < 0,
respectively. It clearly shows that, depending on the voltage that is set across the structure,
HIC changes sign and thus, the IEC switches the configuration of the FM layers from P to
AP. It must be noted that the switching process is slow (in the order of seconds) and together
with the need for heating the system, makes it impractical for data storage applications.

1.2 This thesis

The main objective in this thesis is also to demonstrate the EFE on the IEC, similar to the
work of Newhouse-Illige et al. [22] However, the structures used in their work contained an
insulating GdOx barrier as a spacer layer whereas this thesis will focus on metallic spacer
layers. Although both structures will induce an IEC, there is a difference in the spacer layer
dependence of the IEC. First principle calculations performed by Bruno [23] showed that the
IEC mediated by a metallic spacer layer will behave like a damped sine that oscillates be-
tween P and AP alignment of the FM layers with increasing spacer thickness, whereas the
IEC mediated by an insulating spacer layer will decay exponentially with increasing spacer
thickness. The IEC depends on itinerant conduction electrons in the structure, making it an
instantaneous (and reversible) effect, which is commonly described by the so-called RKKY
theory. The novelty in this work is that the EFE will be utilized to influence the oscillatory
behavior of the IEC, after the structures are created. Experiments will therefore be carried
out using carefully engineered sample structures of which a simplified representation is shown
in Fig 1.7 (a). The structure consists of a FM/NM/FM trilayer, which will serve as the bottom
electrode, that is separated from the top electrode by a dielectric layer. By setting a voltage
across the top and bottom electrode, electrons will accumulate/deplete at the FM/dielectric
interface, i.e. charging the interface (gray and white dots). The IEC is dependent on con-
duction electrons traveling through the FM/NM/FM trilayer, so by modifying the electronic
structure at the FM/dielectric interface will directly affect the IEC. Moreover, it has been
shown that both the strength and phase of the IEC is affected [24], which is demonstrated in
Fig. 1.7 (b) where the IEC is plotted as a function of the NM spacer thickness. The IEC
displays an oscillatory behavior where a positive (negative) value of the IEC corresponds to
AP (P) alignment of the two FM layers. The blue curve shows the IEC for the case there is
no voltage applied across the structure whereas the red curve displays the IEC for the case a
voltage is applied (V > 0). The two curves clearly demonstrate that both the amplitude and
the phase of the IEC are affected by an electric field. Furthermore, the graph shows that for
a well chosen thickness (e.g. dashed line) of the NM layer, the IEC can be influenced using
an electric field such that the configuration of the two FM layers can switch between P and
AP alignment. [24,25]

This project was initiated in the group of Physics of Nanostructures in 2014 by Lalieu [24]

and was continued by Raijmakers [25] in 2015. A brief overview of their work will be given here.
Lalieu performed both experimental and theoretical work. He introduced an analytical model,
based on the theory of Bruno on the IEC (Sec. 2.3.2), which clearly demonstrated the EFE
on the IEC. In order to demonstrate the effect experimentally, a fabrication process, which
included techniques such as electron beam lithography (EBL) and sputter deposition, was
introduced for the fabrication of functional devices that could be used to perform EFE exper-
iments. For the fabrication of these devices, several optimization steps were carried out which
led to a FM/NM/FM trilayer that consists of two FM cobalt (Co) layers separated by a NM
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Figure 1.7: (a) Simplified design of the sample structure used throughout this work to demonstrate the EFE
on the IEC. The white and gray dots indicate the charge accumulation at the dielectric interfaces
as a result of applying an electric field across the structure. (b) Simulated graph of the IEC’s
oscillatory behavior as a function of the NM layer thickness. The blue and red curve respresent
the IEC without and with an applied voltage, respectively. Adapted from Raijmakers [25]

ruthenium (Ru) layer. The exact composition will be explained in more detail in Sec. 3.1.4.
Although he obtained promising results using his devices, he experienced continuous problems
with the dielectric layer that is used to charge the FM/dielectric interface as described above.
He carried out EFE measurements using two different dielectric materials: AlOx and SiNx.
Where the former dielectric material led to non-reproducible devices (attributed to the combi-
nation of the AlOx deposition process and EBL), the growth of the latter introduced changes
in magnetic properties that prevented any determinate conclusions from being made from
those EFE measurements. With these results taken into account, Raijmakers continued the
optimization process of the functional devices by modifying the fabrication process. Firstly,
considering the issues that Lalieu experienced regarding the dielectric layer, the patterning
technique was changed from EBL to ultra-violet lithography. The use of the latter solved the
issues that Lalieu experienced but new challenges came along with it. For one, it’s essential
that the top FM layer is protected during the fabrication process (e.g. from interaction with
chemicals) to prevent any alteration of the magnetic properties, hence a protective capping
layer is added to the FM/NM/FM trilayer. One of the materials that is known to be resistive
against the chemicals is Pt and was thus employed by Raijmakers. Secondly, he switched from
AlOx to MgO as the dielectric layer. The dielectric constant (i.e. a measure for the amount
of charge a material can store in an electric field) of MgO (9.9ε0) [26] is comparable to Al2O3

(9ε0) [27]. Moreover, MgO can directly be sputtered using the sputtering facility and thereby
omitting an oxidation step that was necessary for the growth of AlOx. EFE measurements
were carried out with these modifications but the results that were obtained by Lalieu could
not be reproduced by Raijmakers. Raijmakers suggested that the reason for this was the Pt
capping layer, which was damping the EFE. Therefore, the Pt capping layer was replaced
by an insulating capping layer of AlOx, hence having a complete dielectric layer between the
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bottom and top electrode. However, Raijmakers found that AlOx is not able to withstand
the chemicals used during the ultra-violet lithography process (i.e. the chemicals etch away
the AlOx), which led to inoperable devices. As an alternative to replace the AlOx capping
layer, Raijmakers chose MgO, which is able to withstand the chemicals. Before Raijmakers
could carry out new EFE measurements he found that the magnetic properties of his devices
changed during the fabrication process. This is attributed to the interaction of MgO with air
and water when exposed to it. He suggested as a solution to add a protective layer of Ta that
oxidizes naturally when exposed to air and thereby keeping the capping layer a dielectric.
Unfortunately, he was not able to test this solution due to time constraints. Despite the fact
that both Lalieu and Raijmakers made great advances in this project, neither of them were
able to experimentally confirm the EFE on the IEC, which is the reason why the experimental
work is continued in this thesis.

The contribution of this thesis can be summarized as follows.

• Based on the suggestions made by Raijmakers, the devices are further optimized. We
will show that a thin layer of TaOx is sufficient to protect the MgO from interacting
with water and air.

• New EFE measurements are carried out using the optimized devices and a systematic
study has been performed on these EFE measurements, in which both the size and
reproducibility of the observed effect are examined.

• Experimental confirmation of the EFE on the IEC has not been found in this work.
An attempt is made to explain the observed behavior but no determinate conclusion is
given.

• In addition to Ru, iridium (Ir) has also been used as a spacer material. In order to
use Ir, some optimization steps were carried out which led to new devices for EFE
measurements.

• The results of the EFE measurements with Ir as the spacer material shows similar
characteristics with respect to the results that were obtained with Ru. Similarly to
the conclusion for Ru, there is to this day no consensus on what causes the observed
behavior.

• Lastly, we have explored the oscillatory behavior of the IEC for both Ru and Ir as a
spacer layer. We have shown that a value for the Fermi vector can (accurately) be
extracted from the periodicity of the oscillation. The extracted value can be used to
improve the numerical model that was introduced by Raijmakers.

This thesis is divided into several chapters. Chapter 2 will cover a theoretical background
into magnetism and some of its features in general, leading to an intuitive model of the IEC
and EFE in thin magnetic films. A short description of the sample fabrication process together
with the techniques that are used throughout this work to characterize the magnetic properties
of samples is given in Chapter 3. The results obtained in this work are divided into two
chapters. Chapter 4 contains the results that were obtained using Ru as the NM spacer
material, whereas Chapter 5 contains the results of the experiments where Ir was used as
a NM spacer material. The conclusions of this work are given in Chapter 6 followed by a
research outlook in Chapter 7.
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The chapter starts with a brief introduction into magnetism and magnetic anisotropy, where
the focus will be on the magnetic behavior of thin films. Afterwards, the theoretical framework
(based on the model of Bruno) of the interlayer exchange coupling (IEC) will be introduced,
which is used to analyze the measurements conducted in this work. The electric field effect
(EFE) will also be introduced in the same section and its effect on thin magnetic films and
the IEC is discussed. Moreover, a simple numerical model (designed by Raijmakers) that
describes the EFE on the IEC will be used to predict the outcome of the experiments carried
out in this work. Next, it is shown how magnetization loops can be derived by considering field,
anisotropy and coupling energy contributions. The chapter ends by showing how to obtain a
direct measure for the coupling strength using hysteresis loops from coupled layers that are
used throughout this work.

2.1 Magnetic anisotropy

This work focuses on the coupling of thin magnetic films. However, not all materials exhibit
magnetic properties. Only specific materials have what is called a spontaneous magnetization
~M and are classified as ferromagnetic materials. The most well-known ferromagnetic materials

are cobalt (Co), iron (Fe) and nickel (Ni). The direction of the magnetization in ferromagnetic
materials is generally not random; it prefers to align itself with one or more specific directions,
i.e. one or more easy axes or, in some cases, an easy plane. Similarly, there are hard axes
(or hard plane) corresponding to the least favorable direction(s) of the magnetization. The
tendency of the magnetization to align itself along such preferred direction is a phenomenon
called magnetic anisotropy and can be divided into several contributions.

The magnetic material that is used in this work is cobalt (Co). Co is known to have a
hexagonal structure and is often described to have uniaxial magnetic anisotropy. For this
reason, the phenomenon of magnetic anisotropy will be introduced using a uniaxial magnetic
material. Magnetic anisotropy is defined as the energy that is required to rotate from an easy
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axis to a hard axis. Since the material is considered to be uniaxial, its energy density EK is
often expressed as a power series of the form:

EK =
∑
n

Kn sin2n(ϑ)

= K0 +K1 sin2(ϑ) + . . . , (2.1)

with Kn being the anisotropy constant and ϑ the angle between the magnetization and the
easy axis. The first term in Eq. 2.1 on the right-hand side, K0, has no meaning for anisotropic
properties because it is independent of the orientation of ~M . The sign of K1 determines
whether the magnetization favors to lie in-plane or out-of-plane which, in the case of thin
films, corresponds to a negative and positive value of K1, respectively. These orientations
of magnetic anisotropies are called in-plane magnetic anisotropy (IMA) and perpendicular
magnetic anisotropy (PMA). There are two types of magnetic anisotropy: magneto-crystalline
and shape anisotropy. Both of them are briefly described below. For the remainder of this
thesis, the anisotropy constant K1 will be denoted with K.

Magneto-crystalline anisotropy

Magneto-crystalline anisotropy is the tendency of the magnetization to align itself along a
preferred crystallographic direction and, in the case of FM materials like Co, Fe and Ni, is
known to arise from the 3d electrons in the material. Each of these 3d electrons is coupled to
it’s own orbital motion which is known as spin-orbit interaction and will briefly be described
below. The orbital motion of these electrons is anisotropic so each electron will contribute
to magnetic anisotropy through spin-orbit interaction. Moreover, the orbital motion of each
electron is strongly coupled to the lattice, via a potential created by ions that are present in
the crystal, hence causing magneto-crystalline anisotropy through spin-orbit interaction.

In the most simplest words spin-orbit interaction can be explained as follows. From a
quantum mechanical point of view, each electron possesses an orbital angular momentum (~L)
and a spin angular momentum (~S). The sum of the angular momenta is the conserved total
angular momentum ( ~J). Spin-orbit interaction describes the effect of an electron’s orbital
motion on the orientation of its spin, hence the coupling of ~L and ~S. It can be understood
from the following argument. In the frame of reference in which the electron is at rest, the
electron ’sees’ a nucleus in motion (Fig. 2.1). In other words, the electron is located at the
center of a current loop which, in turn, induces a magnetic field. Due to the electron’s spin
it also carries an intrinsic magnetic moment that couples to the induced magnetic field. The
electron’s energy is modified by the spin-orbit interaction which can be expressed with the
following Hamiltonian:

HSO = ξ~L · ~S, (2.2)

in which ξ is the material dependent spin-orbit constant. Furthermore, it can be shown that
ξ ∝ Z4, with Z being the atomic mass. This high dependency of the atomic mass means that
the strength of the spin-orbit interaction gets stronger for heavier atoms.

Shape anisotropy

Dealing with thin films, an important contribution to magnetic anisotropy comes from the
long range magnetic dipolar interactions. Due to these interactions, a thin film can sense its
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Figure 2.1: Left diagram illustrates an electron orbiting about the nucleus. The right diagram illustrates
the electron’s point of view, i.e. the nucleus orbiting about the electron, hence producing a
magnetic field. The interaction of the electron spin with its orbitally induced mangetic field is
the spin-orbit interaction.

boundaries. Furthermore, it causes the magnetization to favor an alignment along the longest
axis in the thin film (i.e. in the film plane). This type of behavior is what is called shape
anisotropy (or magnetic dipolar anisotropy). Shape anisotropy is a result of dipole-dipole
interactions and is generally described using an anisotropic demagnetization field ~Hd which
is given by:

~Hd = −N ~M, (2.3)

with N being the shape-dependent demagnetization tensor. It follows from Eq. 2.3 that the
demagnetization field is always counteracting the magnetization. In the case of a thin film,
all tensor elements are zero except for the element directed perpendicularly to the layer:

N =

0 0 0
0 0 0
0 0 1

 . (2.4)

So the demagnetization field is maximized for a film with its magnetization directed out-of-
plane, trying to pull the magnetization in-plane. The energy density ud due to the demagne-
tization field is given by:

ud = −1

2
µ0

~M · ~Hd. (2.5)

Where a factor of 1/2 is introduced to correct for double counting the dipole pair interactions
(i.e. once as a source of field and once as a magnet in the field). [28] Combining the latter
equation with Eq. 2.3 yields:

ud =
1

2
µ0N ~M · ~M =

1

2
µ0M

2
s cos2(ϑ), (2.6)

where is assumed that the magnetization makes an angle ϑ with the film normal and Ms is
the saturation magnetization (i.e. the maximum magnetization a material can acquire upon
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the application of a magnetic field). The demagnetization tensor was substituted with Eq.
2.4. By using cos2(ϑ) = 1− sin2(ϑ), the energy density becomes:

ud =
1

2
µ0M

2
s

[
1− sin2(ϑ)

]
= K0 +Kshape sin2(ϑ), (2.7)

with Kshape being the shape anisotropy constant which is equal to:

Kshape = −1

2
µ0M

2
s , (2.8)

The expression of Eq 2.8 shows that an in-plane direction of the magnetization (K < 0)
is favored over an out-of-plane direction (K > 0). Hence, in order to achieve PMA the
contribution of the shape anisotropy should be minimized. One way to minimize the shape
anisotropy is by choosing a material with a low Ms. However, reducing the thickness of thin
films will also aid in minimizing the effect of shape anisotropy, as will be discussed in the next
section.

Magnetic anisotropy in thin films

In thin films, the surface-to-volume ratio becomes larger compared to bulk films. It must be
stated that atoms in a thin film, which are located near the surface, will contribute differently
to anisotropy compared to atoms elsewhere in the film. This is something to account for
when dealing with thin films. The anisotropy constant K can be decomposed into volume
and surface contributions:

K = Kv +
Ktop surf. +Kbottom surf.

t
, (2.9)

with t being the magnetic layer thickness. The contributions to the anisotropy from the top
and bottom interface of the thin film are denoted with Ktop surf. and Kbottom surf., respectively.
The volume contribution is denoted by Kv, which contains contributions from magneto-
crystalline, magneto-elastic and shape anisotropy. [29] Magneto-elastic anisotropy arises from
spin-orbit interaction and is produced by strain effects. Strain effects (i.e. thermal stresses,
lattice mismatch between adjacent layers) can alter the distances between magnetic atoms
which will change the spin-orbit interaction, hence changing the anisotropy. Typically, the
volume anisotropy becomes dominant for bulk systems but for the thicknesses used in this
work the value of Kv is considered to be small with respect to the contribution of the surface
anisotropy. [9,30] Hence, Eq. 2.9 becomes:

K ≈
Ktop surf. +Kbottom surf.

t
. (2.10)

An effective anisotropy constant Keff can be introduced which contains, in addition to the
surface anisotropy, the shape anisotropy contribution from Eq. 2.8. Assuming the magneti-
zation is in the out-of-plane direction (ϑ = 0), the demagnetization field is pointing in the
opposite direction. The effective anisotropy becomes:

Keff =
Ktop surf. +Kbottom surf.

t
− 1

2
µ0M

2
s . (2.11)

From this equation it follows that an in-plane easy axis is favored for negative values of
Keff whereas an out-of-plane easy axis is preferred for positive values of Keff. Furthermore,
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Figure 2.2: Definition of the geometry in the Stoner-Wohlfarth model. The angles ϑ and ϕ are subtended by
the magnetization vector and the applied magnetic field, respectively, with respect to the easy
axis.

the equation also shows that the effective anisotropy can be tuned using the magnetic layer
thickness and the saturation magnetization. It was mentioned above that the shape anisotropy
should be minimized in order to achieve PMA. Since the shape anisotropy is determined by
Ms, it’s important to choose a material with a low saturation magnetization. The three most
well-known materials are Co, Fe and Ni. The saturation magnetization of these materials
is 1400, 1700 and 520 kA/m. Looking at these numbers, the obvious choice would be Ni.
However, Ni regularly has a negative interface anisotropy, meaning that the magnetization
favors to be directed in-plane. Based on this information and the fact that Co has a lower
saturation magnetization compared to Fe, Co is chosen throughout this work as the FM
material.

2.2 Switching of the magnetization

In order to make reliable spintronic devices (i.e. medical-, computer-based applications), it
is essential to control the magnetic state of a material. This section will go into more detail
of the reversal of the magnetization and the mechanism behind it. Note that this section will
only discuss the basics that are essential to understand the magnetization reversal in coupled
layers (which are used in this work), which will be addressed in Sec. 2.4.

The most obvious way to manipulate the magnetization state is the use of an external
magnetic field ~H. To understand the physics behind the magnetization reversal of a ferro-
magnetic material, under the influence of an externally applied magnetic field, the widely
used Stoner-Wohlfarth model is applied. This simple model describes the magnetization of
ferromagnets by considering it to be a homogeneous macro-spin with magnetization ~M (i.e.
the material is considered as a single magnetic domain). A schematic of this model is shown
in Fig. 2.2. The model describes the magnetization dynamics using the energy that is associ-
ated with the interactions between ~M and ~H and the magnetic anisotropy. Furthermore, ~M ,
which is at an angle ϑ to the easy axis, is assumed to be constant and equal to the saturation
magnetization Ms, and ~H is at an angle ϕ to the easy axis. The total energy density of this
magnetic system can be written down as:

E = K sin2(ϑ)− µ0MsH cos(ϑ− ϕ). (2.12)

15



Theory

(a) (b)

Figure 2.3: Typical (theoretical) results of the Stoner-Wohlfarth model for two different angles between the
magnetization and the easy axis: (a) ϑ = 0◦ and (b) ϑ = 90◦. The arrows indicate the direction
of the applied magnetic field.

Two contributions can be distinguished from this equation. Firstly, the anisotropy energy
that was introduced in Sec. 2.1 (Eq. 2.1). The second contribution can be identified as
the Zeeman energy and tries to orient ~M in the direction of ~H. Its contribution is equal
to −µ0MsH cos(ϑ − ϕ). By assuming that ~H is directed along the surface normal (ϕ = 0),
Eq. 2.12 can be used to gain insights into the magnetic behavior. Eq. 2.12 is minimized to
obtain the magnetic behavior, which is shown in Fig. 2.3. These type of graphs are called
hysteresis loops. The normalized magnetization is shown as a function of the normalized
applied magnetic field for (a) ϑ = 0◦ and (b) ϑ = 90◦. Furthermore, in Fig. 2.3 (a) three
parameters are indicated that can be extracted from such hysteresis loops. The first parameter
is the remanent magnetization, Mr, which is defined as the magnetization at H = 0. In the
case of Keff > 0 (PMA), Mr is equal to the saturation magnetization Ms as shown in Fig. 2.3
(a). The last parameter that can be extracted is the so-called coercive field (or coercivity)
Hc. This field is defined as the point where the magnetization vanishes (M = 0), i.e. where
the magnetization changes sign.

2.3 Interlayer exchange coupling

The main objective in this thesis is to experimentally confirm the EFE on the IEC. The IEC
was already briefly introduced in Sec. 1.2. This section aims to address the underlying physics
of the IEC, which is commonly described by the RKKY coupling (i.e. RKKY interaction).
This section will therefore start by introducing an intuitive RKKY model to understand the
interactions that take place in the FM/NM/FM trilayer system, and the basic physics behind
the IEC. Afterwards, a more complex theoretical model by Bruno will be described after
which the EFE is addressed and its effect on the IEC. Finally, some important features of the
IEC that should be taken into account for the analysis of the measurements, are addressed.

16



2.3 Interlayer exchange coupling

Figure 2.4: Illustration for an intuitive understanding of RKKY coupling. An incoming electron ei, which will
partially transmit(eT) through/reflect (eR) off the non-magnetic/magnetic interface (z = 0). The
reflected electrons will interfere with incoming electrons resulting in an oscillating spin density
wave. A second interface (z < 0) will couple to this spin density wave, hence coupling the two
interfaces.

2.3.1 RKKY model

RKKY coupling, named after the physicists that described it for the first time [31–33], can
intuitively be understood by considering the following one dimensional problem. A conduction
electron is traveling, in the z-direction, through the non-magnetic layer and towards the
interface with a FM layer, as shown in Fig. 2.4. Due to a band structure mismatch between
the two materials, this electron will experience a potential step, V 0. Based on quantum-
mechanics, this electron will partially transmit through (eT) and partially reflect from (eR)
this interface. The wave functions of the electron in the different materials are given by
the time-independent schrödinger equation. Since the electron is initially traveling in the z-
direction, the electron’s wave vector is given by ~k = kz and upon encountering of the interface
the wave functions become:

ψ(z) = eikzz +ReikRz (z < 0)

ψ(z) = TeikTz (z ≥ 0),
(2.13)

where R and T are the reflection and transmission coefficient and kz, kR and kT are the elec-
tron’s incoming, reflected and transmitted wave vector, respectively. The incoming electron is
traveling in the positive z-direction. The wave vector of the reflected electron can therefore be
written as kR = −kz which leads to the probability of finding an electron in the non-magnetic
material at a position z to be

|ψ(z)|2 =
∣∣∣eikzz +Re−ikzz

∣∣∣2
= 1 +R2 +R

(
e2ikzz + e−2ikzz

)
= 1 +R2 +R cos (2kzz) , (2.14)

with (1 + R2) being a constant and R cos(2kzz) an oscillatory part that stems from the
interference of the incoming and reflected electrons. Furthermore, by taken into account the
magnetic behavior of the FM layer, there will also be a mismatch in the band structure based
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on the electron’s orientation with respect to the minority/majority spin polarization in the
FM layer. Due to this mismatch, an electron that is spin polarized with the minority spins
(e.g. spin down) will feel a different potential step (V ↓) compared to an electron that is
oriented along the direction of the majority spins (e.g. spin up, V ↑). This is also illustrated
in Fig. 2.4. To account for a different potential step for spin-up and spin-down electrons
a spin-dependent reflection amplitude is incorporated into Eq. 2.14, which results in the
following spin-dependent probability functions∣∣∣ψ↑(z)∣∣∣2 = 1 + (R↑)2 +R↑ cos (2kzz)∣∣∣ψ↓(z)∣∣∣2 = 1 + (R↓)2 +R↓ cos (2kzz) .

(2.15)

The subtraction of the two probability functions will result in a spin density wave that is
proportional to an oscillatory part:∣∣∣ψ↑(z)∣∣∣2 − ∣∣∣ψ↓(z)∣∣∣2 ∝ 2(R↑ −R↓) cos (2kzz) . (2.16)

This spin density wave only contains a contribution of one electron. Although all electronic
states up to the Fermi level contribute to the oscillatory behavior, most of them cancel each
other, except those states at the Fermi level. So a simple integration over all states up to the
Fermi level will result in a total oscillatory spin density wave. [24]

If a second FM layer is now placed at a certain distance (z < 0) from the first FM layer,
this second layer will align itself with the local spin polarization that is set up by the first
FM layer (at z = 0). In other words, the second FM layer will couple to the spin density
wave and since this spin density wave oscillates with the NM spacer thickness, the coupling
(i.e. ferromagnetic and anti-ferromagnetic coupling) will oscillate as well. Despite the fact
that this simplified model already shows the dependency of the interlayer exchange coupling
on the NM spacer thickness and the conduction electrons in this NM layer, it serves more
as a phenomenological model. A more realistic model is created by Bruno who based his
calculations on the IEC on the physics of quantum well states inside the spacer layer. This
model will be introduced in the next section.

2.3.2 Bruno’s model

In the 1990’s Bruno published several papers [23,34–37] in which he introduced his theory on
the IEC that served as a basis for the numerical model that was introduced by Raijmakers. [25]

Bruno based his theory of the IEC on a spin asymmetry of reflections at the NM/FM inter-
face. The theory is applied to FM/NM/FM trilayer systems in which the calculations of the
IEC energy are based on Green operators and the t-matrix formalism. A phenomenological
description of this system is given in this section. For a more detailed explanation of this
theory, the reader is referred to the papers of Bruno, cited above.

Bruno’s model starts with the following one-dimensional representation of a FM/NM/FM
trilayer system, shown in Fig. 2.5, where the non-magnetic spacer layer, with thickness D, is
sandwiched between two magnetic layers with thicknesses LA and LB. The magnetizations of
the two layers (MA and MB) are at an angle ϑ to each other. The trilayer systems is directed
along the z-direction, hence the electron’s wave vector may be written as ~k = (~k‖, kz), with
kz describing the movement in the z-direction. As mentioned above, Bruno’s theory is based

18



2.3 Interlayer exchange coupling

Figure 2.5: Illustration of the FM/NM/FM trilayer that is used in Bruno’s theory. The magnetization M1

of the top FM layer is at an angle ϑ with respect to the magnetization M2 of the bottom FM
layer. LA, D and LB are the thicknesses of the top FM, NM and bottom FM layers, respectively.

on asymmetric reflections at the NM/FM interface. These asymmetric reflections arise due
to different potential steps V j

i (with i = A or B and j = ↑ or ↓), based on the different spin

polarizations. The corresponding reflection amplitudes are given by rji and these definitions
can be used to find a relation for the spin-average r̄A(B) and spin-asymmetry ∆rA(B):

r̄A(B) =
r↑A(B) + r↓A(B)

2
(2.17)

∆rA(B) =
r↑A(B) − r

↓
A(B)

2
. (2.18)

As explained in Sec. 2.3.1, the incoming and reflected electrons will interfere which gives rise
to an oscillatory spin density waves. The energy associated with these interferences expresses
the interaction between the two magnetic layers. Only the part of the interaction energy that
depends on the angle ϑ between the magnetizations of the magnetic layers is of interest in
this work, i.e. the magnetic part of the coupling. This part of the interaction energy E(ϑ)
can be expanded in terms of cos(ϑ):

E(ϑ) = J0 + J1 cos(ϑ) + J2 cos2(ϑ) + . . . , (2.19)

with J0, J1 and J2 being the non-magnetic, bilinear and the biquadratic coupling constants,
respectively. Note that J0 is a constant and doesn’t depend on the relative orientation between
the two magnetizations. Furthermore, J2 and higher order terms are considered to be small
compared to J1 and are therefore neglected. This leaves J1 as the main contributor to the
IEC and will therefore be referred to as the IEC constant in the remainder of this thesis. The
interaction energy will be minimized for J1 > 0, which results in an anti-parallel alignment
of the two magnetic layers (anti-ferromagnetic (AF) coupling) whereas for J1 < 0 the two
magnetic layers will favor a parallel alignment (ferromagnetic (F) coupling). The IEC constant
J1 is given by

J1 =
1

4π3
Im

∫ d2~k‖

∞∫
−∞

dεf(ε)Int(kz)

 , (2.20)

19



Theory

Figure 2.6: Schematic representation of the free electron bands for both spin-up and spin-down electrons in
non-magnetic spacer layers and ferromagnetic layers. Figure adapted from Lalieu. [24]

with

Int(kz) =
2∆rA∆rBe

2ikzD

1− 2r̄Ar̄Be2ikzD +
(
r̄2

A − (∆rA)2
)(

r̄2
B − (∆rB)2

)
e4ikzD

,

where ~k‖ is integrated over the two-dimensional Brillouin zone, and f(ε) being the Fermi-
Dirac function. The theory that is described in this section, may be used to explore various
models. [35] One of these models is the free electron model and will be introduced in the
remainder of this section. An advantage of the free electron model is that it provides an
analytical solution of the IEC constant, which in turn will be beneficial to gain insights on
the behavior of the IEC.

The behavior of a free electron is described by the following dispersion relation:

ε(~k) =
~2

2me

~k2 + V =
~2

2me

(
~k2
‖ + k2

z

)
+ V, (2.21)

with me the electron mass, ~ the reduced Planck constant and V the ground energy level.
The electronic band structures for free electrons in both the NM and FM layers are given in
Fig. 2.6. Both illustrations show the energy ε as a function of the free electron’s wave vector
k. The majority and minority spins are indicated with the up and down arrow, respectively.
Furthermore, the Fermi energy level is given by εF together with the corresponding Fermi
wave vector kF. In order to calculate the IEC constant, the appropriate reflection coefficients
are needed. The thicknesses of the magnetic layers are taken to be identical (LA = LB ≡ L)

which means that the spin polarized reflection coefficients are identical: r
↑(↓)
A = r

↑(↓)
B ≡ r↑(↓).

Assuming the magnetic layers having a semi-finite thickness (L = +∞) yields

r↑(↓) =
kz − k↑(↓)z

kz + k
↑(↓)
z

, (2.22)

where

k↑(↓)z =

√
k2
z +

2me

(
V − V ↑(↓)

)
~2

. (2.23)
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(a) (b)

Figure 2.7: Schematic cross section of the Fermi surface of (a) the free electron model and (b) Cu in the
(100) plane. Indicated in the Fermi surface of Cu are the two critical spanning vectors kc,1z and
kc,2z , giving rise to a bi-periodic oscillation. Figures adapted from Lalieu. [24]

With the relations stated in this section, it’s now possible to calculate the IEC constant for
various systems (both analytically and numerical). This is not shown here but for elaborate
explanations on the different systems, the reader is referred to the work of Lalieu [24] (analytical
work) and Raijmakers [25] (numerical work). For now it suffices to understand the different
dependencies of the parameters. In the next section one of these systems will be introduced
and some important features of the IEC constant will be addressed.

2.3.3 Oscillation periods and aliasing

One of the systems that may be explored with the relations stated in the preceding section
is the influence of the NM spacer layer thickness on the IEC. The system will briefly be
introduced here in order to address some of its features. In the following absolute zero
temperature is assumed. The FM/NM/FM trilayer system has two identical FM layers with
a semi-finite thickness, so LA = LB = +∞. Since the two layers are identical, the potential

steps are V
↑(↓)

A = V
↑(↓)

B ≡ V and r
↑(↓)
A = r

↑(↓)
B ≡ r↑(↓). Assuming that the electrons with a

spin-up orientation do not encounter a potential step in the FM and NM layers (V = V ↑ = 0),
means that there is no reflection of these electrons at the interfaces; hence r↑ = 0. Using these
assumptions it can be shown that the IEC constant is given by the following relation: [24]

J1 =
~2k2

F

16π2me
r↓2

sin (2kFD)

D2
, (2.24)

where D is the spacer layer thickness. The main features are a quadratic decay of the ampli-
tude as a function of the spacer layer thickness and an oscillation period of λ = π/kF. Further-
more, it shows that the IEC constant’s strength is also determined by the spin-dependence
of the reflection at the different interfaces. Turning back to the oscillatory part of Eq. 2.24
which shows that the period is determined by the Fermi vector. In order to extract a value
for the Fermi vector, a cross section of the spherical Fermi surface is shown in Fig. 2.7 (a).
Again, the growth direction of the samples is taken in the z-direction. Indicated in the figure
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Figure 2.8: Illustration of the aliasing effect on the IEC constant. The dashed curve represents the un-aliased
oscillation. An oscillation with larger period (solid curve) is typically measured due to discrete
spacer thickness steps (red dots). Figure adapted from Lalieu. [24]

are the Fermi vector kF (i.e. the radius of the Fermi surface) and two wave vectors ky and
kz corresponding to the directions parallel and perpendicular to the plane, respectively. Fur-
thermore, the figure also shows a so-called critical spanning vector, kcz. This is a wave vector
that connects two extremal points of the Fermi surface and it has been shown that only the
critical spanning vector along the growth direction will give rise to an oscillatory IEC. [38] In
this case, for the free electron model, kcz is simply two times the radius of the Fermi surface
(2kF) and the period thus yields π/kF.

In general, the Fermi surfaces of real metals deviate from the spherical surface of the free
electron model. A typical example is given in Fig. 2.7 (b) where a cross section of Cu(100) is
shown. In addition to the same parameters as were indicated in Fig. 2.7 (a), a second critical
spanning vector is shown here. This is a typical feature when dealing with metals such as Cu,
Ag and Au. These materials can have two critical spanning vectors (depending on the growth
direction) but there are even materials that have more than two critical spanning vectors
(e.g. Ru and Ir can have four). [39] Turning back to the example of Cu(100) shown in Fig. 2.7
(b), the two critical spanning vectors have a different length; kc,1z > kc,2z . The long critical
spanning vector at the zone center (kc,1z ) will give rise to a short oscillation period whereas
the shorter critical spanning vector will give rise to a long period oscillation. In fact, the bi-
periodic behavior (i.e. both short and long oscillation periods) of the IEC has been observed
experimentally in the case of Cu. [40] The observation of short and long oscillation periods
highly depends on the growth techniques utilized for the samples. The bi-periodic behavior is
typically observed in samples that are fabricated using evaporation techniques like molecular
beam epitaxy (MBE) [40,41], which is known for its high-quality thin film growth. [42] Samples
that are fabricated using magnetron sputtering techniques typically display long oscillation
periods. The reason for this is interface roughness, which is more present in sputtered samples
compared to samples grown by MBE, and suppresses the short oscillations. [43] Although it’s
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unlikely that the short oscillation periods will be observed in this work, the fact that Ru and
Ir can have multiple critical spanning vectors should be taken into account during the analysis
of the oscillatory behavior of the IEC.

Lastly, one more feature regarding the oscillation periods should be addressed. It must be
noted that the spacer layer thickness does not vary continuously but rather in discrete mono-
layer steps d. Hence, the smallest period that can be measured experimentally should have a
period of at least two monolayers (Nyquist theorem). Oscillations with a period smaller than
2d can not be measured and an oscillation with a longer period is measured instead, which is
called an alias. The aliasing effect is illustrated in Fig. 2.8 where the IEC constant is plotted
as a function of the spacer layer thickness D in the case for Cu (d = 1.8 Å). The dashed curve
represents the un-aliased oscillation whereas the solid curve represents the aliased oscillation.
The un-aliased oscillation is sampled at discrete monolayer thicknesses (red dots). In order
to calculate the aliased period Λ the following equation is used:

1

Λ
=

∣∣∣∣kF

π
− n

d

∣∣∣∣ , (2.25)

with n being an integer such that Λ > 2d. Hence, the effect of aliasing should be taken into
account when extracting a value for kF from the oscillatory behavior of the IEC.

2.3.4 Electric field effect on the interlayer exchange coupling

The electric field effect is a general term used to indicate the influence of applied electric fields
on magnetic properties of a material. One of these properties is the magnetic anisotropy and
it has already been demonstrated that electric fields can be used to manipulate the magnetic
anisotropy of thin films. [9,44] Furthermore, Maruyama et al. showed that the magnetization
of an in-plane magnetized stack can be pulled out-of-plane (Sec. 1.1.2). As already discussed,
interface anisotropy at transition-metal ferromagnets and non-magnetic oxides is attributed
to orbital hybridization (i.e. bonding) between 3d orbitals in the ferromagnetic layer and 2d
orbitals of oxygen atoms. [45,46] By applying a voltage the electronic structure at the interface
can be modified. Electrons accumulate (or deplete) at this interface which results in an al-
teration of the amount of in-plane and out-of-plane orbitals bonding, hence a modification of
the magnetic anisotropy.

As a reminder, the objective in this work is to demonstrate the EFE on the IEC using
AF coupled FM/NM/FM trilayer systems. To extend the theoretical framework of Bruno an
analytical and numerical model were introduced by Lalieu [24] and Raijmakers [25]. Detailed
calculations will not be given here as this section merely serves to provide a physical back-
ground on the EFE on the IEC that can be used to analyze the measurements throughout
this work. Moreover, the numerical work from Raijmakers will be used to predict the exper-
imental results carried out in this work. Returning to the simplified FM/NM/FM trilayer
system, which was introduced in the preceding section. In this system it was assumed that
the FM layers had infinite thicknesses which results in the loss of the part of electrons that is
transmitted through the FM layers. Furthermore, only the first reflection from the NM/FM
interface was included and only the reflection of the minority spins was considered. It followed
that the amplitude of J1 depends quadratically on the reflection coefficient of the minority
spins r↓ (Eq. 2.24). However, the systems used in this work (obviously) have FM layers with
finite thicknesses. Therefore, the transmitted part of an electron will be reflected on the back
of the FM layer (like in a Fabry-Pérot cavity), resulting in multiple reflections taking place.
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Figure 2.9: Potential landscape for a FM/NM/FM/insulator multilayer system including the EFE, used to
describe the latter on the IEC. Adapted from Lalieu. [24]

As the transmitted part is reflected in the FM layer, a part will transmit back into the spacer
layer. All these transmitted parts will contribute to an effective reflection coefficient r↓eff,
where for simplicity the contributions coming from majority spins is still neglected. Hence,
the re-transmitted electron waves can contribute constructively or destructively and thereby
increase or decrease r↓eff, respectively, depending on the FM layer thickness. By assuming
that the two FM layers have an identical yet finite thickness L, together with the assump-
tions from the previous section, it can be shown that this (depending on L) induces a phase
shift in the IEC. [24] As a reminder, this phase shift is necessary for the use of the EFE to
switch between P and AP configurations (Sec 1.1.2). So, the IEC strength can directly be
affected by inducing a phase shift. This phase shift can, in turn, be affected by a change in L
but since the FM layer thickness is a fixed parameter in the growth process, another method
is necessary.

To affect the effective reflection coefficient in a fabricated FM/NM/FM trilayer system,
the EFE is used. To demonstrate what is expected from the experiments carried out in this
work, an extension to Bruno’s model will be briefly introduced as described by Raijmakers. [25]

The system that is numerically analyzed is a FM/NM/FM/dielectric multilayer system, where
the dielectric layer serves as a charging layer to charge the FM/dielectric interface to induce
an EFE. The corresponding potential landscape is shown in Fig. 2.9. Using the same assump-
tions from the preceding section and with the additional potential steps ∆V ↓EFE and ∆V ↑EFE

for minority and majority spins, respectively, over a thickness d, representing the accumu-
lated/depleted electrons at the FM/insulator interface. This landscape can be used to model
the IEC constant for specific thicknesses of the NM layer. This is done for two different spacer
thicknesses and the results are shown in Fig. 2.10, where in both graphs the IEC constant
J1 is plotted as a function of VEFE. The spacer thicknesses correspond to a root on the left
and right of an AF peak for Fig. 2.10 (a) and (b), respectively. So for VEFE = 0 there is no
effect on the IEC constant and thus J1 = 0 there. Looking at Fig. 2.10 (a), the IEC constant
is expected to linearly decrease around VEFE = 0 whereas the IEC constant is expected to
linearly increase around this point for Fig. 2.10 (b). Lastly, the size of the EFE on the IEC is
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Figure 2.10: Numerical results showing the influence of the EFE on the IEC constant J1. The results show
the influence for two different spacer layer thicknesses, corresponding to a root at (a) the left
side of an AF peak and (b) the right side of the same AF peak. Adapted from Raijmakers. [25]

defined by the slope of J1(VEFE). Therefore, by optimizing the multi-layer structure, a large
dJ1/dVEFE is beneficial for the demonstration of the EFE on the IEC. Furthermore, it has
been shown that the EFE on the IEC is largest with a spacer thickness that corresponds to a
root in the IEC. [24] However, due to the method that is used in the measurements to measure
the coupling strength, it’s only possible to measure AF coupling, as will be explained in the
next section. Therefore, the thickness is chosen at half height of an AF peak where any effect
of the EFE will keep the coupling AF, but where the EFE on the IEC should still be high
enough to be observed.

Estimate of electric field requirements

The size of the EFE on the IEC can be estimated from Fig. 2.10 (a) and (b) and is ∼ 0.3
mJ/(m2eV). This value can be converted to magnetic field per voltage which yields 330
mT/eV. In order to induce a significant change to the IEC, large electric fields are necessary.
Here, a back-of-the-envelope estimate is given of the electric field that needs to be applied
across a MgO barrier in our devices. For the calculations, a free electron gas in 3D is assumed.
The density of states D(E) is given by:

D(E) ≡ dN

dE
, (2.26)

where N represents the total number of electrons at energy E. This equation can be used to
calculate the electric field that is necessary to induce an energy shift of ∆E with respect to
the Fermi surface. This can be done by integrating Eq. 2.26 between EF and EF + ∆E.

N =

EF+∆E∫
EF

D(E)dE ≈ D
EF+∆E∫
EF

dE = D∆E (2.27)

in which it is assumed that the density of states remains constant under an energy change of
∆E. The density of states can be estimated using the work of Coehoorn et al. [47] Fig. 2.11 (a)
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(a) (b)

Figure 2.11: (a) Density of states of hcp Co as a function of energy. The Fermi level is indicated with
the dashed line at zero energy and the spin up and down states are indicated by the arrows.
Adapted from Coehoorn et al. [47] (b) Definition of the geometry in the Stoner-Wohlfarth model
for two coupled layers. The angles ϑ1 and ϑ2 are subtended by the magnetization vector M1

and M2, respectively, with respect to the easy axis (along the z-axis). The magnetic layer
thicknesses are t1 and t2, and the externally applied field is indicated with H.

is taken from their work and shows the density of states in states/(eV atom spin) of hcp Co as
a function of energy. The Fermi level is indicated with the dashed line at zero energy and the
spin up and down states are indicated by the arrows. From this figure, the density of states
at the Fermi level is approximately 1 state/(eV atom). In real measurements, the density
of states is, of course, not constant. To get a more accurate calculation of the electric field
that is necessary to induce an energy shift, the density of states needs to be integrated over
those states. From Fig. 2.11 (a) it can be seen that the estimate will be quite rough since the
electric field can vary significantly depending on the integrated area. However, for simplicity
it is assumed to be constant.

By calculating the amount of Co atoms per m3 the density of states can be determined. To
calculate the amount of Co atoms we make use of the lattice parameters of hcp Co: a1 = 2.51
Å, a2 = 2.51 Å and a3 = 4.07 Å [48], which results in the following calculation of the density
of states:

D =
1

a1 · [a2 × a3] · cos(60◦)
·
(
1.602× 10−19

)−1
= 4.869× 1047 J−1m−3, (2.28)

where D is converted from eV to Joule. The unit cell of hcp Co is calculated by a1 · [a2×a3] ·
cos(60◦). If we now assume an energy shift of ∆E = 1 eV, the potential U that should be
applied across the dielectric layer to generate the total number of electrons N that are added
to the Fermi surface, can be calculated:

N =
ε

qe

U

d
= D∆E. (2.29)

In this equation, ε is the dielectric constant (εMgO = 9.9ε0), qe is the electron charge, d is the
thickness of the dielectric barrier (∼68 nm, Sec. 4.2). Note that D is defined per m3. If we
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use a screening length for Co of ∼2 Å, we can assume D per area instead of volume. Hence,
the voltage necessary becomes:

U =
4.869× 1047 · 2× 10−10 · (1.602× 10−19)2 · 68× 10−9

9.9ε0
≈ 1940 V, (2.30)

which can be converted into an electric field by dividing the latter by the thickness of the
dielectric layer:

E =
U

d
=

1940

68
≈ 29 V/nm. (2.31)

So in order to induce an energy shift of 1 eV to the Fermi surface of Co, an electric field
is needed of ∼29 V/nm, which is far beyond the limit that a material can withstand, ∼1
V/nm. [49]

Taking the material limit to be 1 V/nm, the maximum energy shift that can be induced,
can be calculated using the equations above. For the devices used in this work, an application
of electric fields of 1 V/nm would induce an energy shift of approximately 35 meV. Using
the aforementioned estimate of the size of the EFE on the IEC, 330 mT/eV, the expected
shift in the couple field is ∼12 mT. However, we will show that those fields are not reached
in this work but maximum electric fields in the order of 0.125 V/nm to 0.2 V/nm are reached
instead. With these electric fields a shift of the couple field is expected in the order of a few
mT.

2.4 Switching of the magnetization in FM/NM/FM trilayer
systems

In Sec. 2.2 the magnetization reversal mechanism for a single magnetic layer were discussed
using the Stoner-Wohlfarth model and in the preceding section the IEC was introduced. In
this section, the theory of both sections is combined to explain the effect of the IEC on
hysteresis loops of coupled layer systems, that are used throughout this work. Furthermore,
it will be shown that this analyzing method of hysteresis loops can provide a measure for the
IEC strength. However, this method only works for AF coupled layers where the anisotropy
is small. To use the Stoner-Wohlfarth model for coupled layer systems, several modifications
are necessary. Firstly, the Zeeman energy term should contain the energy of both magnetic
layers, an additional anisotropy term is included and a third term is added that represents the
IEC energy. The situation is schematically depicted in Fig. 2.11 (b) where the magnetization
vectors M1 and M2 make an angle ϑ1 and ϑ2 to the easy axis. The thicknesses of the two
FM layers are indicated with t1 and t2 and the applied magnetic field is assumed to be in the
z-direction. Using these definitions, the total magnetic energy density E(ϑ1, ϑ2) of the couple
system is given by:

E(ϑ1, ϑ2) = −µ0H [Ms,1t1 cos (ϑ1) +Ms,2t2 cos (ϑ2)]︸ ︷︷ ︸
Zeeman energy

+ K1t1 sin2 (ϑ1) +K2t2 sin2 (ϑ2)︸ ︷︷ ︸
Anisotropic energy

+ 2J1 cos(ϑ1 − ϑ2)︸ ︷︷ ︸
IEC energy

, (2.32)

where the different energy contributions for both layers are indicated. To simplify things a
bit more, it is assumed that the FM/NM/FM system contains two identical FM layers (i.e.
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Figure 2.12: (a) Theoretical full hysteresis loop of a FM/NM/FM trilayer system for two identical AF
coupled FM layers. (b) Theoretical minor loop for a similar system with FM layers of different
thicknesses. The minor loop is used to extract a value for Hcp. The numbers in both graphs
correspond to the numbers in the illustrations below the graphs, which show a possible sequence
during the hysteresis cycles. Adapted from Lalieu. [24]

t1 = t2 ≡ t, Ms,1 = Ms,2 ≡ Ms and K1 = K2 ≡ K). The simplified energy density of the
system becomes:

E(ϑ1, ϑ2) = −µ0HMst [cos (ϑ1) + cos (ϑ2)]

+Kt
[
sin2 (ϑ1) + sin2 (ϑ2)

]
+ 2J1 cos(ϑ1 − ϑ2). (2.33)

Again, by minimizing this equation, the magnetic behavior is obtained which and shown in
Fig. 2.12 (a) where the normalized magnetization is plotted as a function of the applied
magnetic field. The hysteresis loop starts at negative saturated field, at which point the
magnetization of both layers will point in the same direction since the Zeeman energy is
strong enough to overcome the AF coupling and anisotropy energy. The magnetic field is
now swept from negative saturation to positive saturation and back to negative saturation.
During this sweep the magnetic layers undergo several switches of which a possible sequence
is shown below Fig. 2.12 (a). When the field is increased, starting from negative saturation,
at some point the Zeeman energy isn’t strong enough to keep the magnetizations parallel and
the AF coupling takes over which results in an anti-parallel alignment of the magnetizations,
hence Mz = 0 (switch(1)). The alignment remains anti-parallel until the field has reached a
value where it can overcome the anisotropy and AF coupling energy again and both layers
are align parallel (switch(2)). This process is then reversed, indicated with switch (3) and
(4). It has already been addressed in this chapter that overcoming the anisotropy energy will
give rise to a coercive field Hc. In addition to this, a co-called coupling field Hcp is indicated
in Fig. 2.12 (a). This field is the result of overcoming the AF coupling energy and can be
derived from Eq. 2.33:

Hcp =
2J1

µ0Mst
. (2.34)
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Figure 2.13: Top: theoretical full hysteresis loop of a FM/NM/FM trilayer system with FM layers of different
thicknesses. The numbers in the graph correspond to the numbers in the illustration below the
graph, which shows a possible sequence during the hysteresis cycle.

Note that J1 > 0. So by measuring Hcp from the hysteresis loops, a direct measure is found
for the IEC strength. How is Hcp actually measured? In the example described above the two
FM layer are assumed to be identical. This causes Hcp to be located exactly in the middle
of a switch (as indicated in Fig. 2.12 (a)). However, when dealing with real systems, the two
FM layers are never truly identical (due to experimental artifacts such as sputter conditions,
substrate quality etc.) which results in a coupling field that is not exactly in the middle of a
switch. This issue is overcome by measuring so-called minor loops. A minor loop is obtained
when a cycle, like the one in Fig. 2.12 (a), is started e.g. from negative saturation and the
field is increased but now only up to H = 0. This results in the switching of only one of
the FM layers which is shown in Fig. 2.12 (b) (again, a possible sequence is given below the
figure). From this graph it is possible to determine Hcp via Hcp = |HP→AP +HAP→P| /2,
where HP→AP and HAP→P indicate the point of switching between parallel (P) and anti-
parallel (AP) alignment of the magnetizations of the two layers. The EFE on the IEC is
expected to be observed in a shift of Hcp either to the left or right, depending on the sign of
the applied electric field.

One more aspect that needs to be addressed is the fact that in real systems, as was
mentioned above, the FM layers are not identical. This inequality results in an additional
step in the hysteresis loops. An example is shown in Fig. 2.13, where the extra step has
become visible around H = 0. In this case, the sample is saturated first with a negative field.
Again, by sweeping the field from negative to positive, the layers undergo a switching process
which is similar to the process described for Fig. 2.12 (a). However, where the AP alignment
would be stable up to the point where the two layers switch back to P alignment for positive
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saturation field, the two layers switch their AP alignment in between. The reason for this is a
large difference in Zeeman energy for the two FM layers. This causes the two layers, being in
AP alignment, to switch the AP configuration as it favors to align the layer with the largest
Zeeman energy to the magnetic field.

2.5 Summary

In this chapter the basic theoretical tools were discussed that are used throughout this work
to analyze the different measurements. This section serves as a brief recap of the important
parts from this chapter that the reader should know for the next chapters.

An important feature in magnetism is magnetic anisotropy, which is the tendency of
the magnetization to align itself along a certain direction. The magnetic anisotropy can
be divided in several types magneto-crystalline and shape anisotropy and contribute to an
effective anisotropy. This effective anisotropy can also be described in terms of volume, surface
and shape contributions. When dealing with thin magnetic films, the competition between
these contributions can favor either IMA or PMA. Sample structures with PMA are used
throughout this work for its application in denser data storage. It was shown that in order
to achieve PMA, the shape anisotropy has to be minimized as this contribution favors IMA.
Shape anisotropy depends on the saturation magnetization so in order to minimize shape
anisotropy, a material can be chosen that has a low saturation magnetization. As explained,
this was one of the reasons to choose Co as the FM material throughout this work. Another
way to achieve PMA is by tuning the FM layer thickness, as the surface contributions become
dominant over the volume and shape anisotropy for thinner layers. Moreover, considering the
film thicknesses in this work, the volume contribution was argued to be negligible.

The IEC arises when two FM layers are separated by a NM layer and oscillates between
AF and F coupling as a function of the NM layer thickness. It is commonly described using
the RKKY theory, which can intuitively be understood by conduction electrons traveling
through the NM spacer layer. These electrons partially transmit through and partially reflect
from the encountered NM/FM interface. The reflected electrons will interfere with incoming
electrons which results in an oscillatory spin density wave. A second FM layer on the other
side of the NM layer will couple through this spin density wave to the first FM layer. Since
the spin density wave oscillates as a function of the NM layer thickness, the coupling will
oscillate (between F and AF coupling) as well. A more elaborate theory on the IEC was
introduced by Bruno in the 1990s which is based on the spin-asymmetry of the reflection
amplitudes (i.e. reflection coefficients) at the NM/FM interfaces. This theory demonstrated
that the IEC strength J1 is dependent on these reflection coefficients. Hence, in order to
affect the IEC, an attempt is made to manipulate these reflection coefficients using the EFE.
Based on the theory of Bruno an analytical and numerical model were introduced by Lalieu
and Raijmakers, respectively, where in both models the EFE on the IEC was confirmed. The
models described a FM/NM/FM/dielectric structure in which an electric field is applied to
charge the FM/dielectric interface by accumulating/depleting electrons at this interface. By
changing the electronic structure in the trilayer system, the reflection coefficients are expected
to be affected as well, hence changing J1. In order to measure the effect on J1 FM/NM/FM
trilayer systems are used in which the FM layers are AF coupled. By applying an external
magnetic field along the growth direction of AF coupled FM/NM/FM trilayer systems, the
effect on J1 can be measured. When the applied field is strong enough, the AF coupling energy
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can be overcome which gives rise to a coupling field. This coupling field is directly related to
J1 and can be extracted from so-called minor hysteresis loops. Note that this method limits
the measurement of J1 in only AF coupled systems since only then minor hysteresis loops
can appear. Any effect of the EFE on the IEC will result in a shift of the coupling field. The
direction of this shift depends on the sign of the applied voltage (i.e. positive or negative).
Furthermore, it was mentioned that the size of the EFE on the IEC is expressed by the slope
of J1(VEFE) meaning that for the demonstration of the EFE on the IEC, it is beneficial when
dJ1/dVEFE is large. It was discussed that the largest EFE on the IEC to be observed using
the minor loop method, is expected to appear at thicknesses positioned at half height of the
AF peak. At a position left (right) on the AF peak the IEC is expected, when plotted as
a function of the applied electric field, to linearly decrease (increase) around zero applied
electric field.

It was already mentioned that the oscillatory behavior of the IEC will also be examined
(Sec. 1.2). It was shown that the oscillation period of the IEC is determined by the Fermi
vector of the NM spacer material and it was mentioned that only the critical spanning vector
that is directed along the growth direction will give rise to an oscillatory IEC. When dealing
with real metals, there can be multiple critical spanning vectors that can give rise to short
and long oscillation periods. Although the latter is typically observed in this work, a multi-
periodic behavior should be taken into account when analyzing the oscillatory behavior of
the IEC. Lastly, the NM spacer layer is composed of discrete monolayer steps. According to
the Nyquist theorem, the smallest period that can be measured experimentally should be at
least 2 monolayers long. When the period is smaller than two monolayers, an aliased period
is measured instead. This should be taken into account when extracting a value for the Fermi
vector from the oscillatory behavior of the IEC.
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Methodology

The experimental tools used to fabricate and analyze the sample structures are presented in
this chapter together with the considerations of different sample materials used throughout this
work. The chapter starts with a description of the different techniques used in the fabrication
process, which includes sputter deposition, ultra-violet lithography (UVL) and ion beam milling
(IBM). Next, the measurement techniques used to characterize magnetic properties of the
sample structures are explained. The chapter ends with a brief description of the electric field
effect (EFE) measurements and all the steps that are involved in these measurements.

3.1 Fabrication process

3.1.1 Sputter deposition

The samples used throughout this work consist of layers with sub-nanometer thicknesses.
These layers are deposited using a widely used technique called sputter deposition. The de-
position is done using the Nanofilm facility at the Physics of Nanostructures group which
is an ultra-high vacuum apparatus that operates at a base pressure of ∼5 ·10−9 mbar. The
Nanofilm features twelve targets (three 3" targets and nine 2" targets) allowing for the fabri-
cation of multi-layer structures. The sputtering principle is schematically illustrated in Fig.
3.1 (a). The figure shows a cross-section of a target that is enclosed by a ring-shaped anode.
In order to sputter the target material, a flow of Ar gas is inserted into the sputter chamber,
typically at a pressure of 10−2 mbar. By applying a large potential between the target (cath-
ode) and anode, stray electrons are accelerated towards the anode. These electrons collide
with the Ar atoms converting them into positively charged ions; hence, creating a plasma
(purple glaze in figure). Ar is typically used in the sputter depositions because it’s an inert
gas, meaning that it does not interact with the target material. The Ar ions are constantly
accelerated towards the target material, kicking out atoms of this target material, which are
then deposited onto the substrate. The substrates are made of Si containing a 100 nm SiO2
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(a) (b)

Figure 3.1: (a) Schematic representation of sputter deposition process. (b) Schematic representation of
wedge growth.

layer and preceding the deposition, these SiO2 substrates were cleaned by consecutive acetone
and isopropanol ultrasonic baths. The substrates are then mounted on sample holders that
are faced downwards in the sputter chamber and positioned in a face-to-face position above
the target material (to increase the purity of sputtered target material). To increase the
homogeneity of deposited material across the sample surface, the sample (including sample
holder) is rotated at 10 rpm, during deposition.

Depending on the type of material that is used one can either use direct current (DC)
sputtering or radio frequency (RF) sputtering, owing their names to the way the plasma is
initiated/maintained during the sputtering process (described above). The multilayer sample
structures used in this work are composed of two type of target materials: metallic and insulat-
ing materials. The deposition of metallic target material is typically done using DC sputtering
with growth rates in the order of ∼Ås−1. The use of DC sputtering has its shortcomings.
The primary limitation is the deposition of insulating materials. Using DC sputtering with
insulating materials as a target can make the target’s surface to buildup charge over time
which in turn can result in quality issues. As a solution to this limitation, RF sputtering is
used. RF sputtering departs from DC sputtering in the way the Ar atoms are ionized. During
RF sputtering an alternating current is used to set a potential difference across the cathode
and anode. This results in an oscillating electric field that ionizes the Ar gas. The target
material is then deposited as described above but with typical growth rates of sub-angström’s
below 0.5 Ås−1.

Thickness dependent studies are regularly used in this thesis (i.e. for layer optimization).
To perform these studies, samples are deposited using a so-called wedge-growth technique.
This technique is schematically illustrated in Fig. 3.1 (b). During deposition a wedge shutter
is linearly moved above the sample, which results in no deposition underneath the wedge
shutter; hence, creating a layer that varies in thickness as a function of position.
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Figure 3.2: A schematic overview of the UVL process. Note that only the additive and subtractive schematics
are shown for the negative resist, which is used in this work.

3.1.2 Ultra-violet light lithography

UVL is a technique that uses UV-light to transfer patterns on the micro- to nanometer scale.
This technique is widely used in the fabrication of micro- and nano-electronics due to its
ability to pattern large surfaces at once, which makes it a fast method compared to, for
instance, direct write techniques like electron beam lithography. The pattern is transferred
to a photosensitive material, which is called a photoresist. A photoresist generally contains a
mixture of chemicals, such as polymers and photosensitive compounds. Both the molecular
structure and the solubility of this photoresist can change when exposed to UV light. [50] There
are two types of photoresist: positive and negative. In the case of a positive photoresist, the
chemical structure of exposed parts changes in such a way that they become more soluble in
the developer (i.e. the exposed part is removed in the developer). For negative photoresist,
i.e. the resist used in this work: MaN-415, the exposed parts become more polymerized,
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making it more difficult to remove in the developer.

The UVL process can be explained step by step as shown in Fig. 3.2. Each step will be
briefly explained:

• The process starts with a substrate (i.e. sample that is coated with materials or a bare
substrate). The photoresist is dispensed on the sample and distributed uniformly across
the substrate, using a spin coater. The photoresist is spin coated for 30 seconds at 2500
rpm.

• After the photoresist is uniformly distributed, the sample is soft-baked for 120 seconds
at 90◦C. During this baking step, almost all solvents are removed, leading to a more
densified layer of resist. Soft-baking the samples is a crucial step in the process as the
resist becomes photosensitive after the baking.

• Next, the sample needs to be aligned with the mask, using the Karl Süss Mask Aligner
(MA6). This device is designed for high resolution photolithography down to 1 µm,
which is well suited for the structures in this work (the smallest dimension is ∼2 µm).
In consecutive steps, the alignment is done using specific markers on both the sample
and mask. When the alignment has succeeded the sample is exposed to UV light for 20
seconds.

• After exposure to UV light, the samples are rinsed for 70 seconds in a solvent, called a
developer. Specific parts of the resist will solve in the developer, depending on the type
of photoresist that is used, as described above.

• Depending on what is needed, material can be subtracted or added. Since a negative
resist is used in this work, both the subtraction and addition of material is depicted in
Fig. fig:UVL for this type of resist.

• Lastly, the samples are rinsed in acetone and isopropanol, leaving the sample in the
finalized state. Because the resist is thicker (∼2 µm) than the added layers (tens of
nm), it remains accessible for removal after the additive step.

3.1.3 Ion beam milling

Alongside UVL, an etching process is used to pattern the samples, which is IBM. The IBM
will be used in this work to mill out so-called Hall cross structures out of homogeneous
multilayer sample structures. The purpose of Hall cross structures will be explained later in
this chapter. The advantage of using IBM is that smooth and sharp edges can be obtained,
which is essential for the device structures that are used in this work as will be explained in
Sec. 3.1.5. An illustration of the IBM process is shown in Fig. 3.3. During the process a
continuous and homogeneous beam of argon ions (red dots) is accelerated towards the sample
(S), which is placed in the middle of the sample holder. This bombardment of ions will
mill away the materials on the sample. To assure homogeneous milling and sharp edges, the
sample holder is rotated at 10 rpm (blue arrows) and placed under an angle of 70◦, relative to
the sample normal (n). The total thickness of the multilayer structure is ∼25 nm, therefore
the milling time needed is ∼90 seconds (typical milling rates of 0.25-0.30 nm/s).
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Figure 3.3: Illustration of the ion beam milling process. A continuous and homogeneous beam of Ar ions is
accelerated towards a sample (S). The incoming ions will hit the sample surface and thereby mill
away the material. The sample is rotated and placed under an angle to promote homogeneous
milling on all sides of the sample.

3.1.4 Device materials

The primary experimental goal of this work is to demonstrate the EFE on the IEC. In order to
achieve this, the sample structures must be carefully engineered. The fabrication techniques
are already discussed and in this section the different material choices are explained. To induce
an EFE on the IEC, the electronic structure of the sample needs to be modified (Sec. 1) and
to modify the electronic structure a capacitor-like sample structure is used. The capacitor-like
structure can be decomposed in three parts: buffer layers (to ensure low surface roughness
(Sec. 2.3.3) and PMA in the bottom FM layer), FM/NM/FM trilayer (which serves as the
bottom electrode) and the dielectric layer. The final composition of the capacitor-like struc-
ture, deposited onto SiO2 substrates, is as follows: Ta/Pt/Co/Ru/Pt/Co/MgO/Ta. Each
layer choice will be explained in the remainder of this section.

Throughout this work FM layers that have PMA are used as they potentially can lead to
smaller and more dense storage capacity. For reasons explained in Sec. 2.1 Co is used as the
FM material, instead of Fe or Ni. Obtaining PMA in thin Co films can be challenging. For
thin Co films, the anisotropy favors PMA but for increasing Co thickness there is a transition
point, based on the competition between surface and shape anisotropy, where the anisotropy
changes from PMA to IMA. [51] The PMA in thin Co films can be enhanced by sandwiching
the Co layer by a NM heavy metal with strong spin-orbit coupling such as Pd and Pt (this
is not the case for Ni and Fe). The enhancement is attributed to hybridization of Co and
NM orbitals (Sec. 2.3.4). [52] Furthermore, it has been shown that the enhancement of PMA
in Pt/Co/Pt mainly arises from the bottom interface (i.e. when Co is sputtered on top of
Pt) [53], and for this reason a Pt/Co bi-layer will be utilized in our sample composition, hence
Pt/Co/NM/Pt/Co/dielectric. The Pt layer between the NM spacer and the top Co layer
serves a dual purpose. Aside from enhancing the PMA in the Co layer, it can also be used to
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tune the IEC strength that is mediated by the NM layer. [54] Before explaining the material
choice for the NM spacer layer it’s important to note that some metals (including Pt) do not
grow well when sputtered directly on an oxide surface. The reader is referred to the Ph.D.
thesis of LeClair for a more elaborate discussion on this topic. [55] For now it suffices to know
that growing Pt directly on top of a SiO2 substrate will lead to an extremely rough surface
that is unsuited for the measurements in this work. To solve this issue, there are metals that
grow relatively flat on SiO2, and thus can be used as a seed layer to enhance the flat growth
of layers sputtered on top of it. One of these metals, upon which Pt will grow relatively flat,
is Ta. It has been shown that a Ta seed layer of 2 nm is sufficient to ensure a low surface
roughness and will therefore be utilized throughout this work. [55,56] The sample composition
so far is Ta/Pt/Co/NM/Pt/Co/dielectric.

An essential material in the sample composition is the NM spacer material as it was al-
ready explained in Sec. 1.2, this layer mediates the IEC. Extensive research has already been
performed towards these materials and their mediation of the IEC. [57,58] Especially in the
work of Parkin multiple materials have been examined [58] and he showed that Ru mediates
the strongest coupling. Together with the fact that both Lalieu and Raijmakers used Ru in
their work, are the reasons we will continue to use Ru as a spacer material in this work. Two
other materials that were examined by Parkin, mediate coupling strengths that are in the
same order as Ru, but weaker nonetheless. These materials are Ir and Rh. One could argue
that these materials are therefore less interesting in this work. However, both Ir and Rh have
a shorter period (∼ 9 Å) compared to Ru (∼ 11 Å). [58] It was discussed that the size of the
EFE on the IEC is measured as the slope of J1(∆V ). Since the slope is steeper for materials
with a shorter period, this could potentially lead to a larger EFE on the IEC. Since Ir was
available during this work (and Rh was not), it was also examined as a spacer material.

Leaving only the dielectric layer left to explain. In order to perform measurements the
sputtered samples are processed using various techniques explained in the previous sections.
Hence, the samples will be exposed to air during/in between the processing steps. The top Co
layer will interact with air leading to the oxidation of Co. In order to prevent this interaction
with air, the top Co layer is capped with an additional layer. Several materials can be used
such as Pt but it was mentioned above that any additional layer to the FM/NM/FM trilayer
can influence the EFE on the IEC. Moreover, the FM/NM/FM trilayer serves as the bottom
electrode in the experiments so by capping the top Co layer with an oxide layer, all the layers
between the top and bottom electrode will be a dielectric. As a capping layer MgO will be
used, which is available in the Nanofilm facility, meaning it can be sputtered directly on top
of Co without the loss of vacuum. Moreover, the sputtered MgO layers indicated to be of
high quality [25] and it has been shown that Co/MgO interfaces can enhance the PMA in the
Co layer [59], making it suitable for the experiments in this work. For these reasons MgO is
also used as the insulating barrier material, separating the top and bottom electrodes.

Although the aforementioned properties make MgO a suitable candidate, it has been
shown that a capping layer of MgO will interact with water [25] (when exposed to air and dur-
ing cleaning steps in the fabrication process). We will show in Sec. 4.1.1 that this issue can
be solved using a protective layer of Ta (which oxidizes naturally when exposed to air) with a
thickness of 2 nm on top of MgO. Hence, throughout this work, the following sample composi-
tion of the bottom electrode is used (from bottom to top): Ta/Pt/Co/NM/Pt/Co/MgO/Ta,
with NM being either Ru or Ir.
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(a) (b)

(c) (d)

Figure 3.4: (a) Schematic representation of a Hall cross (gray), which is created during the first step in the
fabrication process. The Hall cross serves as the bottom electrode during the EFE measurements.
(b) In the second step of the fabrication process the insulating layer (green) that separates the
bottom and top electrode is deposited. (c) Finally, the contacts (orange) are deposited on top
of the sample structure. The top electrode is represented by the T-shaped bar on top of the
insulating layer. (d) Microscopic image of a fully processed sample structure, in which the
Hall cross can be identified underneath the insulating layer (light blue rectangle). The contacts
(including the T-shaped top electrode) are represented by the white/yellow color. The squares at
the corners of the Hall cross are alignment marks used during the fabrication process to ensure
functional devices.

3.1.5 Fabrication process

This section covers each step in the fabrication process of the sample structures that are used
for the EFE measurements in this work. The process starts by growing homogeneous layers
(hereafter named full sheet samples) of the sample composition mentioned in the previous
section, using the Nanofilm facility. The fabrication process can then be divided into three
steps and each step can contain multiple actions (i.e. UVL, IBM steps). The three steps are
discussed one by one:

Step I: Once the full sheet samples are fabricated, they are ready for the first processing step.
In this step, the samples are patterned into so-called Hall cross structures, shown in
Fig. 3.4 (a). To obtain these Hall cross structures, the samples are first patterned
using the UVL (Sec. 3.1.2). After the samples are developed, they undergo an IBM
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(a) (b)

Figure 3.5: (a) Schematic representation of a fully processed sample. The cross section C is shown in (b)
to illustrate that the thickness of the insulating layer at the edges of the Hall cross is thinner
compared to the thickness on top and on the sides of the Hall Cross, hence increasing the
possibility of contact between the top and bottom electrode at these positions.

step (Sec 3.1.3), which will result in the Hall cross structures from Fig. 3.4 (a). These
structures will be used to carry out the anomalous Hall effect measurements (which will
be explained in Sec. 3.2.2).

Step II: After the Hall crosses are fabricated, the insulating barrier is fabricated. This is done
using a second UVL step in which a rectangular shape is transferred from the UVL
mask onto the Hall cross structure in which the insulating layer will be sputtered. After
the UVL step, the sample is placed back inside the Nanofilm facility to sputter the
insulating MgO/Ta barrier, which results in the structure shown in Fig. 3.4 (b). The
insulating barrier is indicated with green.

Step III: Finally, the contacts are fabricated, which are used to apply a potential difference
between the top and bottom electrodes during the experiments. For the fabrication of
the contacts a thick layer (∼ 85 nm), consisting of Ta(5)/Ru(50)/Pt(30), is used, with
thickness in parentheses. The materials that form the contact layer are chosen based
on the availability in the Nanofilm facility. However, it is important to make sure the
outer layer is a metal (e.g. Pt) that provides a good contact. The final structure is
shown in Fig. 3.4 (c) where the contacts are indicated in orange. The top electrode is
represented by the T-shaped bar on top of the insulating layer.

A microscopic image of the top view of a fully fabricated structure is shown in Fig. 3.4 (d),
where the SiO2 substrate, the insulating barrier and the contacts are represented by the dark
blue, light blue and white/yellow colors, respectively. The crosses and small squares shown in
the figure are alignment marks that are used during the UVL steps to align the sample with
the UVL mask.

Finally, it’s important to note that the insulating layer should be sufficiently thick to
avoid any contact between the top and bottom electrodes. This can be illustrated using the
schematic representation of the sample structure shown in Fig. 3.5 (a). By taking a cross
section C, which is shown in Fig. 3.5 (b) it can be seen that the relative distance between
the top and bottom electrode is shorter at the edges of the insulating layer compared to the
relative distance on top and at the sides of the Hall cross. Having an insulating layer which is
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Figure 3.6: Schematic of the MOKE setup that is used in this work, together with an illustration of the Kerr
effect. The Kerr effect can be explained by an incident linearly polarized light beam that reflects
of a sample (S). This reflection will induce a rotation of the polarization and as a result, the light
will become elliptical after reflection.

insufficiently thick increases the possibility of a short between the top and bottom electrode
and thereby making the sample structure inoperable.

3.2 Characterizing the magnetic properties

3.2.1 Magneto-optical Kerr effect

One of the measurement techniques that is used in this work to measure the magnetization
is the magneto-optical Kerr effect (MOKE). A brief introduction of this technique and its
working mechanism is given here. For a more detailed explanation of this technique, the
reader is referred to the Ph.D. thesis of Schellekens. [8] The technique is based on the so-called
Kerr effect, which describes the rotation of a light beam that reflects of a magnetic surface.
A schematic of the MOKE setup is shown in Fig. 3.6 where the sample (S) is attached to
a sample holder between two magnetic poles. The schematic illustrates an incident beam of
linearly polarized light that reflects of the sample. This linearly polarized light beam is a
linear combination of right- and left-handed circularly polarized light with opposite helicities.
Because right- and left-handed circularly polarized light have a different refractive index, when
it hits a magnetic surface, the linearly polarized light will transport differently through the
magnetic material which will result in a phase difference, after being reflected of the surface.
This phase difference induces a rotation of the polarization, which becomes elliptic after it’s
reflected of a magnetic surface.

One of the advantages of MOKE is that it allows for fast measurement of a sample’s
magnetization. Furthermore, the MOKE setup in this work uses a HeNe laser (λ = 632.8
nm) and due to it’s relatively small spot size (∼ 300µm) it has the ability to locally probe a
sample, making it an ideal technique for measuring wedge samples (with a maximum field of
∼ 550 mT). There are several types of Kerr effects that can be distinguished depending on the
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orientation of the magnetization and the plane of incidence of the light. [60] Since the samples
in this work are designed in such a way that they exhibit perpendicular magnetic anisotropy,
the effect that is measured is the polar Kerr effect, which makes the signal sensitive to the
out-of-plane component of the magnetization. One of the limitations is the fact that the light
beam has to travel through several layers to reach the bottom magnetic layer. During the
travel, the light is partly reflected and transmitted at each layer, causing the signal coming
from the bottom magnetic layer to be less intense as compared to the top magnetic layer.
Lastly, although the relative magnetization can be measured, the technique does not provide
a direct measure of the absolute magnetic moment.

3.2.2 Anomalous Hall effect

Another useful measurement technique that is utilized in this work to characterize the thin
FM films’ properties is the anomalous Hall effect (AHE). When a current is injected into a
thin FM film, due to the AHE a voltage is induced transverse to the injected current and
the magnetization. This voltage is called the anomalous Hall voltage, VAHE. In the case of
perpendicularly magnetized thin films that are in the presence of an external field Hext, the
Hall resistivity (ρH) is given by:

ρH = µ0 [ROHEHext +RAHEMz] , (3.1)

with ROHE and RAHE being the ordinary and anomalous Hall coefficient, respectively. The
first term in the equation is the ordinary Hall effect which arises from the Lorentz force
acting on conduction electrons. The ordinary Hall effect depends on z-component of Hext

and produces an electric field transverse to Hz and the injected current. The second term
represents the AHE and is proportional to the out-of-plane component of the magnetization
(i.e. the magnetization itself causes the charge buildup). Hence, by measuring VAHE results in
a direct measure for Mz in the presence of an external magnetic field. The exact mechanisms
of the AHE are still under debate but recent theories include intrinsic Berry phase effects
and extrinsic spin dependent scattering effects. For a detailed description of the different
effects, the reader is referred to an article by Nagaosa et al. [61] Each FM layer in a multilayer
system contributes to the AHE. Due to the extrinsic spin dependent scattering effects, the
contribution of each FM layer is proportional to the thickness and quality (i.e. number
of defects) of that specific layer. This is where MOKE and the AHE measurement depart
markedly as it was mentioned in the previous section that MOKE is more sensitive to the top
FM layer in a sample.

The AHE is used in this work to determine locally the perpendicular magnetization
in fabricated Hall crosses. A schematic representation of such a measurement is shown in
Fig. 3.7. The injected current is indicated with I and the potential difference due to the
AHE is represented by VAHE. The colors gray, orange and green indicate the bottom and top
electrode and the insulating layer, respectively. The schematic shows three different positions
where the VAHE can be measured (indicated by numbers 1,2 and 3), but only one position
is used during each measurement. There are two reasons to have multiple measurement
positions. Firstly, having 3 possible measurement positions increases the chance of being
able to perform an AHE measurement as the samples can easily get damaged during the
fabrication process (i.e. conduction paths between top and bottom electrodes). Secondly, the
result of each measurement position should be the same so more data can be obtained with

41



Methodology

Figure 3.7: Schematic representation of the AHE measurement. A current (I) is injected resulting in a trans-
verse induced voltage due to the AHE (VAHE). To perform the EFE measurements a potential
difference is set between the top and bottom electrode (orange and gray, respectively), indicated
by VEFE.

three measurement positions which results in better statistical analysis. In the remainder of
this section the EFE measurements using the AHE setup will be explained.

Electric field effect measurements

In order to use the AHE setup for EFE measurements a voltage source is added to the setup
which is used to apply a potential difference across the sample structure. This is schematically
shown in Fig. 3.7 where a voltage source is added between the top and bottom electrode,
indicated with VEFE. In each experiment the top electrode is positively biased whereas the
bottom electrode is grounded (not indicated in the schematic). The measurement sequence
will be explained next:

• At the start of each EFE measurement a reference measurement is performed in which no
potential (VEFE = 0) is applied across the top and bottom electrode. This measurement
is performed for five consecutive times and averaged afterwards, for statistical purposes
and to account for thermal fluctuations. [24]

• After the reference measurement, VEFE is ramped to the first voltage step: +0.5 V.
This measurement is also performed five consecutive times and averaged afterwards.
After the measurement is done, the voltage step is altered to -0.5 V and again five
measurements are performed.

• Once the measurements are performed at both positive and negative voltage step, a
control measurement is carried out. This control measurment (hereafter called zero
measurement) is again performed at VEFE = 0. The reason for this zero measurement
is to see whether or not the observed effects are caused by the EFE or that the voltage
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steps induced structural changes to the sample structures. After the zero measurement
VEFE will be increased again but now to ±1 V, and so on up to point where the insulating
barrier breaks down.

• Finally, after all the measurements are done the averaged couple fields are plotted as
a function of the applied electric field (i.e. applied voltage divided by the insulating
barrier thickness). The zero measurements will also be plotted in the same graph. The
zero measurements will be plotted at a positive electric field value, corresponding to
the value after which the zero measurements were performed. For example the zero
measurement performed after a voltage step of ±0.5 V, will be plotted in the graph the
electric field value corresponding to +0.5V).

43



4
Results

In this chapter, the results are presented that were obtained from the measurements performed
to demonstrate the electric field effect (EFE) on the interlayer exchange coupling (IEC). In
these measurements two materials have been examined as the non-magnetic (NM) spacer
material: Ru and Ir. It was mentioned in the previous chapter that Ru is known to mediate a
strong IEC between two ferromagnetic (FM) layers, making it a suitable material to serve as
the spacer layer. It was also argued that a shorter oscillation period of the IEC can potentially
result in a larger EFE on the IEC. Ir is one of these materials that exhibits a shorter period
and still mediates an IEC that is in the same order of strength as Ru. A systematic study has
been preformed using both spacer materials, in order to examine both the reproducibility and
the (size) strength of the EFE on the IEC. Theoretical models have played an important part
in gaining new insights in the physics behind the IEC. One of the key parameters describing
the IEC is the Fermi wave vector, kF, which determines the oscillation period of the IEC.
By extracting a value of kF from the experimentally observed oscillatory behavior of the IEC
as a function of spacer thickness, theoretical models can be improved and describe future
experiments more accurately. Therefore, the oscillatory behavior of the IEC is examined for
both spacer materials in the final part of this chapter. This chapter will start with a discussion
on the issues Raijmakers experienced regarding the dielectric layer (Sec. 1.2).

4.1 Sample optimization

One of the key layers in the devices used to investigate the EFE on the IEC is the dielectric
layer, which consists of a capping layer and a thick insulating barrier. The dielectric layer is
used to generate the electron accumulation/depletion at the top FM interface, and in turn
generates the EFE. With the change in fabrication techniques from electron beam lithography
(EBL) to ultra-violet lithography (UVL), Raijmakers experienced issues regarding the used
chemicals and the materials that are exposed to these chemicals during the fabrication process.
It was mentioned in Sec. 1.2 that AlOx is such a material that can not withstand the chemicals.
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(a) (b)

Figure 4.1: Results of MOKE measurements to show the function of a protective TaOx layer, to prevent the
MgO layer from interacting with water. Two samples were grown where the results in (a) were
obtained using a sample that was capped with a MgO layer and (b) shows the results for the
sample that was capped with a MgO/Ta bilayer.

It was employed by Raijmakers as a capping layer, however, later it was found that the
chemicals etch away the Al, which resulted in inoperable devices. In an attempt to solve
this issue, Raijmakers changed the capping layer material from AlOx to MgO. Aside from
being able to withstand the chemicals, MgO can directly be sputtered using the Nanofilm
facility, without the need of an oxidation step, as is needed to create AlOx. Moreover, it has
been shown that depositing MgO on top of cobalt enhances the PMA of the cobalt layer. [62]

However, with the use of MgO new challenges were faced. One of these challenges prevented
the fabrication of new functional devices in the work of Raijmakers and will be discussed first.

4.1.1 MgO as a capping layer

Although the chemicals used in the fabrication process do not etch away the MgO layer, as
was the case for the AlOx, it was found that MgO interacts with water [25], which changes the
magnetic properties of the underlaying cobalt layer. It was argued by Raijmakers that this
interaction could come from absorption of water by the MgO layer, or via transport through
pinholes that are present in the MgO layer. [25] Examining the origin of this effect is beyond
the scope of this project and merely a solution will be proposed and tested to solve this issue.

In order to protect the MgO capping layer from interacting with water, it is protected by
an additional layer, deposited directly on top of the MgO. For this protective layer tantalum
(Ta) is chosen. After the Ta layer is sputtered, the layer will oxidize naturally when exposed
to air. TaOx is a self-limiting oxide and the Ta thickness is chosen such that the layer oxidizes
completely, resulting in a TaOx layer that protects the MgO. In order to prove that the TaOx

layer protects the MgO from interacting with water, two full sheet samples were grown with
the following stack configuration: Ta(2)/Pt(10)/Co(1.3)/Ru(0.8)/Pt(0.75)/Co(1.3)/MgO(4),
with the layer thicknesses in nm in parentheses. One of the samples is capped with a thin
(2 nm) Ta layer. Directly after deposition, the magnetization of both samples is measured

45



Results

(a) (b)

Figure 4.2: Oscillatory behavior of the coupling field, Hcp, as a function of (a) Ru and (b) Ir spacer layer
thickness. Note that the oscillation period of Ir is smaller than the period of Ru, which is in
correspondence to the results of Parkin for the two different spacer materials. [58]

using MOKE. After this measurement, the samples are submerged into a water bath for
approximately 30 minutes and measured again with MOKE, directly afterwards. The results
of these measurements are shown in Fig. 4.1 (a) and (b), where in both figures the MOKE
rotation is plotted as a function of the applied magnetic field (applied perpendicular to the
sample). The results for the sample without a protective Ta layer are shown in Fig. 4.1 (a).
The figure shows a clear change in the magnetic properties of the sample, i.e. the coercivity
and couple fields have changed. The increase in coupling field could indicate a reduction in
the effective thickness of the Co layer, being the result of partial oxidation of the Co layer
underlaying the MgO, which results in an effective thinner cobalt layer. Since the couple field
is inversely proportional to the thickness of the cobalt layer (Eq. 2.34), this will result in a
larger couple field, as is observed in Fig. 4.1 (a). The results for the sample that is capped
with a protective TaOx layer are shown in Fig. 4.1 (b). The figure shows a negligible change in
couple field between before and after submersion (which is attributed to small inhomogeneities
across the sample), which proves that the MgO is protected by the TaOx capping layer. Note
that the measurements on the as grown samples (blue curves) show very different magnetic
behaviors for the two samples. This indicates that the MgO layer immediately interacts with
air when exposed to it, hence showing the importance of a protective capping layer.

4.1.2 Determining the spacer layer thickness

It was already shown by Raijmakers that the EFE on the IEC is expected to be small (i.e.
∼330 mT/eV). [25] It is therefore essential that the thickness of the spacer layer is chosen in
such a way that the EFE on the IEC will be largest. It was established in Sec. 2.3.4 that
the NM spacer thickness should be chosen at half height of the first AF peak. To find these
thicknesses, samples are grown consisting of the following layers: Ta(2)/Pt(10)/Co(1.3)/NM/
Pt(0.75)/Co(1.3)/MgO(4)/Ta(2), where NM represents the spacer layer being either Ru(tRu)
or Ir (tIr) and both layers are wedged from 0 ≤ tRu, tIr ≤ 2 nm. By performing minor loop
measurements at different positions along the wedge direction, using MOKE, it’s possible to
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extract the coupling field as a function of spacer thickness. Furthermore, we will perform a
systematic study using multiple samples. Hence, in order to compare the different samples,
the reproducibility of samples is essential. In order to investigate the reproducibility in case
of the Ru wedged sample, three similar structures are deposited subsequently. The results are
shown in Fig. 4.2 (a), where the coupling field H cp is plotted as a function of spacer thickness.
The figure shows that the three wedge profiles almost exactly overlap, from which it can be
concluded that the sputtering apparatus is able to perfectly reproduce the samples.

From Fig. 4.2 (a), the first AF peak and only a part of the second AF peak are observed.
The peak positions of the first AF peak is found to be in agreement with the peak position of
previous wedge profiles. [25] For the sample with a wedged Ir spacer layer both the first and
second AF are completely visible, which is shown in Fig. 4.2 (b), already demonstrating the
shorter period of Ir compared to Ru. Note that the data points on the sides of the AF peaks
are set to zero. These data points are not actually zero but represent the regime where the
two FM layers are FM coupled, which can not be measured using the measurement method
employed in this work.

From the measurements in Fig. 4.2 (a) and (b) the spacer thicknesses corresponding to a
IEC at half height of the first AF peak can be determined. For the oscillatory behavior that
is mediated by the Ru layer, these positions are 0.65 nm and 0.95 nm for positions left and
right on the AF peak (dashed lines), respectively. For the Ir spacer layer, the thicknesses are
determined to be 0.49 nm and 0.63 nm. Next, these thicknesses are used in the fabrication
process of the samples for the EFE measurements.

4.2 Electric field effect on the interlayer exchange coupling

In this section, the results are presented of the measurements that are performed to demon-
strate the EFE on the IEC. Extensive measurements have been conducted using fully pro-
cessed samples to experimentally demonstrate the EFE on the IEC. The composition of the
bottom electrode (Sec. 3.1.4) is Ta(2)/Pt(10)/Co(1.3)/NM/Pt(0.75)/Co(1.3)/MgO(4)/Ta(2),
with NM representing either Ru(tRu) (with tRu being either 0.65 nm or 0.95 nm) or Ir(tIr)
(with tIr) being either 0.49 nm or 0.63 nm). The insulating layer is made of a MgO(60)/Ta(2)
bilayer and the contacts (including the top electrode) consists of a trilayer that is composed
of Ta(5)/Ru(50)/Pt(30). To characterize the EFE on the IEC, the coupling field (Hcp) is
measured as a function of the electric field (in V/nm), that is applied across the total dielec-
tric layer (i.e. MgO(4)/Ta(2)/MgO(60)/Ta(2) = 68 nm). Since Hcp is directly proportional
to the IEC constant J 1 (Eq. 2.34), the measurement of Hcp as a function of the electric
field, gives a direct measure for the EFE on the IEC (assuming that FM layer thicknesses
and saturation magnetization do not change).

Before measurements were started, an I-V curve was measured to check the insulating
quality of the MgO barrier (not shown here). This curve showed a typical non-linear be-
havior [63] (i.e. behavior of a third order polynomial), which indicated tunneling transport
through the barrier. The resistance of the insulating barrier in each sample was checked,
before being used in measurements, and found to be in the order of mega-ohms, which should
be large enough to generate significant electric fields across the junction. Next, the samples
are placed inside the AHE setup and a full hysteresis loop is measured to confirm that the
FM layers are AF coupled. This is done without the application of an electric field and an
example of such a full hysteresis loop is shown in Fig. 4.3 (a), where the normalized AHE
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(a) (b)

Figure 4.3: (a) Measurement of a full hysteresis loop that is used to check if the sample structure is AF
coupled. From the hysteresis loop, the range is determined to measure the minor loops. An
example of such a minor loop is given in (b) where also the sensitivity of the couple field to an
applied electric field is demonstrated. Note that the minor loop shown in (b) does not belong to
the full hysteresis loop from (a).

signal is plotted as a function of the applied magnetic field. The figure clearly shows a strong
AF coupled FM/NM/FM trilayer, with Hcp at approximately ±375 mT, dashed lines. From
these loops the field-range is determined in which a minor hysteresis loop can be measured.
When the range is determined, the minor loops are measured while setting an electric field
across the structure. The electric field is generated using a Keithley voltage source as was
illustrated in Fig. 3.7 and the electric field is varied from 0 to ±0.1850 V/nm (corresponding
to an applied voltage of ±12.5 V), with increments of ±0.0074 V/nm (corresponding to incre-
ments of 0.5 V). To demonstrate the sensitivity of Hcp to an applied electric field, two minor
hysteresis loops are shown in Fig. 4.3 (b), for two values of the applied electric field: 0 V/nm
(blue loop) and 0.125 V/nm (red loop). The figure shows a clear (albeit small) horizontal
shift, of approximately 5 mT, as indicated by the dashed lines.

A systematic study has been performed in which both the size and the reproducibility of
the effect, that is induced by the applied electric fields, are examined. Unfortunately, some
of the samples lost their functionality during the fabrication process. For the samples that
contain a Ru spacer layer, measurements have been performed using spacer thicknesses of
tRu = 0.65 nm and tRu = 0.95 nm. With the samples that contain an Ir spacer layer mea-
surements have been performed at only one thickness (tIr = 0.63 nm). For each thickness
only one typical result is shown, except for the device containing the Ir spacer layer. Only
two results were obtained and both will be shown here. The rest of the figures can be found
in Appx. II.

In Fig. 4.4 two typical results are shown for spacer layer thicknesses of (a) 0.65 nm and
(b) 0.95 nm, respectively. What immediately stands out from both figures (and also for the
results that were obtained with the Ir spacer layer in Fig. 4.4 (c) and (d)) is the strength of
Hcp, which is larger than expected compared to the wedge profiles from Fig. 4.2 (a). This
is commonly observed when comparing full sheet samples with wedge samples. A systematic
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(a) (b)

(c) (d)

Figure 4.4: Results of EFE measurements for samples with configuration: Ta(2)/Pt(10)/Co(1.3)/NM/
Pt(0.75)/Co(1.3)/MgO(4)/Ta(2), where NM represents either tRu (being either (a) 0.65 nm
or (b) 0.95 nm) or tIr (being (c) and (d) 0.63 nm). The couple field Hcp is plotted as a function
of the electric field E that is set across the structure.

study of full sheet samples in which the thickness of the spacer layer is varied with increments
of 0.05 nm, which is shown in Appx. I, showed a structural increase of Hcp compared to
the wedge profiles from Fig. 4.2 (a). This may be attributed to the fact that the magnetic
behavior at a certain position on the wedge shaped layer can be affected by the formation of
a domain elsewhere on the wedge. This domain may expand through the wedge, towards the
point of measurement, resulting in a domain reversal at that position at lower couple field
compared to a full sheet sample. The fact that full sheet samples exhibit a larger Hcp can be
beneficial for the EFE measurements since this means that the amplitude of the AF peak has
become larger, which in turn would result in a steeper slope; hence a larger EFE on the IEC.
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Behavior of Hcp versus electric field

The behavior of Hcp as a function of the electric field in Fig. 4.4 (a) - (d), departs of what
is expected. As a reminder, simulations presented in Sec. 2.3.4 showed that Hcp is expected
to decrease linearly around E = 0 for spacer thicknesses on the left side of the AF peak.
However, looking at Fig. 4.4 (a) Hcp increases for increasing electric field (both negative and
positive), which gives rise to a symmetric behavior around E = 0. This behavior was not yet
observed before for devices with a spacer thickness of tRu = 0.65 nm by Lalieu or Raijmakers
and its origin is still unclear. Furthermore, Fig. 4.4 (b) and (c) shows the results of the
EFE measurements for a sample with tRu = 0.95 nm and tIr = 0.63 nm, respectively. From
Sec. 2.3.4 we expect Hcp to linearly increase around zero electric field. However, we observe
a similar symmetry around zero electric field but now Hcp decreases for increasing (positive
and negative) electric fields and even seems to saturate for higher values of E. This behavior
was already observed by Raijmakers using devices with a thin Pt capping layer to protect
the underlaying Co layer. Although an explanation about the origin of the observed effect
is still lacking, it was hypothesized by Raijmakers that the Pt capping layer was damping
the electron wave functions that reflect of each interface and thereby damping the EFE. [25]

He suggested to replace the Pt capping layer with an insulating layer. However, looking at
Fig. 4.4 (a)-(c), replacing the Pt with an insulating layer still results in a similar behavior of
Hcp as a function of E.

The result shown in Fig. 4.4 (d) was also obtained for a spacer thickness of tIr = 0.63
nm, but the observed behavior shows a more random pattern compared to Fig. 4.4 (c). This
behavior is also observed in measurements for the Ru spacer layer, shown in Appx. II. The
conditions for each measurement (i.e. temperature, voltage steps, number of measurements
per voltage step) were the same, making it difficult to pinpoint the reason for this random
behavior. Measurements that display a similar behavior as shown in Fig. 4.4 (d) are not used
for analysis.

Also included in the figures are data points of zero measurements (red dots). Their purpose
and how they are measured was already explained in Sec. 3.2.2. The zero measurements are
plotted at the positive electric field values after which they are measured, i.e. the zero
measurement that is conducted after the measurement at ±0.1 V/nm is plotted at +0.1
V/nm, and so on. By plotting them in this way, it’s expected that the data points of the zero
measurements would form a horizontal line, since there is no electric field applied to influence
Hcp. Looking at Fig. 4.4 (a) - (c) the zero measurements display a similar behavior and
follow the electric field measurements. This behavior was already observed by Raijmakers
and he argued that this was an indication for structural changes in the sample structure. [25]

However, it was found in this work (not shown) that these zero measurements exhibit a
time dependent behavior and that over time, Hcp returns to its ’original’ value, i.e. Hcp at
the beginning of the EFE measurement (blue data point at E = 0). The time dependent
behavior is an indication for creation/migration of oxygen vacancies in the MgO film, which
move along the direction of the electric field. It has already been argued in previous research
that electrochemical phenomena should be taken into account when dealing with electric field
effects on thin magnetic films. [64] Furthermore, it has been shown by Bonell et al. that the
oxidation state of Fe at the Fe0.9Co0.1/MgO interface can be modified by altering the polarity
of the electric field, generated across the MgO barrier. [65] Migration of oxygen vacancies may
therefore affect the oxidation state at the Co/MgO interface in our devices, resulting in a thin
CoO layer. This in turn will affect the effective thickness of the top Co layer, hence affecting
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the IEC (Eq. 2.34). However, it must be stated that an effect of ion vacancy migration is
expected to result in a linear effect on the IEC around E = 0 [9], which is not observed in any
of the measurements. At this point ion vacancy migration effects may not be dismissed but
it’s unlikely that it is the origin of the observed behavior.

Size of the effect

The size of the observed EFE induced effect that is created by the electric field has also
been examined. The size of the effect is defined as the percentage that Hcp has changed at a
certain electric field value with respect to Hcp at E = 0. For example, looking at Fig. 4.4 (a)
the percentage that Hcp has changed between the dashed lines is the calculated size, which
is an increase of approximately 0.2 % at E = 0.11 V/nm. The size is also calculated for
Fig. 4.4 (b) and (c) and found to be approximately 0.5 % at E = 0.11 V/nm and 0.3 % at
E = 0.125 V/nm, respectively. The size of the effect observed in the zero measurements are
of the same order. The calculated sizes are an order of magnitude lower than the effect that
was observed by Raijmakers. [25] Similar calculations have been performed on the figures in
Appx II and here the size of the observed effects were in the range of 0.15 - 0.8 %, but there
is no explanation why the effect is an order of magnitude smaller than the effects that were
observed before.

Furthermore, it was shown in Sec. 2.3.4 that in order to induce a significant change to
the IEC through an insulating MgO barrier, electric fields of approximately 29 V/nm are
necessary, which is far beyond the material limit of 1 V/nm. [49] Considering such large fields,
it may be argued whether the observation of the EFE on the IEC is even feasible using our
devices. Moreover, the electric fields that are actually obtained during our measurements are
at least 5 times smaller than the material limit. The figures shown here present results as a
function of electric fields up to values of 0.125 V/nm. Some results in Appx. II were obtained
at higher electric fields up to approximately 0.200 V/nm, but no results were obtained beyond
that value. The reason for this is that the insulating barriers broke down at electric fields
around 0.200 V/nm, hence resulting in inoperable devices. Since we can not reach the electric
fields that are necessary, we argue that a different effect, that is unknown at this point, is
playing a large role for small values of electric fields and which is causing the observed effect
of Hcp as a function of E.

It is stated above that the necessary electric fields can not be reached. It is therefore
interesting to examine the insulating barrier in more detail. This will be done in the next
section where in particular the breakdown of the devices is investigated more closely.

Barrier breakdown

The breakdown of an insulating barrier is characterized by an abrupt drop in electrical re-
sistance of the dielectric material. Barrier breakdowns can occur through two mechanisms.
The first mechanism is an intrinsic breakdown. Intrinsic breakdowns occur in well-formed
oxide layers as a result of a maximum electric field that is set across the barrier. At this
maximum value low ohmic shorts are formed in the barrier resulting in an abrupt decrease of
the electrical resistance (hard breakdown). The second mechanism is an extrinsic breakdown
which is related to defects (pinholes) in the barrier. Extrinsic breakdowns are characterized
by their gradual change in electrical resistance. Breakdowns in thicker barriers occur mostly
from intrinsic effects rather than extrinsic (due to a lower concentration of pinholes present
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in the barrier). [66]

Also in this work several breakdowns of insulating barriers were encountered. The break-
down values varied from ±0.05 to ±0.20 V/nm. The first breakdown value prevented any
usable EFE measurement of those samples and were therefore not discussed in the previ-
ous section. The reason for these low values can have several origins such as a low quality
MgO barrier which makes the formation of shorts easier. Another explanation could be a

(a) (b)

(c) (d)

Figure 4.5: SEM images taken during a voltage contrast measurement. The SEM image in (a) shows the
typical sample structure after the complete fabrication process. Outlined in colors are some
features of the structure: red is the bottom electrode, blue indicates the insulating MgO barrier
and in yellow the top electrode is outlined. (b) is a zoomed out SEM image of the structure
including the two probes that are used for the voltage contrast measurement. The bottom probe
(B) is connected to the bottom electrode and the top probe (T) is connected to the top electrode.
(c) shows the exact same SEM image of (a) but now right after the insulating barrier had broken
down. The change to the barrier can be seen inside the red circle. The image in (d) is zoomed
in at this red circle. The change to the barrier is now clearly visible inside the red box. It seems
that a short has formed through the barrier from edge to edge of the bottom electrode.
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fault in the fabrication process, e.g. relative distance between top and bottom electrode is
shorter at edges of MgO barrier (Sec. 3.1.5). Because of the importance of this insulating
barrier, so-called voltage contrast measurements were performed to examine the quality of the
structures. In a voltage contrast measurement the sample is placed in a scanning electron
microscope (SEM). A close-up SEM image of the sample structures used in this thesis is
shown in Fig. 4.5 (a). The colored outlines show the different features in the structure. The
red outline indicates the bottom electrode (FM/NM/FM stack), blue indicates the insulating
MgO barrier and outlined in yellow is the top electrode (T-shaped bar). Returning to the
voltage contrast measurement, incorporated in the SEM are two probes that can be used to
locally apply a potential difference across a structure. This is shown in Fig. 4.5 (b) where
the bottom probe (B) is grounded and connected to the bottom electrode. The top probe
(T) is connected to the top electrode. In these measurements, a (positive) voltage is applied
to the top probe. Since the SEM detects secondary electrons, emitted by atoms that are
excited by the electron beam, a region that is positively biased (as is the case here) will emit
fewer secondary electrons which results in a darker contrast in the SEM measurement. This is
demonstrated in Fig. 4.5 (b) where the top electrode (and probe) appears darker with respect
to the bottom electrode (and probe). In this way, by stepwise increasing the voltage to a point
where a hard breakdown is observed, the barrier can be examined for possible weak spots.
Several samples were examined using this technique and it was found that all the barriers
showed similar weak spots. An example of such a weak spot is shown in Fig. 4.5 (c), which
is the exact same structure as (a), but (c) was taken right after the barrier had broken down.
Although nothing appears to has changed, zooming in at the part that’s inside the red circle,
which is shown in Fig 4.5 (d), we do observe a change in the structure. Inside the red box
in (d) we can clearly see what is previously explained as a short in the barrier. Furthermore,
the short seem to have originated from one of the edges and ruptured the barrier to the other
edge. Not only inside the red box but also outside, we observe these brighter white parts at
the edges of each layer of the structure. These white parts are a phenomenon in the lift-off
process called ears. These ears are made from metals and protrude from the surface and may
cause shorts through the barrier. Unfortunately, we were not able to completely fix the issue
during this work but it was possible to diminish the effect of these ears by increasing the
thickness of the barrier (60 nm instead of 40 nm).

With the increase of the barrier thickness the yield of successful samples (i.e. samples that
could be used for EFE measurements) increased drastically. Hard breakdowns of the MgO
barrier were still found but now for electric fields around ±0.2 V/nm, which is comparable to
previous measurements performed by Raijmakers. [25] An example is shown in Fig. 4.6, where
Hcp is plotted as a function of the electric field that is applied across the barrier. The figure
shows the hard breakdown of the sample of which the results of the EFE measurements was
shown in Fig. 4.4. Two regions can be distinguished from this figure. Region I is the so-called
low-voltage region and is already discussed in Sec. 4.2. The hard breakdown occurs in region
II and is most likely the result of shorts (conduction paths) through the barrier. Although
larger electric fields can be applied using the increased barrier thickness, the electric fields are
still too low to induce any significant EFE to the IEC. From Fig. 4.6 we suspect that several
effects are at play during the EFE measurements of this work. Firstly, the aforementioned
issues with ears at the edges of the sample structures are not yet resolved. Despite the fact
that with a thicker insulating barrier larger electric fields may be applied, the presence of ears
are likely to prevent the electric fields from reaching values that are large enough to induce
any significant change to the IEC. Secondly, we argue that the quality of the insulating MgO
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Figure 4.6: EFE measurement where Hcp is plotted as a function of the applied electric field. Two regions
may be defined where region I, also called the low-voltage region, shows the symmetric behavior
as shown in Fig. 4.4 (b). A hard breakdown of the dielectric barrier is observed in region II,
which occurs at an electric field of approximately ±0.15 V/nm.

barrier is not as high as expected, i.e. pinholes present in the barrier. Despite the fact that
the I-V characterization curve showed a typical tunneling behavior, it has been shown in pre-
vious research that this behavior is also observed in the presence of pinholes. [67] Furthermore,
measurements have been performed to check the electrical resistance of MgO junctions and
the results showed varying quality (resistance ranged from kilo-ohms to mega-ohms), raising
even more suspicion about the sputtered quality of the MgO thin films. These suspicions need
to be further investigated but it may be argued that the combination of ears and pinholes
will prevent the application of electric fields to reach values that are large enough to affect
the IEC. Solutions to these issues will be addressed in the Outlook of this thesis (Chapter 7).

4.3 Examining the oscillatory behavior of the interlayer ex-
change coupling

Building on Bruno’s theory on the IEC, Lalieu [24] and Raijmakers [25] created an analytical
and numerical model, respectively, that is used to simulate the IEC as a function of several
dependencies such as spacer layer thickness, magnetic layer thickness, electric field effect and
additional layers to the system. Although these simulations provided great insights on the
physics of the IEC, several material parameters that are used in the simulations for the spacer
layer are those of copper. One of these parameters is the Fermi wave vector, kF and it was
already discussed in Sec. 2.3.3 that the Fermi vector is a critical parameter that affects both

54



4.3 Examining the oscillatory behavior of the interlayer exchange coupling

(a) (b)

Figure 4.7: Oscillatory behavior of the coupling field, Hcp, as a function of (a) the Ru and (b) the Ir
spacer layer thickness. Three Ru peaks were measured from which the period is determined and
subsequently, the Fermi vector kF. Despite multiple attempts to measure more than two peaks,
only two Ir peaks were measured which are used to determine kF.

the amplitude and phase of the IEC.
In this section we present a method to extract a value for kF from experimental results

by exploring the oscillatory behavior of the IEC. This extracted value for kF can be used to
improve the theoretical model in future work.

A value for kF may be extracted from the oscillatory behavior of the IEC. In order to ob-
tain this oscillatory behavior, full sheet samples are fabricated in which the NM spacer layer
is wedged. The following multilayer composition is used: Ta(2)/Pt(10)/Co(1)/NM/Pt(0.4)/
Co(1)/MgO(4)/Ta(2), wwhere NM represents the spacer layer being either Ru(tRu) or Ir (tIr)
and both layers are wedged from 0 ≤ tRu, tIr ≤ 4 nm. It must be noted that the result shown
in Fig. 4.7 (a) is composed of 2 wedge samples. The first sample contained a wedged Ru layer
with thickness 0 ≤ tRu ≤ 2.3 nm and for the second sample the Ru layer was wedged from
1.7 ≤ tRu ≤ 4 nm. In this way the oscillatory behavior of both samples contained the second
AF peak. Fig. 4.7 (a) was plotted by overlapping the second AF peak from both samples.
Also note that the thicknesses of some layers have been altered with respect to the sample
composition used elsewhere in this thesis. The thickness of both Co layers has decreased
from 1.3 nm to 1.0 nm. It was found that for Co layers thicknesses of 1.3 the AF coupling
was suppressed after the second AF Ru peak. As is discussed in Sec. 2.4, Hcp is inversely
proportional to the thickness of the magnetic layer. Therefore, a reduction in the thickness
of the Co layers will result in a larger couple field, which makes it possible to observe the
smaller peaks at larger Ru thicknesses. Since Raijmakers has shown that the Co thickness
may be reduced to 1 nm in order to maintain strong PMA [25], we used this thickness in our
samples mentioned here. The thickness of the Pt layer on top of the Ru spacer layer has also
decreased from 0.75 nm to 0.4 nm. This reduction was made to increase the IEC at the third
and higher AF peaks. The wedge samples are analyzed by measuring minor hysteresis loops
using MOKE, of which the couple fields are extracted and plotted as a function of the spacer
thickness. The results for the sample containing the Ru spacer layer is shown in Fig. 4.7 (a),
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which shows that we were able to measure three AF Ru peaks. An attempt was made to
measure the fourth peak but we did not succeed to do so as higher order peaks become more
and more damped. In order to calculate the period of the IEC, the individual peak positions
are determined and indicated in the plot (vertical dashed lines). The peak positions are (from
left to right) 0.83, 2.13 and 3.46 nm. The period of the IEC can be determined from these
peak positions and is calculated to be TIEC, Ru = (1.32 ± 0.02) nm. Using this value for the
period to calculate the aliased (Sec. 2.3.3) Fermi vector, kF, alias = (2.389± 0.028) · 109 m−1.
In order to find the un-aliased kF, we need to account for aliasing which is done using Eq.
2.25. By taking the lattice parameter for hcp Ru of c = 4.280Å [68], the lattice spacing is
calculated to be d = 2.140Å [69], from which a value for the un-aliased kF is calculated to be
(1.708± 0.004) · 1010 m−1. This value corresponds well with the value for kF from the papers
of Parkin, which is calculated to be 1.754 · 1010 m−1. [58]

The oscillatory behavior of the IEC that is mediated by the Ir spacer layer is shown in
Fig. 4.7 (b). Although attempts have been made to observe also the third AF peak, only the
first two AF peaks were observed. The period is determined from the two peaks and found
to be TIEC, Ir = 0.760 nm. Using this period to calculate the aliased Fermi vector we obtain
kF, alias = 4.134 · 109 m−1. By taking the lattice parameter for fcc Ir of a = 3.389Å [70], the
lattice spacing is calculated to be d = 2.216Å [69]. Using this we obtain an un-aliased Fermi
vector of kF = 1.831 · 1010 m−1, which corresponds well with the value of kF for Ir from the
paper of Parkin: 1.767 · 1010 m−1. [58]

Now that we are able to extract a reliable value for the Fermi vector from the oscillatory
behavior of the IEC, the next step is to use the extracted value for kF in the theoretical model
and thereby making the predictions more accurate in future work.

Lastly, note that the distance between the first and second AF peak is larger than the
width of one of the AF peaks, which raises the suspicion that the oscillation is not centered
around Hcp = 0. This phenomenon has been observed both theoretically [24,37] and experimen-
tally [71] and is the result of a difference in FM layer thicknesses in the sample structure. The
IEC is dependent on the reflections of electron waves at the different potential steps within
the FM/NM/FM structure. As an electron is partly transmitted through the FM layer, it
will partly reflect on the back of that FM layer and subsequently, multiple reflections within
the FM layer will take place. It can be shown that, depending on the thickness of the FM
layers, the IEC can oscillate around a positive or negative value of Hcp. [37]

56



5
Conclusion

In this work, we have continued the experimental work in the search for the electric field effect
(EFE) on the interlayer exchange coupling (IEC), which was initiated and continued by Lalieu
and Raijmakers, respectively. Before measurements were conducted, the sample devices that
are used for these measurements were further optimized. The optimization mainly involved
the capping layer that was used to protect the top Co layer in the FM/NM/FM trilayer. As
a capping layer MgO was used as it is resistant against the chemicals that are used during
the fabrication process and it’s known to enhance the PMA in Co when deposited on top of
it. However, with the use of MgO, new challenges arose. It was found that MgO interacts
with water (e.g. from air or specific processing steps) when exposed to it, which in turn, was
found to alter the magnetic properties of the top Co layer (e.g. water absorption through the
MgO barrier that reaches the top Co layer and thereby oxidizes a part of the layer). In order
to prevent the MgO layer from interacting with water, it was capped with a thin layer (∼2
nm) of Ta, that oxidizes naturally when exposed to air. It was shown that this thin layer was
indeed able to prevent any alterations of the magnetic properties. Furthermore, by choosing
another oxide as a protective layer, the top layer is still a dielectric, which is beneficial for
the EFE measurements.

The primary goal of this project was to experimentally demonstrate the EFE on the IEC.
In order to do so, a systematic study was performed in which both the size and reproducibility
of the effect induced by the applied electric fields were examined. This was done by using
fully optimized functional devices in which the spacer layer thickness was chosen at specific
thicknesses that corresponded to positions on the first AF peak. Simulations have shown
that the behavior of the couple field as a function of the applied electric field is expected to
linearly increase or decrease (depending on the spacer layer thickness) around zero electric
field. However, the results obtained from EFE measurements showed a behavior that was
not observed before and no confirmation of an EFE on the IEC was found, as we intended.
Furthermore, the zero measurements showed a similar behavior as the electric field measure-
ments. This was already observed by Raijmakers and he argued that this was an indication
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for structural changes in the sample structure. However, in this work it was found that these
zero measurements showed a time dependent behavior, meaning that after a certain time at
the end of the electric field measurements, the couple field returns to the same value as at the
start of the electric field measurement. This was an indication for ion vacancy migration but
since a linear behavior around zero electric field is expected, it was argued that this could
not be the origin of the observed behavior. To this point, there is still no consensus about
the origin of the behavior of the IEC under the influence of an electric field.

In terms of reproducibility of the results, it was found that not all measurements returned
useful data. Where some measurements displayed a symmetric behavior of the couple field
(around zero electric field) as a function of the applied electric field, other measurements
displayed a more noise-like behavior of the couple field. The conditions for each measurement
was the same, making it hard to pinpoint the origin of the different obtained results.

For the measurements that displayed a symmetric behavior of the couple field, the size of
the observed effect was calculated by determining the change of the couple field at a certain
value of the applied electric field with respect to the couple field at zero electric field. The
calculations showed an overall average value of 0.5%, which is an order of magnitude lower
than was observed by Raijmakers. There is no consensus on what the origin is of this differ-
ence.

Considering all measurements it must be concluded that no experimental proof of an EFE
on the IEC has been found during this thesis. We suspect that the main reason is that we can
not apply large enough electric fields across our structures to induce any significant change to
the IEC. It was estimated that electric fields of approximately 29 V/nm are necessary, but the
insulating barriers were found to break down way before those values could be reached. The
average breakdown value of the insulating barriers was at an electric field of approximately
0.2 V/nm, which was attributed to two factors. First, despite the fact that the insulating
barrier displayed typical tunneling behavior, the presence of pinholes could not be ruled out
which potentially forms weak spots in the insulating barrier (i.e. currents can more easily
be conducted through these pinholes enhancing the possibility of electrical shorts). Secondly,
voltage contrast measurements presented weak spots at the edges of the Hall crosses, which
is most likely the result of the ion beam milling process (i.e. formation of ears as a result of
the lift-off process). A few solutions are proposed and explained in more detail in the next
chapter.

The oscillatory behavior of the IEC itself was also examined for both a Ru and Ir spacer
layer. Although the strength of the IEC that is mediated by Ir is lower compared to the
strength that is mediated by Ru, it was argued that materials that exhibit a shorter period
could be beneficial for the demonstration of the EFE on the IEC. Ir is one of these materials
and has been examined in this work too. Regarding the oscillatory behavior that is mediated
by the Ru spacer layer, for the first time in the FNA group, an oscillation up to the third
AF peak was observed. The period of this oscillation was determined (using the three peak
positions), which in turn, could be used to calculate the Fermi wave vector. The calculated
Fermi vector was found to be in good agreement with literature and can thus be used to
improve the numerical model. Although an attempt was made to obtain a third Ir peak, the
measurements only led to the observation of the first two AF Ir peaks. The Fermi wave vector
of Ir was also calculated and found to be in good agreement with literature as well. With the
new gained insights about the oscillatory behavior of the IEC, we are now able to fabricate
AF coupled samples with high accuracy, with a specific coupling that is necessary for any
type of experiment.
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6
Outlook

Although no experimental proof was found for an electric field effect (EFE) on the interlayer
exchange coupling (IEC), new insights have been obtained regarding the fabrication process
and the use of specific materials. Therefore, this section aims to provide suggestions to solve
encountered issues to get closer to the experimental confirmation of an EFE on the IEC.

Electric field effect measurements

During the electric field effect measurements, it was concluded that we could not reach elec-
tric fields that were large enough to induce any significant change to the IEC. The insulating
barrier was found to break down before those electric fields could be reached. In order to solve
this issue, two solutions will be proposed here. The first solution is to replace the insulating
material with a different material. The promising results from Lalieu were obtained using an
insulating barrier made of AlOx. This material was replaced as it was not able to withstand
the chemicals used during the fabrication process. Special chemicals can be ordered to which
the AlOx is able to resist. However, it must be noted that the dielectric constant of MgO
and AlOx is in the same order which raises the question whether or not higher electric fields
can be applied before the insulating barrier will break down. Other materials that exhibit
a much larger dielectric constant are ferroelectric materials like barium titanate (BaTiO3),
lead titanate (PbTiO3) and lead zirconate titanate (Pb[ZrxTi1−x]O3). Their dielectric con-
stants can range, under the right conditions (i.e. growth technique, temperature, doping and
orientation), from 300ε0 to values > 1000ε0. For these type of materials an estimate electric
field can be calculated that is required to induce a significant change to the IEC (Sec. 2.3.4)
and are calculated to be in the range of 0.2 - 0.7 V/nm which is the same order of electric
fields obtained in this work. The second solution tackles the issue with the weak edges which
were discussed in Sec. 4.2 and involves an alteration of the fabrication process. By reversing
the fabrication process, meaning that the contacts (including top electrode) are deposited
first, then the insulating barrier and finally the FM/NM/FM trilayer, would eliminate the
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Outlook

Figure 6.1: Schematic representation of spin-engineered sample structure for the measurement of FM cou-
pling. Figure adapted from Parkin et al. [72]

weak spots that are created by the ears at the edges of the FM/NM/FM trilayer. This could
potentially lead to the application of larger electric fields. However, reversing the fabrication
process will have some downsides. For one, we will no longer be able to check the magnetic
properties of the FM/NM/FM trilayer before going through an entire fabrication process.
Secondly, by depositing the FM/NM/FM trilayer in the last step of the fabrication process,
the surface on top of which it is deposited will likely be rougher compared to a clean Si/SiO2

surface. Hence, optimization steps are required in order to produce functional devices.
Another possibility that could be further investigated is the use of spacer materials that

exhibit shorter oscillation periods than Ru. It was argued in this work that an IEC with
shorter oscillation period can potentially lead to a larger EFE on the IEC as the slope be-
comes steeper. In this work, besides Ru we have examined Ir as a spacer material and
although the EFE measurements did not experimentally confirm an EFE on the IEC, per-
haps in combination with the suggestions mentioned above, using a material with shorter
oscillation periods might help in the search for the EFE on the IEC.

If any of the aforementioned suggestions lead to the experimental confirmation of the EFE
on the IEC, the next step will be to electrically control the configuration of the FM layers.
The samples will need to be fabricated such that the spacer layer thickness is chosen at a root
of the IEC, meaning that J1 = 0 at this thickness. Applying an electric field would result in
a non-zero IEC of which the sign depends on the polarity of the applied electric field. The
possibility of switching between P and AP alignment of the FM layers will have enormous
potential for data storage applications. However, in order to make the devices viable for data
storage applications, the switching of the configuration should be non-volatile. To realize this,
the dielectric layer should be replaced by a ferroelectric material which posses a spontaneous
polarization. The spontaneous polarization acts similarly like the spontaneous magnetization
of a FM material and can be controlled via an electric field. The use of ferroelectric materials
can potentially pave the way towards exciting new spintronic devices.

Oscillatory behavior of IEC

During the examination of the oscillatory behavior of the IEC, we suspected that the oscilla-
tion is not perfectly centered around zero (based on the distance between the AF peaks with
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respect to the width of the AF peaks). This is not uncommon as simulations already showed
that this behavior may occur when the thicknesses of the FM layers are unequal. [24,37] How-
ever, due to the measuring method employed in this work, we are bound to the measurement
of AF coupled samples. The measurement of the IEC in FM coupled layers is much more
challenging since the FM layers prefer to align parallel with respect to each other, even in the
absence of a magnetic field. It would therefore be interesting to map the entire oscillatory
behavior of the IEC, including the FM coupled regime. Several methods can be utilized to
study the FM coupled regime of the IEC and one of these methods is ferromagnetic resonance
(FMR). [73] FMR is a measurement technique in which magnetic properties are characterized
by measuring the precessional motion of the magnetization in a ferromagnetic specimen. The
IEC strength is measured from its effect on the measured frequency of excited spin-wave
modes. [72] A FMR setup has been developed in the group of Physics and Nanostructures, but
at this moment, due to its design, it only allows for the measurement of samples with IMA.

Another elegant way of measuring both the AF and FM coupling is via spin-engineering. [72]

With spin-engineering we mean that complex structures are designed in which the magnetic
behavior and the arrangement of the FM layers become predictable. In order to measure
the IEC between two ferromagnetic films F1 and F2 mediated by a spacer layer of thickness
D, an additional thick ferromagnetic layer F0 is added in such a way that F0 is strongly
AF coupled to F1 through a properly chosen spacer layer D0, as illustrated in Fig. 6.1. By
applying an external field H along the growth direction, the magnetization of F1 and F2 can
be held anti-parallel with respect to each other. At a certain point, H becomes large enough
to overcome the ferromagnetic coupling which results in a magnetization reversal of F2; hence
the ferromagnetic coupling across D can be measured.
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I
Comparing couple fields of full sheet
samples with wedge profiles

For the EFE measurements, functional devices are fabricated in which the non-magnetic
spacer layer has a specific thickness. In order to determine this thickness we use so-called
wedge profiles. It was found that the couple fields, extracted from full sheet samples (i.e.
samples with homogeneous grown layers) were larger than what is expected from the wedge
profiles. To confirm whether this is consistent behavior a systematic study has been per-
formed in which the couple fields of full sheet samples at multiple spacer layer thicknesses are
compared to wedge profiles of the spacer layer. In total, 11 full sheet samples were fabricated
in which the spacer layer thickness ranges from tRu = 0.55 − 1.05 nm with increments of
0.05 nm. Hysteresis loops of the full sheet samples were obtained using MOKE, of which the
couple fields were extracted. For each sample, this was done multiple times and the couple
fields were averaged afterwards. The averaged couple fields were then plotted as a function of
the spacer layer thickness, together with the wedge profiles from Fig. 4.2 (a) which is shown
in Fig. I.1. From this figure it can be concluded that the couple fields that are extracted
from full sheet samples are consistently larger than the couple fields extracted from the wedge
profiles. Note that the couple field at tRu = 0.85 nm is missing. The reason for this is that
the couple field at tRu = 0.85 nm could not be extracted with MOKE as its value was larger
than the maximum field that can be measured with MOKE (∼ 550 mT).
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Figure I.1: Systematic study of comparing couple fields from full sheet samples with wedge profiles. Couple
fields are extracted from full sheet samples with spacer layer thicknesses ranging from 0.55 to
1.05 nm, i.e. thicknesses correspond to positions on the first anti-ferromagnetic peak.

The fact that couple fields of full sheet samples are consistently larger with respect to
wedge profiles is attributed to a difference in magnetic behavior between the two sample
types. When measuring the magnetization at a specific position on a wedge shaped layer, the
magnetic behavior can be affected by a domain that is formed elsewhere on the wedge. This
domain can expand through the wedge, towards the point of measurement, which results in
a domain reversal at the point of measurement that happens at a lower field with respect to
a full sheet sample.
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II
Electric field effect measurements

A systematic study of EFE measurements has been performed in which both the size and
reproducibility of the observed effect has been examined. Multiple measurements have been
performed of which four results are shown in Fig. 4.4 (a) - (d). The rest of the measurements
are shown here. Since there were only two measurements performed, and shown in Fig. 4.4
(c) and (d), for the sample structure that contained the Ir spacer layer, the results shown here
are obtained from the devices that contain a Ru spacer layer. Fig. II.1 (a) - (c) shows the
results for a Ru thickness of 0.65 nm, whereas Fig. II.2 (a) - (f) shows the results for a Ru
thickness of 0.95 nm. The calculated sizes (if done so) of the observed effects are mentioned
in the caption of the figures.
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(a) (b)

(c)

Figure II.1: Results of EFE measurements that were obtained using devices that contain a Ru spacer layer
thickness of 0.65 nm. The size of the effect is calculated for (a) and found to be 0.19 % at 0.117
V/nm. The results of (b) and (c) display a more random pattern, preventing any accurate
determination of the size of the effect.
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Electric field effect measurements

(a) (b)

(c) (d)

(e) (f)

Figure II.2: Results of EFE measurements that were obtained using devices that contain a Ru spacer layer
thickness of 0.95 nm. The size of the effect is calculated to be for (a) 0.79 % at 0.125 V/nm,
(b) 0.36 % at 0.147 V/nm, (c) 0.20 % at 0.132 V/nm and (e) 0.16 % at 0.125 V/nm. The
results of (d) and (f) display a more random pattern, preventing any accurate determination
of the size of the effect.
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