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I

Abstract

Magnetic domain wall motion is a very promising concept for low-power, high-

density, and high-speed circuits. In a conceptual memory device called the

racetrack memory, the domain walls carry information. Data selection is re-

alized by the motion of the domain walls. However, this device still faces a

lot of challenges, such as the randomness of the domain wall motion, which

makes the information selection process uncontrollable. Recently, experiments

have shown that electric fields can affect the magnetic properties. This electric

field effect provides a new possibility to achieve an ultralow-power and more

controllable domain wall device.

Here, we investigate domain wall pinning induced by an electric field. To

experimentally study this phenomenon, a Pt/Co/AlOx microwire is fabricated,

and at a certain position along the wire a top Pt electrode is deposited, forming

a junction. The microwire features both a perpendicularly magnetization and

a highly resistive dielectric barrier. Theoretically, the electric field causes an

anisotropy energy barrier which is expected to pin the domain wall at the edge

of the electrode. However, owing to the strain induced by the top electrode, the

domain wall already stops in front of the junction without applying a voltage.

Nonetheless, the pinning field of the domain wall is found to be tuned by the

voltage. An application of positive voltage increases the pinning field while

a negative voltage decreases it. Furthermore, the dependence of the pinning

field on voltage is found to be linear. This linear relation is accounted for

by a simple one-dimension pinning model. In this model, the pinning field

is proportional to the anisotropy energy barrier, and the barrier is expected

to depend linearly on voltage. In addition, by simulating the electric field

profile at the Co/AlOx interface, it is found that a thinner oxide layer leads

to a stronger electric field effect. Through a linear fit, the modification of

the pinning field per voltage amounts to 0.21±0.01 mT/V, which is half the

theoretical value 0.44 mT/V predicted by the model. Various reasons could

be attributed to this difference, such as the simplification of our 1D model and

the effect of thermal activation.
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Chapter 1

Introduction

Spintronics forms a major part of the fascinating field of nanomagnetism, which

utilizes the orientation of the electron spin to represent logic states which in

conventional electronics are represented by the flow of electrons. Because of its

potential applications in data storage and data processing, spintronics evokes

a considerable interest from industry [1–4]. Compared with conventional elec-

tronic devices, these new spintronics devices promise numerous excellent prop-

erties, including nonvolatile data storage, ultrafast data processing, less electric

power consumption and higher integration densities. With recent advances in

technology, more and more spintronics devices have been realized [5]. For ex-

ample, recently IBM researchers [6] have successfully used 8 iron atoms to store

1 bit of data that is 100 times denser than today’s hard disk. This atomic-

scale memory opens up a possibility for Moore’s law, stating that the number

of transistors on a microchip will approximately double every two years, to be

continued.

Except for the spin of a single atom, collective motion of spins can also

be utilized to make a novel memory. In a so-called racetrack memory [7], the

magnetic domain walls, which store information, can be moved by an elec-

tric current. Based on the resent research [8, 9], the domain wall velocity can

be as high as several hundred meters per second. With this method, rather

than mechanically rotating the platters in the hard disk, the data selection

process can be stationary and faster. However, there are also many challenges

in this device. For instance, the domain wall motion will not stop instantly

as soon as the current is removed [10] and the final position of the domain

wall is random and unpredictable, making the selection of the data uncontrol-

1



2 CHAPTER 1. INTRODUCTION

Figure 1.1: A racetrack offers the highest storage density by storing the pattern in a U-
shaped nanowire normal to the plane of the substrate. The two cartoons show the different
directions of domain wall motion induced by reverse currents. Reading data is done by
measuring the tunnel magnetoresistance of a magnetic tunnel junction element connected to
the racetrack. Writing data is accomplished by the magnetic fields of a domain wall moved
in a second ferromagnetic nanowire oriented at the right angles to the storage nanowire.
Taken from [7].

lable. Despite these challenges, the technique still keeps improving, making it

a strong competitor in the data-storage field of the future. The development

of various spintronics devices can be expected to revolutionize the way we live

in the near future. To continue this progress, faster and less energy-consuming

devices are needed. Therefore, in this thesis, our subject is exploring the pos-

sibility of voltage-controllable magnetic domain wall pinning, i.e., stopping the

domain wall motion via an electric field, which is a good addition to the race-

track memory by solving the problem of the randomness of the domain walls,

and thus making it more controllable.

In this Chapter, to give readers a first impression of this subject, we will

start with a short explanation of some basic concepts in magnetism, followed

by a brief introduction of a novel domain wall logic device. A problem that

needs to be solved in this device is again the controllable pinning of the domain

wall. To solve this problem, a new method for domain wall pinning, which uses

a magnetoelectric effect, will be proposed. After that, a short outline of the

thesis will be given in the last section.
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1.1 Ferromagnetism and magnetic anisotropy

A ferromagnet is a kind of material which spontaneously exhibits magnetism.

In many cases, the magnetization direction of a magnetic object is not isotropic,

meaning that it has a preferred magnetization direction or easy axis. As a re-

sult, the system takes a minimal energy if the magnetization is oriented towards

the easy axis. The anisotropy might be induced by many factors, such as the

crystalline structure, the shape and interface effects, and different anisotropies

have different forms. In ferromagnetic thin films, in most cases, the shape

anisotropy energy is dominant, which induces an easy plane that is parallel to

the film plane. Thus the magnetization points in-plane. However, in the case

of an ultrathin magnetic film (thickness < 2 nm) sandwiched between suitable

adjacent layers, such as Pt/Co/Pt, an interface anisotropy energy shows up

which prefers an out-of-plane magnetization (the reason will be given in sec-

tion 2.1). Due to the large ratio of area to volume in the ultrathin film, the

interface anisotropy energy exceeds the shape anisotropy energy, thus resulting

in a magnetization perpendicular to the film plane. In this case, the sample is

considered to have perpendicular magnetic anisotropy (PMA).

In a piece of PMA material, without an external magnetic field, the magne-

tization is either “up” or “down” and these two states have the same energy,

meaning that they are degenerate. In a device application, this degenerate

doublet is quite suitable for representing “0” and “1” in logic. Unless a strong

magnetic field is applied, the magnetization will stay in the original state and

the data storage is quite stable. Obviously, the stability of this device depends

on the height of the energy barrier between the two states. Normally, the

height of the energy barrier in a PMA material is higher than that in a in-

plane material [11], which reveals that, to achieve a good data storage device

with high thermal stability, PMA materials are desired. There are more ad-

vantages to using a PMA material, which will be discussed in the following

sections.

1.2 Magnetic domains and domain walls

Up to now, we have been discussing a magnetic element which is uniformly

magnetized. In fact, this situation only corresponds to the ground state of
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Figure 1.2: A variety of domain structures of a magnet. (a)Uniformly magnetized (single
domain). (b) Two domains. (c) Essentially two domains with two closure domains.

a small magnetic particle (< 40 nm). In a relatively large system, there are

typically many regions with different magnetization directions and we call a

region that is uniformly magnetized a magnetic domain. The reason why a

magnet divides itself into separate domains is that it should reach a minimum

of its internal energy [12]. As shown in Figure 1.2a, a uniformly magnetized

magnet creates a large stray magnetic field surrounding itself and this costs

a lot of magnetostatic energy. To lower this energy, the magnet breaks itself

into two domains (Figure 1.2b). Now the external field is reduced since it is

confined near the top and bottom of the magnet. Finally, the configuration of

closure domains shown in Figure 1.2d reduces the external field to zero.

In the region between two domains, the magnetization changes its orien-

tation from one direction to another, which is referred to as domain wall.

To obtain the minimum energy configuration, two possibilities are considered.

The domain wall is either sharp (Figure 1.3a) or broad (Figure 1.3b and Figure

1.3c). A sharp wall is not favorable since it has a very high exchange energy

while in a broad wall, some spins are not in the easy axis which induces a high

anisotropy energy. Therefore, the width of the domain wall is determined by

the competition of the two energy terms. To reduce the exchange energy a

narrow wall is preferred, but to reduce the anisotropy energy a broad wall is

preferred. After finding the minimum of total energy, the domain wall width

∆ can be obtained [13]:

∆ =

√
A

K
(1.1)
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(a) a sharp wall

(b) Bloch wall (c) Néel wall

Figure 1.3: (a) A sharp domain wall which is actually energetically unfavourable. Thus
a broad domain wall is formed. Depending on its rotation direction, two possible domain
walls are shown: (b) Bloch wall, (c) Néel wall.

where the parameters A and K define the strength of the exchange interaction

and the anisotropy energy, respectively. Keep in mind that a PMA material has

a larger K, thus it has a narrower domain wall than an in-plane material. This

is another advantage for data storage, since narrow domain walls allow a larger

density of magnetic domains, hence a potential to store more information.

Apart from the width of the domain wall, two different walls are formed

depending on the direction of rotation. If the rotation occurs through the plane

of the domain wall, it forms a Bloch wall (Figure 1.3b); conversely, a rotation

parallel to the plane of the domain wall gives rise to a Néel wall (Figure 1.3c).

By minimizing the magnetostatic energy, it is found that whether a Bloch wall

or Néel wall is formed is determined by the ratio ly
∆

[14], where ly is the width

of the strip. When this ratio is high, the Bloch wall is favored while a low

ratio leads to a Néel wall. In our case, the typical domain wall width ∆ in

Pt/Co/AlOx is of the order of 10 nm, much smaller than the wire width ly
(in this work ly = 1 µm)), and is therefore expected to be the Bloch type.

However, it is found in resent research that due to a so-called Dzyaloshinskii-

Moriya interaction [15, 16], the Néel wall forms in the Pt/Co/AlOx ultrathin

film. But in our study, different types of domain walls are expected to have

no influence on our result based on our model (section 2.3.1).

The concept of domain walls is important during the switching of a magnetic

material. For instance, if a in-plane upward magnetic field is applied to the

strip in Figure 1.3c, the left magnetic domain will expand in size and the

domain wall between the left and right domains will move to the right. One



6 CHAPTER 1. INTRODUCTION

(a)

(b)

Figure 1.4: (a) For comparison, schematic of electronic logic devices and domain wall logic
devices are displayed in this table. (b) Focus ion-beam image of a magnetic nanowire network
containing one NOT gate, one AND gate, two fan-out junctions, and one cross-over junction.
Taken from [18].

can thus view magnetic switching processes in terms of domain wall motion.

Domain wall motion can be induced by a magnetic field, but also by electric

currents due to the spin-transfer torque [17].

1.3 Magnetic logic device

As introduced in the beginning, because of its distinguishing features such as

high storage density and processing speed, the magnetic domain wall is an

excellent candidate for storing information.

In addition to data storage, the development of domain wall devices can

take another path. In recent years, so-called magnetic domain wall logic de-

vices have been developed [18,19]. By propagating through these devices, the

magnetic domain walls not only transport information, they can also undergo
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some logic operations between being written and detected. Up to now, devices

that can perform all the types of the basic logic operations have been devel-

oped, including NOT, AND, cross-over and fan-out, as shown in Figure 1.4a.

In these devices, a submicrometer planar nanowire made of a soft magnetic

material such as Permalloy (Ni80Fe20) serves as a conduit for domain walls and

the two possible logic states are represented by the direction of the in-plane

magnetization. Since the magnetic conduit is not a simple straight wire, a

magnetic field with a vector that rotates in the sample plane with time will

be used, allowing domain walls to change direction or turn corners. Compared

with the electronic counterparts that perform the same function, the advan-

tages of domain wall logic devices become apparent from complexity consid-

erations. For instance, in electronics one needs 6 transistors to form an AND

gate, while the domain wall device is simply a bifurcated nanowire structure

which could considerably reduce the complexity and cost during fabrication.

Furthermore, this device has been argued to have low power consumption.

Also, all of the logic elements can be integrated into one circuit [18], making

the complex computation possible. Despite many advantages of the domain

wall logic devices, some problems still need to be solved. In order to move the

domain walls, a global magnetic field is used, which can control all the devices

on a chip at the same time. However, it becomes a problem when we only

need the output from one certain device. In this case, a switch gate is needed

to stop the outputs from other devices. Thus it requires that a domain wall

can be pinned at will, and this is the subject of this thesis. This subject will

be briefly discussed in the next section.

1.4 Domain-wall pinning

In this research, our main goal is to achieve tunable domain wall pinning. More

specifically, during the domain wall motion in a wire by applying a magnetic

field, the domain wall motion should stop at a certain position. Without

increasing the magnetic field, the domain wall should remain stationary. For

this purpose, various methods have been proposed by other researchers, since

it is crucial to many realistic applications. Three of them are briefly discussed

here, as shown in Figure 1.5.

The common element in all methods of domain wall pinning is basically the
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idea to locally change its energy cost. For a material with in-plane magneti-

zation, the easy axis is determined by the shape anisotropy energy. Thus, we

can suspect the variation in geometry may modify the shape anisotropy en-

ergy of the domain wall system. In a magnetic strip designed by Xu et al. [20],

a constriction is introduced into the strip, as displayed in Figure 1.5a. It is

indeed found that a domain wall is trapped there and for a small constriction

width, the trapping is quite stable. Then one can apply a large current to

move this domain wall further. This method is simple and efficient, however,

it only applies to in-plane materials. The energy of a domain wall in a PMA

material is dominated by the perpendicular anisotropy thus the variation in

geometry has very little effect.

As will be explained in Chapter 2, in a Co/Pt thin film system, the surface

anisotropy arises from the bonds between Co and Pt. Thus the PMA of this

thin film can be modified by changing the short-range order around the Co

atoms at the interface. This could be done by ion irradiation. As sketched in

Figure 1.5b, the left part of a Pt/Co/Pt magnetic strip is irradiated by Ga ions

[21]. The Co/Pt interface becomes more rough and hence the PMA is lowered.

This causes an anisotropy energy barrier at the interface between the left part

and the right part. Thus by applying a magnetic field, the left part switches

first, resulting in a domain wall at the interface between the left and right

part (the top image). One can depin the domain wall by applying a stronger

field (the bottom image). This method is effective for pinning domain walls,

however, the pinning strength cannot be changed after fabrication. Another

drawback is that we are modifying the material through which the domain

wall moves.

In Figure 1.5c, a magnetic pillar is deposited on top of the magnetic strip,

inducing a stray field on the domain wall. The extra energy term coming

from the stray field will cause a energy barrier at the pillar position, at which

the domain wall pinning occurs. This pillar effect is very strong since the

energy term induced by the stray field is comparable to Zeeman energy [22],

however the fabrication process is quite complicated. Thus it is not suitable

for applications.

In addition to the drawbacks mentioned above, all of these methods have

one common disadvantage. That is, they are all permanent, meaning that

once these structures are finished, the pinning sites are forever there and the
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(a) Geometry variasion (b) Irradiation (c) Pillars

Figure 1.5: Three possible techniques for domain wall pinning. (a) A constriction on a
nanowire can pin a domain wall [20]. (b) The region of a magnetic strip is ironized by Ga+,
resulting in a low anisotropy region. It thus traps a domain wall [21]. (c) In this method, the
pinning of the domain wall is realized by subjecting to a stray field induced by a magnetic
pillar on top of a magnetic strip [22].

domain wall motion will definitely stay at the position unless applying a larger

magnetic field. Inspired by three-terminal transistors used in microelectronic

circuits, we could introduce a third input on the pinning site which can control

whether the pinning effect happens or not. In fact, it has already been found

that an electric field can modify the surface anisotropy in a PMA material [23].

Therefore, similar to the transistors which use a voltage gate, we will attempt

to create a domain wall pinning site through applying an electric field across

a dielectric.

1.5 Electric-field control of magnetic properties

The magnetoelectric effect, which controls magnetic properties with an electric

field, was initially discovered in ferromagnetic semiconductors by Ohno [24].

At cryogenic temperatures, the magnetic behavior of InAs (doped with Mn)

can be turned on or off by the electric field. And in 2009, this effect in metallic

ferromagnets at room temperature was first found by Maruyama [23]. In their

samples, the surface anisotropy energy of a perpendicular magnetized Fe/MgO

junction could be modified by much as 40% by applying an electric field of

100 mV/nm. In theory, the electric field effect can be well explained by a

crystal field model [25] which will be discussed in detail in Chapter 2. To

put it in a simple way, essentially it is the accumulation or removal of charges

at the metal/dielectric interface which modifies the surface anisotropy energy.
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Figure 1.6: Kerr microscopy images of domain wall motion in a Pt/Co/AlOx/Pt junction.
Different contrast represents different magnetic domain. By applying a out-of-plane mag-
netic field, the domain walls from both sides are seen to propagate toward the center. When
the junction is subject to different voltages, the domain wall velocity can be either increased
or decreased depending on the voltage polarities. Taken from [26].

Considering that the electric field effect is a surface effect, a material with PMA

(arising from the surface anisotropy) is particularly ideal for demonstrating the

electric field effect.

Up to now, many attempts have been done to explore or to utilize this

effect. Among them, the experiment most relevant to this thesis was carried

out by Schellekens et al. [26]. They made a Pt(4 nm)/Co(1 nm)/AlOx(3.8

nm)/Pt(4 nm) junction whose lateral size is ∼ 180× 180µm. The cobalt layer

is very thin such that it exhibits a perpendicular magnetization. Under an

out-of-plane magnetic field, magnetic domains appear on two sides, leading to

a propagation of two domain walls towards the center of the junction, as can

be seen in the middle row of Figure 1.6. The domain walls disappear when

they annihilate at the center. It is found that, by applying a voltage to the

junction, the velocity of the domain wall motion can be significantly changed.

A positive (negative) voltage will increase (decrease) the domain wall velocity.

This experiment demonstrated the domain wall motion can indeed be con-

trolled by the electric field. Inspired by this method, rather than slowing

down the domain wall motion, we suspect that it might be possible to com-
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Figure 1.7: Sketch of material compositions for our junctions. The electric field applied to
the junction is expected to pin the domain wall due to the energy barrier it induced.

pletely stop domain wall motion in front of the junction (Figure 1.7), if the

anisotropy energy in the junction area is much higher than that outside the

junction. Thereby a energy barrier is developed at the edge of the junc-

tion, resulting in domain wall pinning. Recently, the electric field effect on a

Ta/Pt/Co/GdOx/Ta/Au junction has been used to create pinning sites which

can be used to make a logic device [27]. However, the mechanism used in [27]

is migration of oxygen ions from the interface and the pinning sites are non-

volatile, meaning that the pinning effect will remain for a long time unless

an opposite strong voltage is applied. The low switching speed in this de-

vice hinder its potential in realizing a fast device. In this work, by using the

same material as in [26], we are aiming to make a voltage-induced domain wall

pinning site which has no memory effect, i.e., the pinning domain wall will

immediately escape from the pinning site as soon as the voltage is removed.

For this purpose, a Pt/Co/AlOx microwire is fabricated, whose width is only

1 µm. At a certain position in the microwire, a top Pt electrode is deposited

forming a voltage gate. When a voltage is applied to the gate, we expect to see

domain wall pinning in front of the gate due to an anisotropy energy barrier.

The main difference between our structure and Schellekens’ structure is that

the size is much smaller. By making the junction only 1 µm wide, we expect a

sharp energy barrier and fewer pinholes, so that we can apply a higher voltage.

For realistic applications, it is also required that the size of the device is as

small as possible. Our magnetic microwire also features PMA which, according

previous sections, can store much more information and is more stable. More

importantly, the electric field has a greater impact on PMA materials than on

in-plane materials.
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1.6 In this thesis

In this chapter, we have introduced the motivation behind the work presented

in this thesis. In Chapter 2, the theory that is required to understand the prob-

lems we are faced with and our approach to solving them will be presented.

First, the origin of different kinds of anisotropy will be introduced. Especially

the crystal field theory, which leads to the PMA, will be discussed in some

detail. Then, the electric field effect will be explained by incorporating it into

the crystal field theory. After that, the physics of domain wall propagation is

also described. Finally, a one-dimensional pinning model is developed to derive

a relation between the pinning field of the domain wall and the applied volt-

age. To further confirm the result of our model, results from a micromagnetic

simulation will also be shown.

In Chapter 3, the experimental techniques that are used in this thesis will

be described. This chapter comprises two parts, the first part describing the

fabrication procedure to make our microwire, including patterning, deposition,

oxidation and annealing. After the fabrication procedure, the necessary setups

for characterizing our samples and probing the magnetism will be explained.

Chapter 4 contains the results of experiments on the electric field induced

pinning effect in our ferromagnetic microwire. This includes experiments to

optimize the structure parameters, which are carried out on both a large sample

and an array of microwires. After our final microwires have been produced,

a study of the magnetic switching using Kerr microscopy will be presented,

revealing that domain wall pinning can be tuned by an electric field. Finally,

this experiment is compared with theory.

In Chapter 5, the most important conclusions of our work are summarized.

The chapter will also contain a short outlook. We will provide some recom-

mendations for future research.



Chapter 2

Theory

In this chapter, the theoretical foundation for the work presented in this thesis

will be discussed. At the beginning, a short explanation of ferromagnetism will

be given, followed by a detailed introduction of different origins of magnetic

anisotropy. How an electric field can modify the anisotropy will be explained

afterwards. Finally, a theoretical model is developed to predict the order

of magnitude of this effect on domain wall pinning. Also, a micromagnetic

simulation is performed to confirm this model.

2.1 Exchange & anisotropy energy

Ferromagnets are materials in which spins align themselves spontaneously.

The reason lies in the fact that a spin is coupled with neighbouring spins

by the exchange interaction, which is described by the Heisenberg exchange

Hamiltonian [28]:

HHeis = −J
∑
i,j

−→s i · −→s j, (2.1)

where J is the exchange coupling constant that is material-dependent, and ~si
the spin angular momentum. The sum is taken over neighboring spins only.

This expression indicates the exchange energy only depends on J and the an-

gle between a spin and its neighbouring spins. In case of a negative J , an

antiparallel configuration of spins is energetically favoured which is called an-

tiferromagnetism, whereas positive J favours a parallel configuration which is

called ferromagnetism. In a piece of ferromagnetic material, if we consider only

13
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Figure 2.1: Four possible configurations of dipoles. According to Equation 2.2, (a) the head-
to-tail configuration takes a minimal energy while (d) the head-to-head configuration takes
a maximal energy. The other two configurations (b) and (c) have energies between (a) and
(d). Adapted from [29].

the exchange energy, spins are uniformly aligned and the total magnetization

is simply an addition of the magnetization induced by each spin magnetic mo-

ment. Based on the exchange energy alone, it appears that the magnetization

is isotropic and independent of material geometry. This is, however, not true

in reality. It is found that a piece of ferromagnetic material is easer to be

magnetized in a certain direction (easy axis) than in the others (hard axis). In

other words, the spins do have a preferred alignment which we call anisotropy.

Anisotropy can have many origins and can take many forms. In the following

sections, these will be discussed in detail.

2.1.1 Shape anisotropy

First, we attempt to use dipole interaction to interpret the ferromagnetic be-

haviour. Since a spin carries a magnetic moment ~µ, a dipole field is induced

around the spin. If another spin is placed near the first spin, they are coupled

through the dipole interaction. The energy of this interaction is given by [30]

U = − µ0

4πr3

(
3(~r · ~µ1)(~r · ~µ2)

r2
− ~µ1 · ~µ2

)
, (2.2)

where ~r is the vector connecting these two spins, µi the magnetic moment

carried by each spin, and µ0 the magnetic permeability of vacuum. This ex-

pression reveals that the strength of dipole-dipole interaction depends on their

mutual angle. To be more specific, to work out the preferred configuration

of dipoles, we consider four possible configuration which are shown in Figure

2.1. Based on Equation 2.2, the head-to-tail configurations shown in Figure

2.1(a) has a minimal dipole-dipole interaction energy; conversely, the head-to-

head configuration shown in Figure 2.1(d) has a maximal dipole-dipole energy.

The energy of the other two configurations (Figure 2.1a and Figure 2.1c) are
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inbetween. Therefore, as the dipole moment scales with the spin angular mo-

mentum, it is required that the spins are aligned head-to-tail. In contrast,

the exchange interaction prefers a parallel alignment, including the head-to-

tail (Figure 2.1a) and side-by-side (Figure 2.1c) configuration. However, the

dipole interaction is very weak (roughly 100 times smaller than the exchange

interaction [31]), hence the exchange interaction will dominate the ferromag-

netic material, preferring a parallel configuration of spins—either (a) or (c) in

Figure 2.1.

Although the dipole interaction is much weaker than the exchange inter-

action, it, however, can induce an effective magnetic anisotropy based on the

geometry. In the case of a ferromagnetic thin film which is most relevant to

our work, from a symmetry consideration, the magnetization is either out-of-

plane or in-plane, as shown in Figure 2.2. Obviously, with the same number of

spins, there are more head-to-tail interactions in the in-plane sample, making

it a state with less energy than the out-of-plane sample. Therefore, taking

into account the dipole interaction, the easy plane for a magnetic thin film

is in-plane. Although this is only a rough model, indeed it provides a simple

physical picture how the alignment of spins can be related to the geometry

of the sample. In conclusion, the minimization of dipole-dipole interaction

energy requires a magnetic body to be magnetized along its longest axis. We

call this geometry dependent anisotropy the shape anisotropy.

Figure 2.2: Two possible orientations of magnetization in a thin film. In order to minimize
the dipole-dipole interaction energy, an in-plane magnetization is preferred.

Recall that, as we have mentioned in Chapter 1, the thin film sample in our

experiment is perpendicularly magnetized, which appears to be inconsistent

with the discussion above. Thus, apart from the shape anisotropy, there must

be another source of anisotropy contributing to this system, as will be made

clear in the next section.
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2.1.2 Magnetocrystalline anisotropy

In addition to the shape anisotropy, another type of anisotropy is magne-

tocrystalline anisotropy that depends on the specific crystal structure, or mi-

croscopically, the neighbouring environment of the atoms. To understand this

phenomenon, we require a basic understanding of crystal field theory and spin-

orbit coupling, which will be explained first.

Crystal field theory

It is commonly known that, in ferromagnetic materials such as Fe, Ni and Co,

the magnetization is mainly carried by 3d orbital electrons [28]. In principle,

all the 3d orbits are degenerate, meaning that they have the same energy. This

is, however, only valid in an isolated atom. When atoms are brought together

to form a solid, they are no longer isolated. The original orbits will probably

be influenced by the neighbouring atoms and the effective field generated by

the atoms is called the crystal field [32]. In the presence of the crystal field,

the original 3d orbits are perturbed and the spherical symmetry is broken,

meaning that the degeneracy of 3d orbits does not hold any more. The original

3d orbital wavefunctions are no longer the eigenfunctions of the Hamiltonian,

if we take into account the influence of the crystal field. To form a new set of

eigenfunction, a linear combination of the old wavefunctions should be made

to match the new Hamiltonian.

In a thin film (the film plane is xy plane), two of the new 3d orbitals are

depicted in 2.3a and 2.3b. Compared with the 3dx2−y2 orbital, the 3dxy orbital

(blue regions) overlaps with the crystal field (black regions), resulting in an

energetically higher state. It gives rise to an energy splitting in the 3d orbitals

which is called crystal field splitting. Assuming the spherical symmetry is

completed broken by the crystal field, a fully non-degenerate set of 3d orbitals

can be formed. One important feature of these new non-degenerate 3d wave-

functions is that their angular momentum is quenched, L = 0 [32]. A simple

explanation is, in order to have an orbital angular momentum contribution,

an electron in an orbit can be moved to another degenerate orbit by simple

rotation (since it is the rotation of an electron which gives rise to an orbital

angular momentum), but this is impossible in a fully non-degenerate set. In

reality, the spherical symmetry is not completely destroyed, resulting in some
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Figure 2.3: Schematic of directional quenching of the orbital angular momentum by the
crystal field in a thin film (xy plane). Blue regions represent the 3d orbitals of the center
atoms while black regions are the orbitals of neighbouring atoms. (a) the in-plane 3dxy
orbital overlaps with neighbouring orbitals, resulting in a high energy state. (b) the in-
plane 3dx2−y2 orbital is a low energy state. The energy splitting in the in-plane orbitals
leads to the quenching of out-of-plane orbital angular momentum. (c) In contrast, an out-
of-plane orbital is much less perturbed by the crystal field, giving rise to a finite in-plane
orbital angular momentum. Adopted from [33]

degenerate subsets. Thus, if a subset is not fully filled, orbital angular mo-

mentum can still arise. In conclusion, the breaking of symmetry induced by

the crystal field leads to an, at least partial, quenching of the orbital angular

momentum.

In case of a complete quenching of the orbital angular momentum, mag-

netism only comes from the spin angular momentum and this would normally

have an undefined direction. Thus, it is still unclear why the preferred direc-

tion of the magnetization is related to the crystal field and the quenching of

orbital angular momentum. To get more insight, the spin-orbit interaction will

be introduced.

Spin-orbit coupling

Classically, an electron is rotating around the nucleus. It only experiences

an electric potential induced by the central ion. However, from the reference

frame of the electron, the nucleus is a moving charge that generates a magnetic

field. This magnetic field interacts with the spin angular momentum, resulting

in a spin-orbit coupling. Though it can provide a simple picture why spin-orbit

coupling occurs, this classical explanation is actually not completely correct.

To give an exact description of this phenomenon, quantum electrodynamics

must be used. The Hamiltonian of spin-orbit coupling can be written as [28]:
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∆H = ξ(L · S), (2.3)

where ξ is the spin-orbit coupling constant depending on the material, L the

orbital angular momentum and S the spin angular momentum. Considering

the influence of spin-orbit coupling, this equation readily reveals that the en-

ergy can be lowered if the orbital angular momentum is non-zero and coupling

with an antiparallel spin angular momentum. Thus it is the competition be-

tween the crystal field and the spin-orbit interaction which determines the final

orbital angular momentum. If the crystal field splitting is relatively strong, it

will mask the spin-orbit interaction hence quench the L and vice versa.

Magnetocrystalline bulk anisotropy

The analysis above is directly related to the magnetocrystalline anisotropy. In

a magnetic body, due to the anisotropy of the crystal structure, along different

crystal axes the crystal field splitting might be different. In a certain direction,

the crystal field splitting is smaller than any other directions, and the spin-orbit

coupling is more effective. Therefore, a large orbital angular momentum arises

in this direction, i.e., the easy axis, and we consider this material to have a

uniaxial magnetocrystalline anisotropy. The energy density of this anisotropy

can be expressed as [34]:

Eani = Kbulksin2θ, (2.4)

with θ the angle between the easy axis and the magnetization, and Kbulk a

parameter representing the strength of the anisotropy. When θ = 0 or π, the

magnetization is in a stable energy state and to switch the magnetization one

needs to overcome an energy barrier. In most materials, the typical magnetic

field needed to switch between the stable states is 10 mT - 10 T [25]. It is in

the accessible range of applications except for several T. Thus this anisotropy

is quite suitable to a data storage device application as introduced in Chapter

1.

Surface magnetocrystalline anisotropy

Likewise, the atoms at the surface also experience an asymmetric environ-

ment and therefore an anisotropic crystal field, and the resulting anisotropy
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(a) (b)

Figure 2.4: (a)Simplified band structure for a Co monolayer. Only minority band is shown
here because the majority band is fully filled. The energy splitting for the in-plane 3d
orbitals is V‖. The narrower band of the out-of-plane 3d orbitals has an energy splitting
of V⊥. (b)Spin-orbit energies as a function of R = V⊥ − V‖ , based on the simplified band
structure, for the case when the sample is magnetized in-plane and out-of-plane. Taken
from [33].

is referred to as a surface magnetocrystalline anisotropy, or simply surface

anisotropy (in units of J/m2). To distinguish it from the bulk anisotropy (in

units of J/m3), the total magnetocrystalline anisotropy contribution on the

whole magnetic layer takes the following form:

KU = Kbulk +
Ksurface

t
, (2.5)

where KU is the total magnetocrystalline anisotropy constant, Ksurface the

surface anisotropy constant and t the sample thickness. To ensure the same

dimension, the surface anisotropy is divided by t. The sample in our study is

very thin, such that the contribution from surface becomes important. Fur-

thermore, the magnetoelectric effect, discussed later in section 2.1.2, can only

effectively modify the surface anisotropy. Therefore we need to gain more

insight into the surface anisotropy.

Looking back to Figure 2.3a and Figure 2.3b, a large crystal field splitting

occurs in the in-plane orbitals, leading to a quenching of the out-of-plane

orbital angular momentum. While for a out-of-plane orbital (Figure 2.3c), it

is much less perturbed by the crystal field. Hence the crystal splitting is small

and spin-orbit coupling plays a crucial role in developing a high expectation

value for the in-plane L, i.e., an in-plane magnetic easy axis [33]. Therefore, the
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expectation value of L along different directions can be compared to determine

the easy axis, and a criterion can be given [25]:

ESO =
ξ

4µB
(m
‖
0 −m⊥0 ) =

ξ

4h̄

(
〈L⊥〉 −

〈
L‖
〉)

(2.6)

In this equation, ESO is the spin-orbit coupling energy, ξ is the spin-orbit

coupling constant, mα
0 is the orbital magnetic moment in direction α and

〈Lα〉 denotes the expectation value along α direction. A positive ESO means

m
‖
0 > m⊥0 thus the easy axis is perpendicular to the sample surface, while if

ESO is positive, the sample prefers to be in-plane magnetized.

The expectation value of L is obtained by averaging over all states, therefore

the band structure needs to be known. Take the Co monolayer for example.

The real band structure of Co is quite complicated [35]. Alternatively, a sim-

plified band structure is assumed here, as shown in Figure 2.4a. Here the only

contribution comes from the minority band (spin down) which is half filled

with 2.5 electrons, while the majority band (spin up) is assumed to be fully

filled [36]. The density of state for both the in-plane and out-of-plane orbitals

are assumed to be constant. This is reasonable if we look at the real band

structure. Furthermore, as already shown in Figure 2.3, the crystal field split-

ting is different for in-plane and out-of-plane orbitals, denoted by V‖ and V⊥.

We define a new parameter that is the ratio of V‖ and V⊥, R = V⊥/V‖. Based

on the previous analysis, we can intuitively appreciate that if R < 1, which is

the case in Figure 2.3, the sample has a in-plane easy axis, while R < 1 leads

to a PMA sample.

Because the spin-orbit coupling energy (roughly 0.1 eV [35]) is much less

than the crystal field splitting (roughly 1 eV [36]), perturbation theory can be

employed to quantify ESO. Since the calculation process is quite lengthy, here

we only give the final result [33]:

ESO =
ξ2

8V‖

(
3

R
+

2

R + 1
− 4

)
(2.7)

Based on this equation, the spin-orbit coupling energy ESO as a function

of R = V‖ − V⊥ is plotted in Figure 2.4b. In this graph, two regimes (in-

plane and out-of-plane) have been found for R < 1 and R > 1, which is in

accord with our intuition. More quantitatively, if we incorporate an estimated

value (V⊥ = 0.5eV and V‖ = 1eV) for a Co monolayer into this model and
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ξ = 0.07eV/atom, it is found that ESO = 2.0 × 10−3eV/atom which is close

to the value found by Daalderop [35], ESO = 1.5× 10−3eV/atom. Although a

simplified band structure is used, it does provide a reasonable result. For other

magnetic systems, once R = V‖ − V⊥ is known from the band structure, one

can easily determine whether it has an in-plane or an out-of-plane easy axis

by using Equation 2.7. For instance, if the in-plane Co-Co bonding strength

R = V‖− V⊥ is normalized to 1, then the Co-X bonding strength is 1.53, 1.60,

1.38, 0.83 for X=Au, Pt, Pd and Cu, respectively [31]. One can predict that

for a Pt/Co/Pt sandwich the easy axis is out-of-plane, hence it exhibits PMA.

In this research, the Pt/Co/AlOx thin film also exhibits PMA [37] because of

the same reason.

Magnetoelectric effect

So far, the crystal field model has been introduced. Now we can incorporate the

electric field effect into this model. In a capacitor, electrons or holes accumulate

at the interface, which shall modify the band filling profile of the interface

atoms, leading to a shift of the Fermi level. Therefore, the minority band will

be filled with 2.5 + n electrons, where n is the number of added electrons

per atom. These added (or removed) electrons are assumed to be distributed

uniformly over the orbitals at the Fermi level and affect the R value in Equation

2.7. For a real Au/Co(1 nm, or 5 monolayers)/AlOx sandwich structure, based

on Van den Brink’s calculation [29], the magnetic anisotropy energy scales

linearly with a applied voltage, and the slope (we denote it as β) is 0.024

meV/atom per applied V/nm or 61.5 fJV−1m−1. This order of magnitude is

in good agreement with the experimental data which is 31.0 fJV−1m−1 reported

by Shiota [38]. Although we use a simplified band structure, this crystal field

theory can indeed provide a good estimate of the electric field effect on the

anisotropy modification.

In experiment, it is not easy to observe the modification of anisotropy be-

cause the electric field effect is weak. Recently, instead of directly measuring

the change of anisotropy, alternatively three groups [29,39,40] applied an elec-

tric field to a thin film and measured the variation of the domain wall velocity,

which scales exponentially with the anisotropy (which will be introduced in

next section). The variation of the domain wall velocity gives rise to a huge ef-

fect for measuring the electric field effect. The modification of the anisotropy
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is found to have a linear relationship with the electric field, which is deter-

mined to be 14±2 fJV−1m−1 for Pt/Co/AlOx thin film and 28±4 fJV−1m−1

for Pt/Co/TaOx. It is of the same order of magnitude with the value obtained

by crystal field theory. The value β obtained above is the change to the surface

anisotropy energy density normalized to electric field, hence it is independent

of the sample geometry. For a specific sample, the relationship between the

modification of the anisotropy energy density ∆K (in units of J/m3) and the

voltage can be written as

∆K =
βV

td
, (2.8)

where t is thickness of the ferromagnetic layer and d is thickness of the oxide

layer. β is divided by t since the surface anisotropy density is converted to the

volume surface anisotropy which we will use in our theoretic model (Section

2.3.1).

Apart from experimental measurements, first-principle simulations using

the real band structure can be carried out. Also, a similar linear relationship

has been found in these simulations [38, 41–44]. For convenience, a summary

of reported modifications β of anisotropy induced by electric field can be found

in Table. 2.1. According to the table, the prediction for β by simulation can

be as high as 196 fJV−1m−1. But in reality, the highest value found in labs is

only one fourth of this simulation. The reason lies in the fact that, limited by

the current state of the art, the ideal thin film structure that has a complete

smooth and defect-free surface can be hardly achieved. There is therefore still

a large room for increasing the observed effect.

2.1.3 Strain-induced anisotropy

Since the exchange interaction depends on the surrounding environment of

each atom, one can suspect that if the material is subjected to strain, the

deformation that leads to a variation of the positions of atoms will change the

magnetic properties. The original easy axis can be changed due to the change

in crystal structure. We call this phenomenon the magnetoelastic effect and

this anisotropy is referred to as strain-induced anisotropy. This effect can be

utilized to manipulate the magnetic properties by applying a mechanical strain

or alternatively by applying an electric field, which causes a deformation of
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Material(nm) Type β(fJV−1m−1) Reference

Fe(monolayer)/vacuum simulation 33 [41]
Fe(monolayer)/vacuum simulation 20 [42]
Pt/Fe/Pt∗ simulation 72 [43]
Pt/Fe∗ simulation 62 [43]
Cu/Fe/MgO∗ simulation 100 [44]
Pt/Fe/Pt/MgO∗ simulation 196 [38]
Fe(0.48)/MgO(10)/polymide(1500) experiment 31.5 [45]
Fe80Co20(0.6)/MgO(1.7)/Fe(10) experiment 31 [38]
Pt(4)/Co(1)/Al2O3(3.8)/Pt(4) experiment 14±2 [26]
Pt(4)/Co68B32(0.8)/Ta2O5(7)/Pt(4) experiment 28±4 [26]
CoFeB(1.3)/MgO(1.4)/CoFeB(1.6) experiment 50 [46]

(∗) The thicknesses of material used in some simulations are not shown here. One can refer
to the reference listed in the last column.

Table 2.1: Overview of electric field induced modification of anisotropy. The units in the
first column is nm.

the material through the piezoelectric effect [47, 48]. Although in most cases

this stress anisotropy should be avoided since it might change the original

magnetic properties, this magnetoelastic effect is ideal for sensor applications.

In recent years, due to the wide range of parameters the magnetoelastic sensors

can measure, such as stress, pressure and acceleration etc., it has attracted

increasing interest from industry [49].

2.2 Domain wall motion

In the previous section, the phenomenon of anisotropy has been discussed in

detail. In this section, the magnetization switching process in PMA materi-

als will be presented. Considering a thin film with uniform magnetization,

when a magnetic field is applied in the direction opposite to the initial mag-

netization, the magnetization will switch if the field reaches a critical value.

Assuming this thin film has a uniaxial anisotropy and the external magnetic

field is applied along the easy axis, the switching field depends on KU (the

uniaxial anisotropy constant), if the material is completely homogeneous and

without any defects. However, in real thin magnetic films, the introduction

of defects during fabrication process is inevitable. At the position of defects

the anisotropy is locally reduced and therefore the switching field is lower. At

such a defect, a magnetic domain will nucleate when the local switching field

is reached. This local switching field is called nucleation field Hn. There are



24 CHAPTER 2. THEORY

Figure 2.5: Sketch of magnetization reversal through (a) domain nucleation and (b) domain
wall motion. The easy axis points out of the sample plane. When a weak magnetic field is
applied, several nucleation sites represented by dark spots appear. With an increasing field,
the magnetization reversal process continues in two different ways, which is determined by
the ratio between the nucleation field Hn and the pinning field Hp.

two possible ways toward the magnetization reversal of the entire film, i.e.,

either driven by nucleation of many small domains (Figure 2.5a) or driven by

expansion of a single (or very few) nucleus by domain wall motion (Figure

2.5b). Because there are many defects in the material, a domain wall tends to

be pinned at these defects and the typical field required to move it is referred

to as propagation field or pinning field Hp. If the nucleation field is less than

the pinning field, the existing domain wall can never expand itself, rather,

more and more small domains appear and combine together until the whole

system is switched. Conversely, if the typical nucleation field is larger than the

pinning field, the domain walls will propagate through the whole system before

more small domains appear. In this research, our main goal is the pinning of

a domain wall, thus the switching process driven by domain wall motion is

desired.

In the presence of defects, the domain wall motion takes place through

subsequent pinning and depinning of the domain wall. In Figure 2.6a, a domain

wall in a material is shown as a solid line pinned at certain pinning sites. In

this case, the domain wall behaves as an elastic interface propagating through

these pinning sites [50]. As a function of a driving force (an applied magnetic

field or an electric current), three different regimes are depicted in Figure

2.6b. At zero temperature, a weak driving force is not strong enough to depin
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(a) (b)

Figure 2.6: (a) The domain wall motion is driven by subsequently depinning, adapted
from [50]. (b) A plot of the domain wall velocity as a function of the driven force at zero
temperature and finite temperature.

a domain wall thus it keeps stationary. As soon as the driving force reaches a

critical point, the domain walls escape from these pinning sites and begin to

move. This critical driving force is called the pining force fc and it is called

the pinning field if it is driven by a magnetic field. In contrast, when the

temperature is finite, the thermal activation helps the domain walls slowly

overcome these pinning sites even below the critical field, resulting in a slowly

creeping domain wall. Therefore this regime is called the creep regime. The

DW velocity in the creep regime is shown to follow the relation [51]:

v(H) = v0 exp[−(
Uc
kBT

)(
fc
H

)µ], (2.9)

where fc is the critical driven force, Uc is the pinning energy, v0 is the velocity

scaling prefactor, kB is the Boltzmann constant, T is the temperature, and µ is

the dynamic exponent. The exponent depends on the dimensionality and the

degrees of freedom of the interface that we study. In an ultrathin Pt/Co/AlOx

film we can assume it to be a 1D interface moving through a 2D strip, and the

dynamic exponent in this case is equal to 1/4, as shown experimentally and

theoretically [52,53].

For a high driving force, the domain wall motion is in the flow regime. In

this regime, the domain wall motion is no longer hindered by the pinning sites,

and the velocity scales linearly with the driving force. The regime in between
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(a) (b)

Figure 2.7: (a) Logarithm of domain wall velocity as a function of magnetic field at zero bias
voltage. (b) Logarithm of domain wall velocity as a function of bias voltage at a constant
magnetic field. Taken from [29].

the creep regime and the flow regime is what we call depinning regime, where

the thermal activation becomes less and less important while the driving force

starts to dominate the domain wall motion process. In our research, the driving

force is small and the domain wall motion mainly occurs in the creep regime.

As introduced in Chapter 1, in an experiment carried out by Schellekens et

al. [26], the electric field was found to have a considerable impact on the domain

wall velocity. They also quantified the influence by plotting the logarithm

of the velocity as a function of B−
1
4 and the applied voltage, as shown in

Figure 2.7. Both of these relationships are found to be linear. This is not

surprising, if we look back to the expression for the creep behaviour (Equation

2.6b). Assuming a linear dependence of anisotropy (which affects fc and Uc
in Equation 2.6b) on the applied voltage V , this expression can be rewritten

as [26]:

ln v = −C(1 + αV )B−
1
4 . (2.10)

From this equation, it is clearly seen that ln v depends linearly on both V

and B−
1
4 . Therefore, the agreement with experiment confirms our assumption

that the anisotropy scales linearly with applied voltage. In our research, rather

than tuning the domain wall velocity by applying a voltage that modifies all

the natural pinning sites at once, we aim to create a single, strong pinning site

where a domain wall completely stops. In the next section, a simple model

aiming to quantitatively describe such a pinning site will be presented, using

the same assumption of anisotropy linearly scaling with voltage.
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2.3 This work: a new route to domain wall pinning

The experimental results that will be presented in this thesis are obtained in

a depinning experiment. In this experiment, the domain wall encounters an

anisotropy energy step induced by an electric field during its motion in a mi-

crowire. In this section, we will introduce a new simple one-dimensional model

to show the relationship between the pinning field and the applied voltage. In

addition, a micromagetic simulation is also performed for comparison.

2.3.1 One-dimensional domain wall pinning model

Recently, a one-dimensional (1D) model was developed by Franken [21] to

describe domain wall pinning at a step in the magnetic anisotropy. It describes

how the pinning field varies with the height of the anisotropy energy step.

Following the approach of Franken, we assume a rigid domain wall, which

means the shape and the width of the domain wall remain the same during

depinning. We should note that, since the depinning process is related to

an energy barrier, temperature does play a role in such process. We can

imagine that a higher temperature allows a quicker depinning, due to a stronger

thermal activation. However, thermally activated depinning occurs after a

certain random waiting time, leading to a random distribution of pinning fields

with an average that depends on the time scale of the measurement [54, 55].

Since this effect is hard to quantify, we opt for a zero-temperature, quasi-

static (time-independent) approach. But one should keep in mind that a finite

temperature always has an influence on our final experimental results.

The geometry of the 1D model is sketched in Figure 2.8. We describe the

domain wall as a point particle moving in a 1D potential landscape, with q

the position of the domain wall along the x-axis. As shown in Figure 2.8b,

at the edge of the junction, an anisotropy energy step Kb is induced by the

electric field (the anisotropies on the left and right of the interface are K1 and

K2, respectively). Intuitively, the transition from the low anisotropy region to

the step cannot be infinitely sharp, which will be confirmed by a simulation in

the following part(Figure 2.9b). Thus, for simplicity, the step is assumed to

have a linear gradient transition (gradient length is δ). In this perpendicularly

magnetized microwire, a Bloch domain wall pins at a position q in front of the

junction. The shape of the domain wall can be described with the out-of-plane
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Figure 2.8: (a) Sketch of material compositions for our junctions. The electric field applied
to the junction is expected to pin the domain wall. (b) A plot of the anisotropy energy
barrier induced by the electric field. The transition is assumed to be linear and the gradient
length is delta.(c) Sketch of the energy of a domain wall in the case of zero field and (b) a
extern magnetic field that is large enough to depin the domain wall.

angle θ given by [56]:

θ(x) = ±2 arctan

[
exp

(
x− q0

∆

)]
, (2.11)

with ∆ the domain wall width and q0 the position of the domain wall. Because

of the different anisotropies on both sides of the interface and based on Equa-

tion 1.1 (∆ =
√
A/K), ∆ in Equation 2.11 is actually not constant to the

left and right of the interface. Thus the profile is not strictly valid. Here we

simply assume ∆ to be a constant, ∆ =
√
A/K1 where K1 is the anisotropy

in front of the step (Figure 2.8b). This assumption can be seen as a first order

approximation since the modification of the anisotropy induced by the voltage

is small (2% per V/nm [29]). For a more general profile, one can refer to [14],

who use a more accurate domain wall profile but gives a similar result.

The anisotropy step causes a domain wall energy barrier at the interface,

which can be evaluated by incorporating Equation 2.11 into the integration of
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the magnetic energy density. Then, the domain wall energy as a function of

domain wall position is found to be:

σDW(q) =

∫ ∞
−∞

(
A

(
∂θ

∂x

)2

+K(x) sin2 θ

)
dx, (2.12)

where K(x) is the anisotropy depending on position x. This is sketched in

Figure 2.8c. The larger the anisotropy difference, the larger this barrier. By

applying an external field Hz, the potential landscape is tilted, and depinning

of the domain wall occurs as soon as the energy barrier is cancelled by the

Zeeman energy (the second term in Equation 2.13), as shown in Figure 2.8d.

To calculate the pinning field, we are interested in the derivative of the domain

wall energy:

d

dq
[σDW(q) + 2µ0MSHq]. (2.13)

Equating it to zero yields:

Hpin =
Kb

2µ0MS

2∆

δ
tanh

δ

2∆
, (2.14)

where Ms is the saturation magnetization. Now, we have found a simple

expression of the pinning field. In this expression, Ms and ∆ are both constants

depending on the material we use. So there are two parameters we can control,

i.e., the anisotropy energy step Kb and its gradient length δ. As introduced in

the previous section, the former can be linearly modified by the applied voltage,

Kb = κV . As to the latter, according to the ligand model, the modification of

PMA is directly related to the addition or reduction of electrons at the surface.

Based on the Maxwell equation, the surface charge density is proportional to

the electric field at the surface. Thus, to find the shape of the PMA step on

the edge and the gradient length δ, the profile of the electric field must be

known.

For this purpose, a COMSOL model has been developed to simulate the

profile of the electric field. A typical result is displayed in Figure 2.9a. In this

model, a Pt/Co/AlOx/Pt junction (εr = 7 for AlOx) is subjected to a voltage

V , which is applied between the top and bottom Pt electrodes. The voltage

profile is represented by the colorcode, and it is seen that from top to bottom,

the voltage decreases from V to zero. At the Co/AlOx interface, the voltage is
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Figure 2.9: (a) Voltage profile in a Pt(4nm)/Co(1nm)/AlOx(10nm)/Pt(4nm) junction, ob-
tained from the COMSOL simulation. (b) The electric field distribution at the Co/AlOx

interface. From top to bottom, the AlOx thicknesses are 4.5 nm, 10 nm and 20 nm, respec-
tively. (c) A plot of domain wall pinning field as a function of voltage based on Equation
2.14 for different AlOx thicknesses, along with the result obtained by the micromagentic
simulation for tAlOx = 4.5.
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always zero. However, we are only interested in the surface charge density and

which scales with the electric field (E = dV/dz) at the interface. Thus, the

electric field profile at the Co/AlOx interface is plotted in Figure 2.9b. From

top to bottom, three AlOx thicknesses (4.5 nm, 10 nm and 20 nm) have been

simulated. It is shown that the gradient length increases with AlOx thickness.

By extracting the width between 10% and 90% of the step height, we can find

the gradient length δ, which are 12 nm, 22 nm and 38 nm, respectively.

After finding δ using the COMSOL simulation, all parameters in Equation

2.14 are known. We can make a theoretical prediction of our experimental

results. For cobalt, we use MS = 1.4 MAm−1, and the domain wall width

is estimated to be ∆ =
√
A/K = 8 nm, assuming the exchange stiffness A

= 16 pJ/m and the effective uniaxial anisotropy K = 0.27 MJ/m3, measured

by SQUID magnetometery. In previous research [29], the surface magnetic

anisotropy change (normalized to V/t) at the Co/AlOx interface amounts to

k = 14±2 fJV−1m−1. This value can be converted to Kb by using Kb = kV
td

(Equation 2.8), with d = 0.8 nm the Co thickness and t the AlOx thickness.

Finally, the pinning field as a function of voltage is plotted in Figure 2.9c.

This plot indicates that the pinning field scales linearly with voltage and a

thinner AlOx layer yields a larger slope, meaning the electric field effect is

more pronounced there. The reasons lie in the fact that a thinner AlOx has

a smaller δ and the same voltage gives a higher electric field (E = V/t). It

is favorable for our experiment, since the theoretical value appears to be high

enough (several mT) to be observable. However, this is only an ideal situation.

If we consider the two assumptions at the beginning, especially the thermal

effect that might be of large influence on the depinning behavior, this indeed

makes the actual pinning field lower than our prediction. We will refer back

to our theory after obtaining the experimental results.

2.3.2 Micromagnetic simulation

In this section, to gain more understanding of the pinning effect. A micro-

magnetic simulation is presented, obtained by using the LLG micromagnetic

simulation program [57]. The dynamics of the magnetization are is described

by the Landau-Lifschitz-Gilbert (LLG) equation. There are some important

interactions inside a magnetic system which define the state of this system.

These interactions can be described in terms of energy: exchange energy, bulk
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anisotropy energy, surface anisotropy energy and the shape anisotropy energy;

these energies were described in sections 2.1. All energy contributions lead to

an effective magnetic field Heff :

Heff = −∂Etot
∂M

(2.15)

The program computes the temporal evolution of the magnetization due to

the field, following the LLG equation:

dM

dt
= − −γ

1 + α
M×Heff −

−αγ
(1 + α2)MS

M× (M×Heff ), (2.16)

where γ is the gyromagnetic ratio and α the damping constant. In this program

the geometry can be defined in 3D space, consisting of Nx cells in the x-

direction, Ny cells in the y-direction and Nz cells in the z-direction. The

dynamics of the simulation program will stop when a local minimum is reached

for dM/dt. dM/dt is calculated for each magnetic unit cell, which are mutually

coupled to each other via the exchange interaction [58].

Our system inside the LLG simulation program consists of a strip with

magnetization cells Nx = 128, Ny = 16 and Nz = 1. The simulation cell

size is 4×4×1 nm3. The easy axis of the strip is in the z-direction with an

anisotropy constant K = 1.5×106 J · m−3 and saturation magnetization MS

= 1.4 MA/m. As displayed in Figure 2.10, this strip is divided into two parts

with different PMAs. The PMA of left part is lower than that of right part and

the difference of the PMA for each voltage can be obtained from Equation 2.8.

In the initial state, an opposite magnetic domain is initialized in the left region

to create a domain wall in front of the interface between the two parts. When

a weak external magnetic field is applied along the -z direction, the domain

wall begins moving to the right. Then due to the energy barrier it encounters

at the interface, pinning of the domain wall occurs (Figure 2.10(b)(c)). This is

similar to what we have described in the 1D model, and again the domain wall

will escape as soon as the magnetic field is strong enough to cancel the energy

barrier (Figure 2.10(d)(e)). This is the pinning field we want to measure.

By changing the PMA difference between these two parts and repeating this

process, one can measure the pinning field as a function of the anisotropy step

here, indirectly, as a function of applied voltage. The finite gradient length
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Figure 2.10: The processes of micromagnetic simulation using LLG Micromagnetics Simula-
tor. Blue and red represents +z or−z magnetization, respectively.(a) Start of the simulation,
a magnetic domain is created at the left part of the strip.(b) and (c) For an increasing +z
magnetic field that is less than 2.0 mT, the pinning of the domain wall occurs in front of the
energy step. (d) and (e) Depinning of the domain wall for a magnetic field of 2 mT, which
is called the pinning field.

δ is also simulated, by changing the values of the anisotropy on a single cell

level. For instance, to simulate a length δ = 20 nm, the anisotropy is step-wise

increased over a width of 5 cells [59].

The simulation result for an AlOx thickness of 4.5 nm is plotted as red

solid circles in Figure 2.9c. In the regime where the applied voltage is small, a

good agreement with the 1D model is found. For a large voltage, i.e., a large

anisotropy difference, we see that the pinning field in the simulations bends

downwards from the 1D model. This is simply because ∆ decreases, as it is

partially in a region with higher K. If we take into account this decreasing ∆,

the 1D model also predicts this bending [60].

2.4 Summary

The presented theoretical work is now briefly summarised. At the beginning,

the origin of ferromagnetism was described. After that, the concept of mag-
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netic anisotropy was introduced, followed by a discussion about different types

of anisotropy. To obtain a better understanding of the electric field effect,

the crystal field model was introduced, which relates the interfacial magnetic

anisotropy to the anisotropy of the bonding environment due to the spin-orbit

coupling. This crystal field model was extended to include an addition or a

reduction of electrons, estimating the expected order of magnitude of a voltage

induced PMA modification. As an essential subject of our work, the dynam-

ics of domain wall motion was then presented. A simple 1D model has been

developed for a voltage-gated pinning site. This yielded an expression de-

scribing the pinning field as a dependence on the voltage, which was verified

by a micromagnetic simulation and provides a prediction of our experimental

results.



Chapter 3

Experimental Tools

The fabrication process and characterization of our samples are presented in

this chapter. To fabricate a nano-size sample, a versatile electron beam lithog-

raphy (EBL) technique will be used to define the pattern, followed by sput-

tering to deposit the material. Once the sample is finished, a probe station

and a Kerr microscope will be used to characterize the electric and magnetic

properties.

3.1 Junction fabrication

In this research, domain wall pinning in a Pt/Co/AlOx/Pt junction is inves-

tigated. A schematic overview of the junction is presented in Figure 3.1. In

our junction, a 1 µm wide magnetic wire is put on the SiO2 substrate. On top

of the magnetic material, a dielectric AlOx layer is grown, which can act as a

capacitor plate allowing accumulation of electrons at the interface. Further-

more, a second AlOx layer is deposited to cover the whole region, protecting

the edges of the wire. Finally, to form a junction structure, a top Pt electrode

is put on top of the wire, allowing a voltage to be applied to the junction. In

order to exhibit PMA and electric field effect, the magnetic layer must be very

thin such that surface anisotropy dominates over bulk anisotropy. Further-

more, the material must be suitable for domain wall motion. Thus we need

to explore the optimal thickness of the Co layer, which will be presented in

Chapter 4.

The Pt/Co/AlOx/Pt junctions, with Co thickness in the range 0.7 - 1.1 nm,

are deposited through DC magnetron sputtering using the CARUSO ultra high

35
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Figure 3.1: Schematic overview of a Pt/Co/AlOx/Pt junction.

vacuum sputter system, with a base pressure of 3×10−8mbar. This facility

features 6 deposition targets, which can be selected through a rotating sample

stage. To start the deposition, a high voltage (100-1000V) is applied between

an anode and a target, which acts as cathode, in an argon environment of 10−2

- 10−3 mbar. The Ar gas is ionized, and the high energy ions are accelerated

towards the target. In the collision process, atoms of the target are ejected and

subsequently deposited on the substrate. The typical deposition rate is in the

order of Å·s−1, and it is therefore possible to grow sub-nanometer structures

in the out-of-plane direction. [14]

The desired lateral dimensions of the Pt/Co/AlOx microwires are 1 µm×25

µm. For a wire which is thinner than 1 µm, due to the limitation of our

setup, it will suffer from edge effects thus destroying its magnetic properties.

A detailed discussion will be presented in section 4.1.5. In order to achieve

this lateral structure, EBL is utilized. This process is depicted in Figure 3.2.

To start with, a silicon substrate with 100 µm thermal oxide is thor-

oughly cleaned with chemicals (ammonia, acetone and isopropanol) and oxy-

gen plasma. On this clean substrate, flower-like (one can refer to Figure 3.3a)

electric contacts (40 nm thick Pt) are made by a shadow-mask technique. At

the end of the sample fabrication these large pads will be connected to a chip

carrier by wire bonding.

After the electrodes are made, the sample is moved to a clean room, where

2 layers of polymethyl methacrylate (PMMA) e-beam resist are spin-coated

at 5000 rpm for 50 seconds. The first layer is composed of PMMA polymers

with a mean length of 495k chains, and the second layer of a PMMA with a
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mean length of 950k chains. After each spin-coating step, the solvent (anisole)

is removed by baking the sample for 2 minutes on a hot plate of 150 ◦C.

Figure 3.2: EBL process

The sample is then subjected to an electron

beam in a FEI Nova 600i Nanolab dual beam sys-

tem. In this lithography step, the high-energy

(30keV) electrons from the electron beam break the

PMMA bonds. By scanning the electron beam over

the surface, a desired region can be defined. In

the next step, these defined areas of the PMA are

dissolved in a developer, methyl isobuthyl ketone

(MIBK). The weaker 495k PMMA dissolves more

easily, leading to a desired undercut profile, as can

be seen in Figure 3.2d.

After development, the sample is immediately

loaded in the CARUSO sputtering machine, so that

the SiO2 surface cannot be contaminated. First, in

the sputtering machine, an oxygen plasma cleaning

step is done to clean the sample surface. Then the

Pt, Co, and Al layers are deposited subsequently.

Then the sample is moved to an in-situ oxidation

chamber, subjecting it to a standard plasma oxida-

tion process (pressure=0.1 mbar, current=15 mA)

in a period of 10 minutes. Then the sample is removed from the system. It is

now fully covered by a thin film of Pt/Co/AlOx. This can be seen in Figure

3.2e, where part of the Pt/Co/AlOx is deposited on the substrate, and part

on the top 950k PMMA layer.

The final step is a lift-off procedure. The sample is immersed in acetone,

which dissolves the remaining PMMA and therefore removes the Pt/Co/AlOx

that was deposited on top of the PMMA. Hence, Pt/Co/AlOx remains only

at the surface that was irradiated by the electron beam.

With this lift-off step complete, the whole EBL process is finished. However,

our junction is not yet finished. In the next step, in order to cover the lateral

edges, we shall deposited a second or even third AlOx layer on the entire

junction region except for the large contact pads. This region is very large
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(a) (b) (c)

Figure 3.3: Optical microscopy images: (a) The Pt contacts, deposited using the shadow-
mask technique, where each leaf of the flower is a contact; (b) In the center of the Pt flower,
four junctions are deposited; (c) The enlarged image of Pt/Co/AlOx/Pt junction.

hence it is not convenient to use EBL which takes too much time. This time

we directly put a layer of pigment on the contact pads by using a marker

pen. The pigment layer has the same purpose as the developed PMMA layer

in the EBL process. Then Al deposition and plasma oxidation are repeated,

followed by a lift-off procedure. Through a final EBL step, a top Pt electrode

is deposited on the top of Pt/Co/AlOx wire, forming a final junction structure.

To obtain a large PMA, the sample is then annealed for 15 minutes at 300 ◦C.

The final structure can be seen in Figure 3.3. In Figure 3.3a, the large Pt

contacts (the “flower contacts”), created by the shadow-mask technique are

shown. In the next image, the center of the flower is shown, which depicts

the transition from the flower contacts to the smaller contacts that have been

created by the EBL technique. Finally in the right image, one of the four

Pt/Co/AlOx/Pt junctions is shown, which are connected to the intermediate

Pt contacts.

3.2 Characterization of magnetic properties

A commonly used magnetization characterization technique is magneto-optic

Kerr effect (MOKE) magnetometry. This technique will be introduced in detail

since the Kerr microscope is an essential tool in this work. It allows a direct

observation of the magnetic domain structure and domain wall motion.
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Figure 3.4: schematics of three different types of Kerr effect depending on the orientation
of the sample magnetization, adapted from [61].

3.2.1 Magneto-optic Kerr effect

In this work, the domain wall pinning induced by the electric field is detected

by the Kerr microscope in the polar MOKE geometry. It is therefore necessary

to give a description of the magneto-optical Kerr effect. The effect is based

on the fact, that the plane of polarization of light is rotated when the light is

reflected from a magnetic material. The physical origin of MOKE is the mag-

netic circular dichroism effect: exchange and spin-orbit coupling in a magnetic

material lead to different absorption spectra for left- and right-circularly po-

larized light. Thus the magnetization state of the sample can be observed by

measuring the change of the polarization of the reflected light. There are three

different types of Kerr effect depending on the orientation of the magnetization

and the plane of polarization of incident light. When the magnetization vector

is perpendicular to the reflection surface and parallel to the plane of incidence,

the effect is called the polar Kerr effect. Together with the other two types

(longitudinal MOKE and transverse MOKE), it is shown in Figure 3.4.

3.2.2 Laser MOKE setup

The Kerr effect is usually employed to measure the magnetisation reversal in a

magnetic structure, such as the magnetic hysteresis loop shown in Figure 4.17.

To achieve this, a focussed laser beam can be used. In this laser MOKE setup,

in order to detect the changes introduced into the polarization state of the light

by reflection from a magnetized surface, a pair of nearly crossed polarizers is

located in the optical path. The linear polarizer on the incident beam restricts

the polarization to one direction. Through the interaction of the light with

the magnetized surface, polarization components perpendicular to that of the

incident beam are generated. The reflected beam is passed through an analyzer
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Figure 3.5: Schematic setup of a longitudinal Kerr magnetometer, adapted from [62]. Our
polar MOKE setup is very similar to this except that the incident and reflected beams are
both perpendicular to the sample surface.

which is nearly crossed with the incident light polarizer. As a result, the

component of the light that maintained its original polarization state after the

interaction with the magnetized surface is attenuated, while the component

generated through the magneto-optical Kerr interaction is allowed to pass to

the CCD detector. A setup [62] to measure the longitudinal magnetization is

shown in Figure 3.5. Note that in our setup we use a polar MOKE geometry.

The setup is slightly different from Figure 3.5, the incident and reflected beams

are both perpendicular to the sample surface.

3.2.3 Kerr microscopy

A Kerr microscope is a conventional microscope equipped with optical filters,

allowing one to directly observe the magnetic switching process in a micro- or

nanostructure. Three sample images taken by Kerr microscopy are shown in

Figure 3.6. Different contrast represents different magnetization orientation.

For convenience, the plane of the paper is defined as xy plane, then the out-

of-plane is defined as +z direction, Similarly hereinafter. In Figure 3.6a, an

external +z magnetic field is applied to the sample and a magnetic domain

shows up at the bottom end of the wire. The domain wall propagates upward

over time, leading to a switch of of the entire wire.

One of the main advantages of observing domains through the Kerr micro-

scope is that it can observe a variety of sample shapes, sizes, and compositions

all while leaving it uninfluenced during observation. Nonetheless, there is a

drawback for the Kerr microscope. Due to the optical limitation (the lateral
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Domain wall

(a) (b) (c)

Figure 3.6: A spatially resolved overview of the switch of a perpendicular magnetic nanowire
by using Kerr microscopy: different contrast represents different magnetization orientation.
In this case, black region stands for +z magnetization while white region represents −z
magnetization. From (a) to (c), the images are taken over time, the domain wall propagate
upward, leading to a switch of the nanowire. Note that in this sample, the top Pt electrode
is not yet deposited.

resolution is determined by the numerical aperture of objective lens), the res-

olution of the Kerr microscope is restricted. The limitation is usually 100 nm

using visible light [63]. Since the samples are micro-sized in our work, this

resolution restriction can be ignored.

In next chapter, the Kerr microscope will be used to study the motion of

a domain wall in our microwires, as was shown in Figure 3.6. In a certain

position of the microwire, where a top Pt electrode will be put. Thus, by

applying a voltage to this position, we expect to see the pinning of the domain

wall.



Chapter 4

Results

In this chapter, experiments are carried out to demonstrate domain wall pin-

ning induced by the electric field effect. The experimental results are divided

into three sections. In the first section, an optimization process is made to

determine the suitable experimental parameters, such as the Co thickness and

annealing procedure, for our final samples. After this section, samples are fab-

ricated and subsequently their magnetic and electric properties are examined,

to choose a well-defined sample for our follow-up measurements. Once a suit-

able sample is found, the Kerr microscope will be utilized to study its domain

wall motion. In the third section, we will apply a voltage to the junction,

trying to explore the electric field effect and performing a quantitative study

of the voltage induced modification of the pinning field. Finally, the experi-

mental results are compared to the theory, aiming to capture more physical

insights from it.

4.1 Optimization of experimental parameters

Prior to making our magnetic junctions, we need to optimize parameters like

the thickness of the layers. To reach an optimal thickness of the layers, we re-

quire a full understanding of the processes which define our sample’s properties.

Firstly, the oxidation of the Al−layer, which completely changes the properties

of the pure metal, is of crucial importance in our experiment. Actually, the

AlOx layer on top of the Co layer helps to generate a perpendicular magnetic

anisotropy [64]. At the same time, the oxide layer serves as an insulator, which

is able to form a capacitor thus resulting in an accumulation of electrons at

42
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the cobalt surface, modifying the anisotropy. Annealing also helps to achieve a

well-defined Co-AlOx interface which will enhance the perpendicular magnetic

anisotropy as well as electric field effect [29].

In this section, the oxidation and annealing processes will be introduced at

the beginning, pointing out the reason why the magnetic properties are sen-

sitive to the thickness of cobalt and the annealing procedure. Subsequently,

the experimental results of the magnetic properties as a function of Co thick-

ness for both homogeneous and structured samples will be presented. With

these results, we can define an optimal range of Co thickness, providing further

guidance to our sample fabrication.

4.1.1 Oxidation

The concept and advantages of perpendicular magnetic anisotropy are intro-

duced in section 1.1. To achieve the PMA property, the presence of oxygen

atoms at the interface is considered to be crucial [37] and the contact with

AlOx can provide such an environment [64]. When Al is completely oxidized,

instead of only Co-Al bonds, the cobalt atoms at the interface are able to

form Co-O bonds. And because the crystal field splitting in the perpendicu-

lar direction is low at the interface, the formation of Co-O will enhance the

out-of-plane magnetocrystalline anisotropy, inducing a strong PMA. In fact,

the interaction of Co with bottom Pt layer also makes a contribution to the

realization of PMA.

As mentioned above, the well-defined Co-AlOx interface is crucial for the op-

timization of our junction property. Either under-oxidation or over-oxidation

are not desired in this experiment. In the former case, the oxygen atoms can-

not reach the interface of cobalt. Thus the Co-O bonds are not able to form.

Conversely, if Al is over-oxidized, the oxygen atoms will penetrate into the

cobalt layer and bond with cobalt atoms, forming CoO or Co3O4. At room

temperature, CoOx exhibits paramagnetic behavior, which leads to a loss of

spontaneously aligned spins, that is, the ferromagnetic magnetization [65]. But

actually, to ensure the oxygen to reach the Co-Al interface, the formation of

a very thin CoOx film is unavoidable. According to the result of our work,

this thin film appears not to have an great impact on both the PMA and the

electric field effect.

The oxidation process is shown in Figure 4.1. By using an in-situ deposition
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Figure 4.1: Sketch of the oxidation process. With increasing oxidation time, the structure
shows under-oxidized, optimal-oxidized and over-oxidized sequently. The arrows in the
cobalt layer represent the easy-axis of the magnetization. As soon as sufficient bands between
cobalt and oxygen are created the easy-axis becomes perpendicular to the plane. And
oxidation of cobalt conversely destroys the PMA.

machine, the Al layer arrives in the oxidation chamber completely unoxidized.

As soon as the oxygen plasma is introduced to the chamber, the oxygen atoms

start to penetrate into the Al layer and AlOx starts to form (Figure 4.1a).

When a sufficient number of Co-O bonds have formed, PMA will be induced in

the Co (Figure 4.1b). However, when the oxidation is continued, CoOx begins

to form and the layer is over-oxidized (Figure 4.1c). An important property

of the oxidation process is that the reaction limits itself. In other words, the

oxidation depth has its limit. As soon as a monolayer of oxide has formed

this layer shields the reactants (the unoxidized metal and reactive ionized

oxygen) from each other and thus limits the reaction speed [66]. The maximal

penetration depth of oxygen can be varied with different oxidation power and

by using different materials. And in our case (Al, 15mA, 10 minutes), it has

been found to be 2.66 nm. Thus we will fix the single AlOx thickness to this

value in our all experiments.

4.1.2 Annealing

Another process which influences the Co-AlOx interface is annealing. During

the annealing process, the sample is moved to an annealing oven. In a pro-

tective Ar atmosphere, the temperature of the sample is increased from room

temperature to a higher temperature for a fixed period of time. At this high

temperature, the atoms are more mobile which allows them to rearrange in a

more energetically favorable alignment.

Owing to the mechanism of plasma oxidation, it is thought that the initial
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oxidation is quite inhomogeneous. The high temperature allows the undesired

oxygen atoms in the oxidized Co layer to diffuse back to the Al layer which is

more energetically favorable [67]. Since the amount of interfacial Co-O bonds

can be tuned by annealing, an optimal annealing temperature is also beneficial

for the PMA of the ferromagnetic layer [68] which relies on these Co-O bonds.

In our case, this temperature was found to be 300 ◦C [29].

4.1.3 Results for a large Pt/Co/AlOx wedge

Although the final sample of our experiment is a magnetic microwire, to acquire

a rough estimate for the thicknesses of the layers, a large wedge of Pt/Co(0-

3nm)/AlOx has been made to perform a study of the oxidation process. This

wedge structure enables us to study the oxidation process for different Co

thicknesses on a single sample while assuring that all Co thickness have un-

dergone the same oxidation process. The bottom Pt layer is 4 nm, and Al top

layers of both 2.66 nm and 5.32 nm (double 2.66 nm layers which prevent the

layer from conductive) are fabricated1, to examine if the second AlOx layer

has influence on the magnetic properties.

Figure 4.2: Sketch of the Pt/Co(0-3nm)/AlOx wedge after oxidation. To ensure the oxygen
to reach the Co-Al interface, a bit over-oxidation is unavoidable. Thus, between Co and
AlOx, there is a very thin CoOx film whose influence is believed to be ignorable.

Using the MOKE setup introduced in section 3.2.1, the hysteresis of Co

with different thicknesses can be measured. Typical hysteresis loops are shown

in Figure 4.3. In principle, this sandwich Pt/Co/AlOx thin film is expected

to have a perpendicular magnetic anisotropy or an out-of-plane easy axis.

Assume the initial state for magnetization is -mz. An increasing external field

B is applied towards the +z direction. When the field reaches a critical value

(coercivity) the magnetization will suddenly reverse to +mz, as shown in the

1According to section 2.3.1, a thin AlOx layer is desired because of a small gradient length of energy
barrier and therefore a large electric field effect. However, in our final experiment, a third AlOx layer will be
deposited. Since we found that almost all the samples with double AlOx layer are completely conductive.
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Figure 4.3: Sketch of the typical MOKE hysteresis loops for various Co thickness.

right picture of Figure 4.3. If the Co layer is not thick enough, it will exhibit

a non-ideal PMA, as shown in the left and center picture of Figure 4.3.

We define the remanence as the ratio of the magnetization at B = 0 and the

saturated magnetization at high B. For an ideal PMA structure, the remanence

should be 100% which is the case in Figure 4.3 (c), while in Figure 4.3(a) and

(b), the remanences are 0% and 50%, respectively. This indicates either the

easy axis is not completely perpendicular to the plane or that, rather than the

layer switching as a whole, the switch of the layer takes place gradually through

the nucleation of small domains. Thereby, we can measure the remanence to

find a range of thicknesses for ideal PMA.

For the sake of simplicity we will keep all the plasma oxidation variables

constant (oxidation current is 15 mA, oxidation time is 10 minutes) and

study the influence of AlOx thickness and annealing on different thicknesses

of Co. To achieve this, a Pt(4nm)/Co(0-3nm)/AlOx(2.66nm) wedge and a

Pt(4nm)/Co(0-3nm)/AlOx(5.32 nm) wedge are fabricated. First, the mag-

netic properties of the as-deposited samples are measured. But it is found the

remanence is quite low (< 50%), thus all the three sample are annealed to

obtain an improved PMA. Two of the samples are annealed for 60 minutes at

300 ◦C while another one is annealed for 35 minutes. The results of all the

samples are shown in Figure 4.4. In these figures three important properties

(coercivity, remanence and saturation magnetization) as a function of the Co

thickness are plotted for different samples.

To define a range of Co thickness which exhibits PMA, judging by the

remanence is the simplest method. If we look at the middle panel of Figure

4.4, there is a region of Co thickness at which the remanence is 100%. This

100% remanence region ,which is plateau-like, is easy to find due to its high
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Figure 4.4: Panels of three properties (coercivity, remanence and saturation magnetization)
of a Pt/Co(0-3nm)/AlOx wedge are extracted from a series of hysteresis loops, and drawn
as a function of Co thickness and different experimental conditions.

contrast. And within this region, the sample exhibits PMA. For thickness

lower than this region (< 0.5nm), almost zero remanence indicates that the

PMA in such a thin Co layer is not developed. The reason lies in the fact

that the thickness of a Co monolayer is roughly 0.3 nm, therefore only 1−2

monolayer of Co is formed, which is too thin for developing an observable

PMA. At the other end of the figure, for Co thickness beyond the plateau, we

expect an in-plane easy axis. With a thick Co, the shape anisotropy (prefering

in-plane magnetization) will dominate over the surface anisotropy (prefering

out-of-plane magnetization) [69].

Next let us examine how different AlOx thickness and annealing time in-

fluence the magnetic properties. The curves of coercivity are quite similar for

these three samples except the coercivity for thicker AlOx is somewhat lower

than thinner AlOx (The top panel of Figure 4.4). The reason could be that the
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top AlOx causes a stress on the Co film, and the stress get stronger with more

AlOx. As introduced in section 2.1.3, the induced magnetostriction anisotropy

might counteract partial PMA, resulting in a lower coercivity. Furthermore,

the uncertainties during sample fabrication and measurement could also be

the reasons2. As for the remanence (the middle panel of Figure 4.4), apart

from the fluctuation on the left edge of the green circle curve (AlOx 5.32 nm,

annealing for 30 minutes) which comes from the environment noise, e.g., blink-

ing of the ceiling lamps, during MOKE measurement, the ideal region of the

green circle curve is slightly narrower than the other two curves. Again, it

might be due to the magnetostriction introduced by the top AlOx layer. This

quenches the PMA when Co is thin. Though there is a shift at the left edge,

no difference, however, appears at the right edge. Actually, the edge effects is

expected to appear at both sides, and this could be a small shift due to an error

in our procedure of determining the Co thickness. Regarding the saturation

magnetization in the bottom panel, the magnitudes of the three curves vary

significantly. In fact, the magnitude of saturation magnetization is acquired

by measuring the intensity of polarized light, which may change greatly from

one measurement to another. The only thing notable here is that the peaks

are more or less in the same position, meaning that the sample properties are

similar.

Some conclusions can immediately be drawn from the analysis above. Basi-

cally, for a Pt/Co/AlOx thin film, a wide range of Co thickness for an PMA can

be identified, which is 0.5-2.0 nm. A relatively short annealing time (15 min-

utes) is sufficient for developing a well-defined sample (a well-defined sample

should have a high resistance and suitable magnetic properties for measure-

ment, which will be discussed in section 4.3.1). Therefore, we will fix the

annealing time at 15 minutes in the following experiments since we noticed

that a long annealing time may damage the structure, making the layers more

loosely attached to the substrate. Besides, a thicker AlOx layer appears to

have a negative impact on the PMA of the structure (a decreased coercivity,

as can be seen in top panel of Figure 4.4), but the impact is small thus it can

be ignored.

2the most likely reason could be the inhomogeneity in annealing. During the annealing, the red and the
green samples in Figure 4.4 were putted on different positions of stage and the actual annealing temperature
might be different at different positions, leading to different coercivities. In fact, the coercivity of the left
side of a sample is found to be different from that of the right side.
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Figure 4.5: Panels of three properties (coercivity, remanence and saturation magnetization)
of Pt/Co(0-3nm)/TaOx wedge are extracted from a series of loops, and drawn as a function
of Co thickness and different experimental conditions.

4.1.4 Results for a large Pt/Co/TaOx wedge

As mentioned in section 2.1.2, compared with AlOx, TaOx is expected to ex-

hibit a larger electric field effect at a certain voltage because of the increased

dielectric constant (roughly 30 for Ta2O5 [70]). Measurements are performed

on a Pt(4nm)/Co(0.5-2.5nm)/TaOx(1.5nm) wedge to explore the range of Co

thickness for exhibiting an improved PMA. The result of this measurement is

displayed in Figure 4.5. In this graph, the as-deposited sample and annealed

sample are compared in order to explore the influence of annealing (15 min-

utes at 300◦). Compared to the result of AlOx, the shape of the curve is quite

similar. But the plateau in Co thicknesses (1.6-2.3 nm) is much narrower than

that of AlOx and the onset of remanence is found to be around 2.0 nm. It

indicates that to get a sample with strong PMA, a thicker Co layer is required.
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The possible explanation might be that the Ta layer has been over-oxidized. In

other words, part of Co layer is oxidized and forming a thin CoOx layer, thus

the rest of Co layer is thin enough to be perpendicularly magnetic. In fact,

the presence of a very thin CoOx layer is unavoidable in our experiment and

whether it can reduce or increase the electric field effect needs to be further

explored in future experiments. What’s more, the influence of annealing is ob-

vious. It enables the range of Co thickness to be wider and the coercivity to be

much larger, since the spins at the interface are able to rearrange themselves,

as explained in section 4.1.2.

In conclusion, we have successfully fabricated Pt/Co/AlOx and Pt/Co/AlOx

samples displaying perpendicular magnetic anisotropy. The optimal range of

Co thickness is 0.5-2.5nm and 1.6-2.3nm, respectively. It is found that the in-

fluence from a thicker AlOx layer can be negligible while the annealing process

can indeed improve the magnetic properties for a PMA material. However,

the optimal range of Co thickness found here is still optimistically large. Es-

pecially when the size of this structure shrinks down to a micrometer or even

a nanometer, the edges are usually not well-defined. This may bring about

some uncertainties in the magnetic properties. Therefore, we will preform ex-

periments on nanostructured wires to narrow down the optimal range further

in the next section.

4.1.5 Results for a Pt/Co/AlOx microwires wedge

In this work, our final goal is to make a microwire junction which exhibits

domain wall pinning induced by an electric field. We aim for a wire width in

the range of 1 µm, which is too small to produce using a shadow mask, hence

EBL will be used to define the pattern. In order to optimize the composition

of our junction, a 10×20 array of microwires is defined on a large SiO2 (100nm)

substrate. This array is sketched in Figure 4.6. After the pattern being defined,

a wedge mask is used to make a Pt(4nm)/Co(0.5-2.0nm)/AlOx(2.66nm) wedge.

From top to bottom, the Co thickness ranges from 0.5 nm to 2.0 nm. In every

unit of this array, wires of various sizes (250 nm, 500 nm, 1 µm and 2 µm)

have been deposited. From the enlarged image shown in Figure 4.6 taken from

the Kerr microscope, the edges of 1 µm, 2 µm wires are relatively sharper and

more clear than that of smaller ones (250 nm, 500 nm), especially the 250nm
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Figure 4.6: A schematic of a 10×20 array of microwires and nanowires with different Co
thicknesses, ranging from 0.5 nm to 2.0 nm. A enlarged Kerr microscope image is displayed
on the right, showing the wires of various sizes on each unit of the array.

wires whose shape almost becomes dotted instead of a connected strip. The

size we use in our final junction is 1 µm, which is well-achievable through our

fabrication process. Therefore, in the following measurement, we will mainly

focus on the 1 µm wires and the 2 µm wires are also to be measured for

comparison.

During the measurement, an external perpendicular magnetic field is ap-

plied to the sample. As introduced in section 2.2, a switch of a magnetic

material is either driven by domain nucleation or by domain wall motion, and

so is the switch in our wires. These two possible processes are schematically

presented in Figure 4.7. The white parts represent −z magnetized regions and

grey parts represent +z magnetized regions. With an increasing +z magnetic

field, the wire is gradually switched. We define the external field which enables

the whole wire to switch completely as switch field, H5 in this figure (Please

do not confuses the switch field with the coercivity. Coercivity is the intensity

of the applied magnetic field required to reduce the average magnetization of

that material to zero after the magnetization of the sample has been driven to

saturation. Although they are totally different fields, they might be somehow

related in the same material since both of them are a measure of the difficulty

to switch the sample). In the switching process driven by domain wall motion,
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Figure 4.7: Sketch of magnetization reversal of wires through (a) domain nucleation and
(b) domain wall motion. The magnetic field is increasing from left to right. In the switch-
ing process driven by domain wall motion, H3 is defined as the pinning field. For both
mechanism, H5 is the switch field.

the domain wall propagates by depinning from the naturally occurring defects.

The pinning field is defined as the field which depins an already existing do-

main wall, H3 in Figure 4.7b. If the typical pinning field is smaller than the

switch field, the switching is driven by domain wall motion. In contrast, if the

pinning field is no smaller than the switch field, new magnetic domains appear

through nucleation before the old one propagates (Figure 4.7a3). Therefore,

there is no domain wall motion in this process and it is driven by nucleation. In

our desired structure, the switch is driven by domain wall propagation. Thus

the pinning field should be smaller than the switch field. Through a Kerr

microscope, the switch field and the pinning field can be observed. Measuring

the switch field is straightforward, since we can just determine when a wire

is completely switched. For finding the pinning field a small trick is needed.

In order to produce a domain wall at a certain position in the wire, we will

apply a short magnetic field pulse whose magnitude is roughly the switch field.

Once a domain wall has appeared, one can slowly increase the field from zero

up until the domain wall, which is pinned at irregularities in the material,

begins to propagate. Despite the fact that we will only use 1 µm wide wires in

the final experiment with a junction, the result of 2 µm wires is demonstrated

first to better understand the switching behavior of these wires.
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Figure 4.8: Switch field and pinning field as a function of Co thickness on a wedge of
Pt/Co/AlOx 2 µm wires. The ratio of pinning field and switch field is shown in the inset.

2 µm wires

As displayed in Figure 4.8, PMA starts to show when the Co thickness is

roughly 0.7 nm. Compared to what we have found in the large wedge (0.5 nm,

as shown in the middle panel of Figure 4.4), this small wire needs a thicker

Co layer to be perpendicularly magnetized. This can be accounted for by the

fact that the edge of a sample is usually ill-defined, considering our patterning

resolution is not very high. The edge effect in a large structure is small. But

when the structure is scaled down to micro- or even nano-size, owing to an

increasingly larger proportion of the edges, the defects at the ill-defined edge

could deteriorate the quality of the interfaces, thereby reducing the perpen-

dicular magnetic anisotropy. Furthermore, there might be a shadowing effect

from the the edges of the resist, which leads to a lower layer thickness or

different oxidation close to the edges.

After the onset of PMA, both the switch field and the pinning field are

rising gradually when the Co thickness is increasing, which is similar to the

coercivity of the large wedge. After the Co thickness reaches 1.7 nm, the PMA

begins to reduce. In the regime where both fields are rising, the pinning field

is smaller than the switch field, just as we hoped. The difference between

them reaches a maximum at around 1.0 nm. But when the Co thickness is
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beyond 1.4 nm, the pinning field is gradually getting closer to the switch field,

to finally overlap with the switch field at around 1.5 nm. It means that the

pinning field is higher than the nucleation field. Before the old domain walls

can propagate, new domains already appears due to nucleation. Hence there

is actually no domain wall motion and only nucleation dominates during the

whole magnetization reversal process.

Now we can ask ourselves what the optimal Co thickness range is. The

modification of PMA induced by electric field is quite small and it remains

constant at a certain applied voltage. To observe the pinning site created by

the electric field, the naturally occurring pinning strength should be small,

thus a low pinning field is desired. Secondly, a unidirectional domain wall mo-

tion is crucial to our measurement. Therefore, the wire should switch due to

the motion of a single domain wall in a well-defined direction. To prevent the

situation where new domains are nucleated in the wire, before a single domain

has moved through, it is better to choose a region in which the pinning field

is much smaller than the switch field. According to the inset in Figure 4.8, in

which the ratio of the pinning field and the switch field is shown, this region

is around 1 nm. Meanwhile, the pinning and switch field in this region are

moderate which meet the first requirement, that both field should not be very

strong. Thus our final choice for an optimal Co thickness is from 0.8 nm to

1.1 nm.

1 µm wires

Although all the analyses above are made for 2µm wires, it can also be ap-

plied to 1µm wires. The result of the same measurement for 1µm wires is

displayed in Figure 4.9. By extrapolating the curve, the onset is found to be

0.75 nm. Just as we expected, a smaller wire needs thicker Co layer to exhibit

PMA. And based on the method before, the optimal range of Co thickness is

determined to be 0.8 - 1.1 nm. We did not measure the region in which the

thickness is larger than 1.1 nm, because the pinning field is too strong there.

4.1.6 Results for a Pt/Co/TaOx microwires wedge

The optimization of Co thickness for 1 µm Pt/Co/TaOx microwires has also

been performed. It is displayed in Figure 4.10. The PMA is again successfully
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Figure 4.9: Switch field and pinning field as a function of Co thickness on a wedge of
Pt/Co/AlOx 1 µm wires.

found in some of these wires, and as expected the range of Co thicknesses for

PMA is decreased compared to that of the large wedge, from 1.6-2.3 nm to

1.6-2.1 nm, owing to the edge effect.

Although the coercivity and the switch field are different, both of them are

measures of how different to switch a sample. In this TaOx microwires wedge,

there appears to be a big difference between the coercivity of the large wedge

(Figure 4.5) and the switch field of the small wires (Figure 4.10. Even after

annealing, the switch field found in the wires is about 10 times smaller than

that of the large wedge. This is odd if we look back at the AlOx samples, where

the difference between a large wedge (Figure 4.4) and small wires (Figure 4.6)

is quite small. A possible explanation is that, the TaOx wires we made have

a much better quality than the samples we made before (including the large

wedges and AlOx wires). It could be that few defects are present in the wires,

hence the difficulty to switch the wires reduces dramatically. Anyhow, the

TaOx wires with PMA have been fabricated. From the plot, the optimal Co

thickness for Pt/Co/TaOx microwires is chosen to be 1.7-2.0 nm.

4.1.7 Conclusion

In the previous sections, the influence of plasma oxidation, annealing and the

size of wires on various thicknesses of Co/Ta is studied, in order to find the
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Figure 4.10: Switch field and pinning field as a function of Co thickness on a wedge of
Pt/Co/TaOx 1 µm wires.

optimal experimental parameters. It is found out that the miniaturization of

the structure will reduce the range of Co thicknesses exhibiting PMA. But

perpendicular magnetic anisotropy is still observed in both Pt/Co/AlOx and

Pt/Co/TaOx microwires, with optimal magnetic properties at a Co thickness

range of 0.8 - 1.1 nm and 1.7 - 2 nm, respectively. Below this range, the Co

layer is insufficiently thick such that PMA cannot be developed while beyond

this range the switch and the pinning field are so strong that they will likely

mask the electric field effect. Annealing at 300 ◦C for 15 minutes or more can

effectively improve the magnetic properties, for instance, extending the Co

thickness range for exhibiting improved PMA and increasing the coercivity.

4.2 Junction characteristics

Through two preliminary experiments presented in the preceding sections, the

optimal junction compositions have been successfully established. Specifically,

the junction is composed of Pt(4nm)/Co(0.8-1.1nm)/AlO(10nm)/Pt(4nm) thin

film, followed by annealing at 300 ◦C for 15 minutes. Note that, prior to ox-

idation, multiple Al layers (in total 7.9 nm) is deposited on top of the Co

layer. After oxidation, AlOx is expected to form and its thickness is modified

due to the addition of oxygen atoms. Through comparing the density of Al
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(a) (b)

Figure 4.11: (a) Sketch of material compositions for our junctions. The electric field applied
to the junction is expected to pin the domain wall due to the energy barrier it induced. (b)
A top-view Kerr microscope image of the junction.

and AlOx, the conversion factor is estimated to be 1.27 [29]. Thus the final

thickness of the dielectric layer is modified to 10 nm. Considering the uncer-

tainties in the fabrication process, such as a drift of deposition rate, we have

deposited four samples with different Co thickness (0.8 nm, 0.9 nm, 1.0 nm

and 1.1 nm) by using a wedge mask, ensuring all of them to undergo the same

experimental conditions except for the Co thickness. A schematic cross-section

of the junction and a top-view microscopy image are shown here again (Figure

4.11). After the fabrication process, the magnetic behaviour of these samples

is examined via a Kerr microscope. Subsequently, a probe station will be uti-

lized to check the electrical resistance. Only junctions with both well-defined

domain wall motion and sufficiently good insulating will be used for the final

experiment demonstrating domain wall pinning induced by the electric field.

4.2.1 Magnetic switching

In order to measure the magnetic switching behaviour, the sample is put on

the stage of a Kerr microscope equipped with an out-of-plane electromagnet.

A series of images observed by the Kerr microscope are displayed in Figure

4.12, recorded at different external magnetic fields. To start with, an −z
magnetic field is applied to saturate the sample’s magnetization. Then the

field is set to zero. At this moment, a background image is taken which will

be subtracted from all following images. When the magnetic field rises to

a critical point, switching of the magnetization occurs at the left end of the

wire by nucleation of a domain. This magnetic domain subsequently moves

to the right. What should be noted here is that, even without increasing the
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(a) (b) (c)

Figure 4.12: A spatially resolved overview of the switch of a perpendicular magnetic nanowire
by using Kerr microscopy: different contrast represents different magnetization orientation.
In this case, black region stands for +z magnetization while white region represents −z
magnetization. From (a) to (c), the images are taken over time, the domain wall propagate
to the right, leading to a switch of the nanowire.

magnetic field, the domain wall shall continue propagating due to thermal

activation. The domain wall motion at such a low velocity can be described

by the creep mechanism [52]. As introduced in section 2.2, in the creep region,

the domain wall propagates by overcoming the naturally occurring pinning

sites assisted by thermal activation. Therefore, increasing the magnetic field

just accelerates the domain wall motion. Thanks to the preliminary research

through which the optimal Co thickness has been found, the switch of the final

sample is totally driven by domain wall motion and not by nucleation, which

is a necessary prerequisite for achieving our final purpose.

Figure 4.13: edge effect

In Figure 4.12, the domain wall shows up at

the left end of the wire and propagates to the

right, leading to a magnetization reversal of the

entire wire. In reality, a domain wall also ap-

pears at the edge of the large contact on some

samples. In fact, we expected nucleation occurs

in the large pad because of its large area, induc-

ing a large chance for nucleation. However, recently there is a paper that

shows the domain tends to appear at the end of a wire [71]. In our samples,

both of the situations happen, which is quite interesting. Despite of the dif-

ferent direction of motion, one common feature for all the junctions is that

the magnetic domain always nucleates at the edge of the sample (a nucleation

at the edge of the large pad leads to a domain wall motion from right; or a

nucleation at the edge of the wire results in a domain wall motion from left).



4.2. JUNCTION CHARACTERISTICS 59
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Figure 4.14: Two types of anomalous domain wall motion are displayed in this figure: (a)
the strain induced by the top Pt electrode might reduce PMA at the junction. A domain
therefore appears there and the domain wall propagates to the right; (b) instead, a higher
PMA region is developed at the junction, resulting in a pinning site for the domain wall
motion.

As discussed in section 4.1.5, the edge is not very well-defined.

In fact, we use a softer bottom PMMA layer in the EBL process, which

results in an undercut profile. On one hand, the undercut profile is desired

since it separates the deposited layer from the PMMA. The deposited layer

therefore will not be affected by the lift-off process. However, on the other

hand, the undercut profile also makes the sample having a less sharp edge, as

shown in Figure 4.13. Therefore, the Co thickness on the edge is smaller than

the center, inducing an easily switched region because of a lower coercivity.

Apart from the normal domain wall motion, two types of anomalous domain

wall motion are also observed. The first one is, rather than nucleating at the

edge of the wire, the magnetic domain first appears at the position of the

junction. Subsequently, the domain wall propagates rightward and leftward

to switch the whole sample (Figure 4.14a). Second, a propagating domain

wall coming from the left or right stops at the junction without applying

an electric field (Figure 4.14b). The reason lies in the fact that the top Pt

electrode will induce strain in the magnetic layer, resulting in a reduction

or an increase of PMA there. Thus, a nucleation site or pinning site may

exist at the edge of the junction. This could interfere with our observation

of voltage induced domain wall pinning, which requires that the domain wall

appears at either the end of the wire and no pinning site exists at the junction.

Therefore, to achieve an observation of the voltage-induced pinning effect,
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these two unwanted phenomena should be avoided.

Finally, the pinning field and switch field are again measured for these

samples, which is in accord with the result of wires measured in the preliminary

experiment, previously shown in Figure 4.9.

4.2.2 Electric property

After examining the magnetic switching behaviour, the electric properties will

be checked in this section. Via a probe station, a range of voltages is applied to

the junction. Typical I-V curves of our samples are depicted in Figure 4.15. A

large spread in the shapes of the I-V curves is observed. Due to uncertainties

during fabrication, such as a broken structure, some samples are completely

insulating, showing an “infinite” resistance (Figure 4.15a). Actually, the re-

sistance is not really infinite, it is just too large to be measured by our setup.

On the other hand, some junctions show a completely conductive behavior,

with a resistance of only 10 kΩ (Figure 4.15b). This might be caused by the

uncertainties during the fabrication procedure; the neighbouring contacts are

probably overlapping or a large dirt particle may be introduced in the oxide

layer. Thereby, unwanted conductive channels or pinholes exist in our junction,

and the current just directly goes through the conductive channel.

Finally, an tunneling behaviour is found in Figure 4.15c. The junction

resistance ranges from 1 GΩ to 10 GΩ for voltage between 0 V and 4 V. With

this non-ohmic behavior, the charges are expected to accumulate on either side

of the oxide layers, with some electron losses happening owing to tunneling.

According to [29], a sample that is sufficient good insulating has a resistance

above 1 GΩ, thus the samples that have the I-V curves as shown in Figure

4.15a and Figure 4.15c are acceptable.

4.3 Electric field induced domain wall pinning

4.3.1 Selection of a well-defined sample

In section 4.2.1, it is demonstrated that a magnetization switch in some of our

samples takes place through domain wall motion, which starts on one end of

the wire and propagates to the other end. Now a voltage is applied to the

junction to examine the electric field effect on domain wall motion. The result
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(a) insulating (b) conductive

(c) tunnelling

Figure 4.15: Four typical I-V curves of our Pt/Co/AlOx/Pt junctions. From (a) to (c), the
resistance are +∞, 10 kΩ and 10 GΩ.

will be demonstrated step by step in this section.

In fact, to have a large chance of success, several batches of samples have

been produced. Thus, in total we have fabricated over one hundred junctions

with four different Co thicknesses (0.8 nm, 0.9 nm, 1.0 nm and 1.1 nm). Obvi-

ously, not all of the samples can be used for our final measurement since many

of them do not have suitable properties. To be more efficiently, a criterion is

created to select a well-defined sample based on their magnetic and electric

properties. Generally, a well-defined sample features:

1. Our idea is pinning a domain wall with an applied voltage, and without

the voltage the domain wall should propagate through the gate. There-

fore, a well-defined domain wall motion without any nucleation or pinning

at the junction is required.

2. The pinning field at randomly occurring pinning sites is below 10 mT,

otherwise it is difficult to stop the domain wall at the junction since the
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voltage-induced pinning has to be stronger than the field needed to get

the domain wall to the junction.

3. The I-V curve should be dominated by tunneling with GΩ resistance.

Among our 108 junctions, 31, 51, 12 of them satisfied the first, the second

and the third requirement, respectively. However, none of the samples meet all

three requirements. There are, however, two samples which appear promising

if we lower the requirements and change our original purpose. In these samples,

during propagation of the domain wall, it stops in front of the junction even

without applying a voltage. On the one hand, this behavior is considered to be

undesired since we expect it to mask the observation of an electric field effect.

But on the other hand, we suppose an anisotropy barrier already exists at the

junction because of, i.e., the strain, an applied voltage can probably still tune

the height of the barrier, thus modifying the external magnetic field needed to

depin the domain wall. In the next section, the tuning of this pinning field as

a function of the electric field will be demonstrated.

4.3.2 Tuning of domain wall pinning by electric field

In order to explore the electric field effect, the motion of a domain wall through

one of the samples is observed using a Kerr microscope. The magnetization

switching process in a gradually increasing magnetic field under application of

different voltages is displayed in Figure 4.16. First, let us look at the middle

row. Without an applied voltage, the propagation of the domain wall already

stops before the junction at 4 mT. But the pinning field is so weak that only

increasing the magnetic field a bit to 5 mT allows depinning of the domain wall,

which then stops at some other random defect. A further increased field results

in a switch of the entire wire. Next, in order to examine the modification of

the pinning field induced by the electric field, various voltages are applied to

the junction. As shown in the top row and the bottom row of Figure 4.16,

an applied positive voltage (the top electrode is defined as anode, as shown

in Figure 3.1) increases the pinning field while a negative voltage decreases it,

because of an enhancement or a reduction of PMA, respectively.

To quantitatively measure the modification of pinning field as a function

of applied voltage, a region of interest (ROI) is defined just to the right of

the gate, as shown in Figure 4.17a. A −10 mT external magnetic field is first
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Figure 4.16: Domain wall motion in a Pt(4 nm)/Co(0.8 nm)/AlOx(10 nm)/Pt(4 nm) mi-
crowire, subjecting to different voltage applied on the gate. With no bias voltage, the
domain wall first appears at the left end and the propagation is stopped before the gate. An
increased field leads to depining of the domain wall, and the field is called pinning field. In
the top and bottom row, a positive and a negative voltage are applied, which induce either
an increase or a reduction of pinning field due to the electric field effect.
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Figure 4.17: (a) A region of interest (ROI) is defined to the right of the gate. During a
magnetic field scanning, the intensity of this region is measured. (b) A typical loop measured
during a perpendicular magnetic field scanning, the red arrows indicate the polarities of
magnetic domain before and after switch.

applied to saturate the magnetization, then the field is swept from −10 mT to

10 mT, producing a domain wall motion from left to right. The image intensity

in the ROI is meanwhile recorded by the Kerr microscope processing software.

When the depinning happens, there is a sharp step in the signal due to the

different image contrasts representing +z magnetization or −z magnetization.

Afterwards, the magnetic field is swept back from 10 mT to−10 mT, measuring

the pinning field of a domain wall with opposite polarity. For more accuracy,

a fine range is used close to the pinning field between 4.0 ∼ 6.5 mT and −4.0

∼ −6.5 mT, where B is increased in steps of 0.05 mT.

A typical loop for such a measurement is displayed in Figure 4.17b. The

tilted background is due to the background contrast shifting with an applied

magnetic field, a so-called Faraday effect that cannot be easily subtracted.

Since this Faraday effect only varies the magnitude of the signal vertically, it

will not affect the experimental result. In this loop, the sharp rise and the

drastic decline (two regimes inside the red circles in Figure 4.17) in the signal

are the only relevant information. These two field values are recorded and in

order to reduce the measurement error, the same measurement is repeated 10

times. To observe the electric field effect, various voltages have been applied

to this junction to acquire the pinning field as a function of voltage.

The pinning field of domain walls of different polarities can now be plotted

as a function of voltage, as shown in Figure 4.18. This graph quantitatively
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confirms what we have seen in Figure 4.16. A positive (negative) applied bias

voltage increases (decreases) the pinning field probably owing to the modifi-

cation of PMA. Application of 4 V (-4 V) is found to increase (decrease) the

pinning field by roughly 1 mT. What’s more, the pinning field is found to

have a linear dependence on applied voltage for both polarities. Note that the

pinning field is somewhat different at zero bias voltage for different polarities,

which is probably due to an offset in the field calibration. By a linear fit, the

slopes for different polarities are found to be 0.19±0.01 mT/V and -0.23±0.01

mT/V, respectively. It is trivial to see the slopes have unequal sign. For in-

stance, compared with zero bias, the pinning field need to be more positive

in order to switch the domain from down to up under a bias voltage of 4 V,

while to switch the domain from up to down, a more negative pinning field

is required. Apart from the sign, the magnitudes of the slopes are slightly

different, but the reason is unknown. The average absolute slope is found to

be 0.21±0.01 mT/V in the studied range. The range beyond 4 V is not stud-

ied because at large voltages the junction suffers from breakdown of the oxide

layer, thus destroying the sample.

At this point, an important question is whether the observed effect is di-

rectly induced by the applied voltage. There are actually two alternative

mechanisms that could affect the pinning field: Joule heating and Oersted

fields. Both of them are related to leakage current moving through the junc-

tion. First, the Joule heating cannot explain the increase of the pinning field

when a positive voltage is applied. Since thermal activation helps the domain

wall escape the energy barrier such that the pinning field cannot be increased.

Second, by using Ampère’s law, the Oersted fields can be found to be roughly

50 nT which is a thousand times smaller than the Earth’s magnetic field. Thus,

these two mechanisms can be excluded.

A more general way to exclude the mechanism related to leakage current

is to make the sample electrically break down. Once a sample is electrically

broken down, there is no charge accumulation occurring at the Co/AlOx inter-

face, and we expect the electric field effect be absent. After we have acquired

enough data from this sample, it is intentionally broken down by applying a

large voltage. The measurement is performed again, and the voltage-induced

modification of the pinning field is absent, proving that the tuning of the pin-

ning field is indeed caused by the electric field, and is not an effect of the
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(a) (b)

Figure 4.18: Systematic measurement of the pinning field as a function of voltage. For
different domain wall polarities, similar slopes are found: (a) down-to-up domain walls (0.19
± 0.01 mT/V) and up-to-down domain walls (0.23 ± 0.01 mT/V). The error bars represent
the standard deviations.

leakage current. One thing should be noted here is that once the junction is

broken down, the pinning field itself also changes. It increases from 5 mT to

7 mT. Probably, burning of the junction creates defects in the magnetic layer

which acts as a strong pinning site for domain wall motion.

4.3.3 Comparison with the 1D domain wall pinning model

To gain more insights into what governs the electric field induced domain wall

pinning, the 1D model introduced in section 2.3.1 will be employed. According

to the simple 1D model, the pinning field is given by:

Hpin =
Kb

2µ0Ms

2∆

δ
tanh

δ

2∆
, (4.1)

with Kb the height of the anisotropy energy barrier, which scales linearly with

applied voltage, ∆K = κV (section 2.1.2). µ0 is the magnetic permeability,

MS the saturation magnetization, ∆ the domain wall width and δ the gradient

length of the anisotropy energy barrier.

For cobalt, we use standard parameters of MS = 1.4 MAm−1, the domain

wall width is estimated to be ∆ =
√
A/K = 8 nm, assuming the exchange stiff-

ness A = 16 pJ/m and the effective uniaxial anisotropy K = 0.27 MJ/m3. In

previous research [29], the surface magnetic anisotropy change at the Co/AlOx

interface amounts to β = 14±2 fJV−1m−1. This value can be converted to Kb
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Figure 4.19: This figure shows the expected DW pinning field as a function of voltage based
on Equation 4.1 for different AlOx thicknesses, along with a fit to the experimental data
(dashed orange line).

by using Kb = κV = βV
td

(Equation 2.8), with d = 0.8 nm the Co thickness

and t the AlOx thickness. Through the COMSOL simulation, gradient lengths

of the anisotropy barrier σ are found to be 8 nm, 18 nm and 35 nm for AlOx

thicknesses being 4.5 nm, 10 nm and 20 nm, respectively. The relation be-

tween pinning field and voltage has been plotted in Figure 4.19 (dashed line)

for various AlOx thicknesses. The experimental result (AlOx thickness is 10

nm) is also incorporated into this plot, as shown in Figure 4.19. It is found

that, when the AlOx thickness is 10 nm, the slope of the theoretical line is 0.44

mT/V while that of the experimental line is 0.21±0.01 mT/V. In other words,

the measured electric field effect is weaker than what theory predicted. The

conclusion is, however, not surprising if we take into account the simplification

of our 1D model, the uncertainty in the sample fabrication processes or the

help of thermal activation during domain wall depinning.

We now discuss some assumptions in our 1D model that may cause this

difference in more detail. The assumption that the domain wall is rigid means

its shape and width remain the same during depinning. However, this is not

strictly true since the domain wall is partially in a region with higher K,

which decrease the domain wall width ∆ (∆ =
√
A/K). With a decreased

∆, the pinning field will also decrease. Nevertheless, the electric field induced

modification of K is such small (2% per V/nm) that the influence on the
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pinning field (2% per V/nm) is also quite small. Thus this is a minor effect

and cannot be the main reason.

Second, the Al layer might be over-oxidized, leading to the formation of a

thin layer of CoOx which increases the thickness of the oxide layer. Addition-

ally, the presence of the CoOx layer could probably induce other effects which

decreases the electric field effect. But this is still unknown and needs further

exploration.

The third explanation is thermal activation. As introduced in section 2.3.1,

since the depinning process is related to an energy barrier, temperature will be

involved. Although in the model, this is not included (T = 0). In reality, the

depinning process at finite temperature is described by the Arrhenius law [72],

meaning a finite temperature will increase the probability of depinning, thus

decreasing the pinning field. But the magnitude of the thermal effect is still

hard to determine since it is related to our experimental waiting time for

depinning. In the future, a experiment that measures the waiting time can be

carried out for this purpose [72].

In conclusion, owing to the possible reasons discussed above, the electric

effect is weaker than what the theory expected. But since the experimental

value is of the same order of magnitude as the theoretical value, we claim that

the physical essence is indeed captured in this analysis.

It should be noted here that originally we expected the domain wall pinning

would not occur without applying a voltage, but in fact we are tuning the

pinning strength of an existing pinning barrier. Although this is different from

our original goal, it has no big influences on the physics involved, and the

result is still important for future application. For instance, in Figure 4.16, we

applied a voltage of +4 V on this junction, under an external magnetic field

of 5 mT, and the domain wall was pinned in front of the gate. As soon as the

voltage was reduced to zero, we observed depinning (after ∼1 s) of the domain

wall. This depinning effect controlled by the voltage can be very useful in a

domain wall device [18]. By embedding this voltage-controlled pinning site

into a domain wall conduit, one can switch the gate which allows or disallows

the domain wall to get through.
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4.3.4 Results for TaOx samples

In the previous section, tuning of the pinning field by an electric field was

achieved for a Pt(4 nm)/Co(0.8 nm)/AlOx(10 nm)/Pt(4 nm) microwire. As

mentioned in section 2.1.2, compared with AlOx, TaOx is expected to exhibit a

larger electric field effect at a certain voltage because of the increased dielectric

constant. Thus, to enhance the electric field effect, a similar experiment is

attempted on Pt(4 nm)/Co(1.6-1.9 nm)/TaOx(4.5 nm)/Pt(4 nm) microwires.

Unfortunately, up to now, the pinning effect is not yet found on such a sample.

Hopefully, this can be achieved in a future experiment.

4.4 Summary

In this chapter, after a series of optimization processes, we have successfully

fabricated a Pt(4 nm)/Co(0.8 nm)/AlOx(10 nm)/Pt(4 nm) microwire, which

features both perpendicular magnetization and is highly insulating. Through

a Kerr microscope, the magnetization reversal of the wire driven by domain

wall motion was observed. However, due to the extra Pt layer deposited on the

junction, the domain wall stopped in front of the junction with a pinning field of

roughly 5 mT. We showed that the pinning field can be tuned by changing the

applied voltage. An application of positive voltage increased the pinning field

while a negative voltage decreased it. Furthermore, the dependence of pinning

field on voltage was found to be linear. This linear relation was accounted for

by a simple one-dimension pinning model. In this model, the pinning field was

proportional to the anisotropy energy barrier, and the barrier was expected to

depend linearly on voltage based on results from literature [26, 73].

Via a linear fit, the modification of pinning field per voltage amounted to

0.21±0.01 mT/V, which was half the theoretical value 0.44 mT/V. Various

reasons could be attributed to this difference, such as the simplification of our

model and thermal activation. At last, after the sample being intentionally

broken down, the absence of the electric field effect confirmed that the modi-

fication of the pinning field was directly related to the applied voltage across

the insulating barrier. Furthermore, depinning (after ∼1s) of the domain wall

was also observed by changing the voltage at constant magnetic field. This

result is of great importance to future applications since it opens up a new

way to achieve a fast and low energy-consuming domain wall device.
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Conclusion and Outlook

Conclusion

In this thesis, a voltage-induced mechanism for domain wall pinning has been

explored. It was found that the domain wall stops when it encounters an

anisotropy energy step induced by an electric field during its motion in a

microwire. First, a simple one-dimensional model has been developed which

gives an analytical expression for the pinning field as a function as the applied

voltage. It has been shown that for a certain AlOx thickness, the pinning

field experienced by the domain wall scaled linearly with the voltage. With

increasing AlOx thickness, the slope becomes smaller, meaning that the electric

field effect is getting weaker and weaker, owing to a larger gradient length of

the anisotropy energy barrier and a decreased electric field under the same

voltage. Furthermore, a micromagnetic simulation has also been performed

and the results were in good agreement with the 1D model. Both the model

and the simulation could provide a prediction of our experimental results.

Prior to making our magnetic junctions, preliminary experiments have been

done on both an unstructured wedge and a wedge with nanowires to optimize

parameters like the thickness of the layers. Samples with PMA have been

successfully fabricated, and the magnetic properties could be tuned by varying

the Co thickness. Finally, the optimal parameters have been found based on

the requirement that the switch of the sample is driven by domain wall motion.

After a series of optimization processes, we have successfully fabricated a

Pt(4 nm)/Co(0.8 nm)/AlOx(10 nm)/Pt(4 nm) microwire, which features both

perpendicular magnetization and exhibits a highly insulating barrier. Through

70
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a Kerr microscope, the magnetization reversal of the wire driven by domain

wall motion was observed. However, due to the extra Pt layer deposited on top

of the junction, the magnetic properties are slightly altered in the junction, and

the domain wall stopped in front of the junction without applying a voltage.

To explore the electric field effect on domain wall pinning, different voltages

were applied to the junction for tuning the pinning field of the domain wall.

Specifically, an applied voltage of 4V (-4V) was found to increase (decrease)

the pinning field by roughly 1 mT. The dependence of the pinning field on the

voltage was measured systematically, yielding a linear relationship as predicted

by the 1D model and simulation. Through a linear fit, the modification of the

pinning field per unit voltage is found to be to 0.21±0.01 mT/V, which was

half the theoretical value 0.44 mT/V. The discrepancy between experiment and

theory can be attributed to the simplification of our 1D model, the uncertainty

in the sample fabrication processes or the help of thermal activation during

domain wall depinning. Finally, after the sample was broken down, the absence

of voltage-dependent pinning confirmed that the modification of the pinning

field was directly related to the applied voltage across the insulating barrier.

Outlook

Although the electric field induced tuning of the pinning field of the domain

wall was demonstrated in this thesis, it is actually different from our original

goal that the domain wall can propagate through the pinning site without

applying a voltage. This is very crucial to device applications. If the pinning

fields are distinct from one junction to another, it is problematic since the

domain wall in each device cannot be controlled by a global magnetic field

or by the same current. For this purpose, the strain induced by the top Pt

electrode should be avoided. The top and bottom electrode are separated by

an oxide layer. The most straightforward method to form a strain-free pinning

site could be increasing the thickness of the oxide layer. On one hand, the

pinning site can be separated by a thick oxide layer from the strain induced by

the top electrode. Furthermore, fewer pinholes are present in case of a thick

oxide layer, therefore a larger voltage can be applied to the junction and create

a higher energy barrier. On the other hand, based on the COMSOL simulation,

a thick oxide layer will result in a large gradient length of the anisotropy energy
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barrier, leading to a weak electric field effect. Furthermore, a junction with

a thicker oxide layer has a lower electric field when it is subjected to the

same voltage. Thus, there is a trade-off between choosing a thick and a thin

oxide layer. In future research, a systematic study of the electric field effect

on the oxide layer with different thicknesses is proposed. The pinning field

as a function of the applied voltage on different oxide-layer thicknesses can

be measured and the result can be compared with the 1D model. Another

problem comes from the two contributions in the model: (a) the electric field

decreases with a thicker oxide layer. (b) the gradient length of the energy

barrier increases with the oxide layer becoming thicker. Both of these two

effects lead to a weaker electric field effect. In order to confirms our 1D model

is right, it is better to separate these two effects in our experiment. According

to the Equation 4.1, the dependence of the pinning field on the effect (a) is

Hpin ∼ E ∼ 1
t

and on the effect (b) is Hpin ∼ 1
δ

tanh(δ) ∼ 1
t

tanh(t), where t

is the thickness of the oxide layer. Due to the factor tanh(t), these two effects

can be distinguished well in the range of t < 3. However, when the oxide

layer get thicker that t > 3, the factor tanh(t) ∼ 1 thus the pinning field has

the same relationship whit these two effects, meaning it difficult to distinguish

them. The solution to this problem needs to be explored in future.

Recently, in the FNA group, the top electrode of a tunnelling junction

sputtered at higher Ar pressure has been found to have a much higher junction

resistances, indicating that the sputtering pressure might has a influence on

the resistance and a higher pressure might reduce the strain. This could help

to fabricate a well-defined junction with a much higher breakdown voltage and

thus to enhance the electric field effect by the ability to apply a larger voltage.

In addition, materials with high dielectric constants can be utilized to form

the oxide layer. In this thesis, in order to exhibit a more pronounced elec-

tric field effect, we have attempted to use TaOx as the oxide layer. However,

because the condition of our oxidation chamber was quite unstable, it was

difficult to produce a well-defined insulating TaOx layer. Thus, in future ex-

periments, there is much room for improvement if we look at the significantly

larger modifications of perpendicular magnetic anisotropy that were reported

in literature (Table 2.1). Furthermore, the electric field effect could be studied

in many more magnetic materials and alloys.

As introduced in Chapter 1, the work in this thesis was motivated by a
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more controllable domain wall motion in racetrack memory as well as in the

domain wall logic device. The electric field effect can also be combined with the

latest discoveries in spintronics. Due to the Dzyaloshinskii-Moriya interaction,

the Néel wall was found to be stable in the Pt/Co/AlOx thin film [15, 16].

Because of the alternating charities of the Néel wall, it may move coherently

by a spin-Hall current [74] and the velocity can be as high as 100 m/s [8, 9].

Apart from the current, the Néel wall might even be coherently driven by a

magnetic field [75]. The electric field induced domain wall pinning as well as all

the exciting technological breakthroughs listed above together make possible

a high-density, lower-power, well-controllable domain wall device.
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[52] S Lemerle, J Ferré, C Chappert, V Mathet, T Giamarchi, and P Le Dous-

sal. Domain Wall Creep in an Ising Ultrathin Magnetic Film. Physical

Review Letters, pages 849–852, 1998.

[53] G. Blatter, M. V. Feigel’man, V. B. Geshkenbein, A. I. Larkin, and V. M.

Vinokur. Vortices in high-temperature superconductors. Rev. Mod. Phys.,

66:1125–1388, Oct 1994.

[54] P Bruno, G Bayreuther, P Beauvillain, C Chappert, G Lugert, D Renard,

JP Renard, and J Seiden. Hysteresis properties of ultrathin ferromagnetic

films. Journal of applied physics, 68(11):5759–5766, 1990.

[55] M Labrune, S Andrieu, F Rio, and P Bernstein. Time dependence of the

magnetization process of re-tm alloys. Journal of magnetism and magnetic

materials, 80(2):211–218, 1989.

[56] A P Malozemoff and J C Slonczewski. Magnetic domain walls in bubble

materials. Applied solid state science: Supplement. Academic Press, 1979.

[57] Scheinfein M. Llg micromagnetics simulator. http://llgmicro.home.

mindspring.com.

[58] M.R. Scheinfein and E.A. Price. Llg micromagnetics simulator version

2.50 user manual. LLG Micromagnetics Simulator, 1999.

[59] J H Franken, M Hoeijmakers, R Lavrijsen, and H J M Swagten. Domain-

wall pinning by local control of anisotropy in Pt/Co/Pt strips. Journal of

physics. Condensed matter : an Institute of Physics journal, 24(2):024216,

January 2012.

http://llgmicro.home.mindspring.com
http://llgmicro.home.mindspring.com


BIBLIOGRAPHY 81

[60] J. H. Franken, H. J. M. Swagten, and B. Koopmans. Shift registers based

on magnetic domain wall ratchets with perpendicular anisotropy. Nature

Nanotechnology, 7(July):499–503, July 2012.

[61] Wolfgang Kleemann. Magneto-optical Materials. John Wiley & Sons, Ltd,

2007.

[62] technisch-naturwissenschaftliche Universitat. Moke setup. http://www.

physik.uni-kl.de/fileadmin/hillebrands/Equipment.
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