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Chapter 1
Introduction

1.1 Spintronics

Today’s information age is possible due to the developments in electronics that
have taken place in the past 100 years. Electronic devices utilize the elementary
charge of an electron in its transport. By applying a voltage to a semiconductor
conduit, the electrical conductivity can be tuned and thus a controllable switch
can be realized. These switches are the main building blocks of any hardware
logic implementation. In addition to charge, electrons also carry angular
momentum, known as “spin". This intrinsic property of electrons is demonstrated
to be quantized by the Stern-Gerlach experiment [1–3], meaning that the spin
can only be “up" or “down" depending on the measurement apparatus. This is
analogous to the digital state “0" and “1", making the spin a potential candidate to
represent binary memory states. By combining ferromagnetic and non-magnetic
materials in devices, the spin of electrons has been extensively investigated
in the last decade [4–6], which has led to a new type of electronics, called
Spintronics. The interaction between the charge and the spin of electrons
was first found in 1856 by William Thompson [7], who discovered that the
electric resistance of a ferromagnet depends on the relative angle between the
direction of electric current and direction of magnetization, an effect is known
as anisotropic magnetoresistance (AMR). Due to its simplicity, the AMR effect
is used in a wide array of sensors for measuring magnetic fields, gear rotation
and linear position [8]. In 1988, a new magnetoresistance named the giant
magnetoresistance (GMR) was observed in a hybrid structure consisting of two
magnetic layers separated by a spacer layer [9,10]. As depicted in Fig. 1.1, if the
magnetization of the two layers are aligned in the same (opposite) direction, we
call it a parallel (anti-parallel) configuration. the longitudinal resistance is higher
for a parallel configuration and lower for an anti-parallel configuration based on
the unequal scattering of electrons with different spin orientations with respect
to the magnetization direction of the ferromagnetic layers.
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Figure 1.1: A schematic of GMR and the two channel model. If the magnetization
directions of the ferromagnetic layers are the same (parallel state), the “spin-down"
electrons (spin is anti-parallel to the magnetization) can propagate through the structure
nearly unscattered, resulting in high electron conductivity and hence a low resistance.
In contrast, in the anti-parallel state both “spin-up" and “spin-down" electrons undergo
collisions in the ferromagnetic layers, leading to a high resistance. In the right panel,
R↑↓ (R↑↑) denote the resistance when the orientation of the electron spin is the same
(different) as the magnetization.

The GMR effect is largely used in read heads for magnetic hard disk drives,
which account for a large proportion of contemporary non-volatile memory
[11]. However, during the read and write process the memory platter is spun
mechanically. As a result, the hard disk drives are not fast and durable enough
for high-frequency data exchange. For this purpose, a dynamic random access
memory (DRAM) is used instead, although it is volatile. To meet the ever growing
need for quick response and reliable interconnected systems, new concepts
for memory devices are urgently needed which combine the best of hard disk
drive and DRAM - this means: not only cheap, compact, non-volatile, but also
robust and with a fast access speed. In the last decade, two concepts based on
spintronics have been proposed - these are, magnetic RAM (MRAM) [12] and
magnetic racetrack memory [13].

1.2 MRAM

Like conventional RAM, the memory cells of MRAM are aligned in columns and
rows. An intersection between a row and a column is known as an address
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(a) (b)

Figure 1.2: (a) A schematic, illustrating the MRAM device. Each magnetic unit consists of
three layers: two magnetic layers are separated by a nonmagnetic layer. (The binary
information is stored in each unit depending on the magnetization direction of these
layers. (b) A cartoon explaining the STT effect. When electrons move from left to right,
the fixed layer (blue) serves as a filter, so that only "up" spins are left. These electrons
then penetrate into the free layer (red). The "up" spins exert torques on the free layer, and
tune it into a parallel state.

and this is where information is stored, as shown in Fig. 1.2(a). Reading and
writing information are done by measuring or changing the memory bit at
a specific address, accordingly. However, instead of using electric charges to
store information, the memory cell of MRAM is a magnetic multilayer structure,
in which information is stored by magnetization, resembling the structure in
Fig. 1.1(a). One of the magnetic layers is called the reference layer, of which
the magnetization is fixed; the other one is called the free layer. The writing
process can be done by sending an electric current via spin-transfer-torque, as
demonstrated in Fig. 1.1(b). The current flowing through the reference layer
(blue) will be spin polarized. This current then flows through the free layer (red)
where the state of magnetization is different than the orientation of the spin
polarization. This leads to a change in the magnetization of the free layer due to
angular momentum being transferred to it. This process can be used to switch the
memory state. To read the memory state the GMR effect is utilized. By measuring
the resistance of the memory cell, the memory state can be determined. A
more advanced technique - a so-called tunnel-magnetoresistance (TMR) - can
be utilized for reading operation. Instead of a metallic spacer layer as in the
case of the GMR, the TMR use a an insulator film as the spacer layer, which
provides a much higher reading efficiency. As a combination of conventional
RAM and a hard disk drive, MRAM has write speeds comparable to DRAM and
an unlimited endurance [14], making it a very attractive alternative to today’s
memory devices. One can integrate MRAM as both a CPU cache and permanent
storage on the same chip to largely reduce the energy consumption. [15,16].
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Figure 1.3: (a)(b) Schematic representation of two types of domain walls. (a) When
the transition is perpendicular to the nanowire, the domain wall is called a Bloch Wall.
(b) When the transition is along the nanowire, the domain wall is referred to as a Néel
Wall. (c) A racetrack offers the highest storage density by storing the pattern in a U-
shaped nanowire normal to the plane of the substrate. 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 DW moved in a second
ferromagnetic nanowire oriented perpendicular to the storage nanowire.

1.3 Magnetic domain walls and racetrack memory

In case of the MRAM, a uniformly magnetized element is considered. In
addition, nonuniform magnetic elements can also be utilized in memory devices.
When two magnetic domains with opposite magnetization lie next to each
other, a transition region is situated in between the magnetic domains, called
a domain wall (DW). This is sketched in Fig. 1.3, where the normal state of
the magnetization is out of plane to the nanowire. It is not trivial that the
magnetization points perpendicular to the plane; in fact, the magnetization in
a thin film is normally oriented in-plane. However, if the ferromagnetic film is
made ultrathin ( 1 nm) and in contact with heavy metals, interface interactions
can lead to strong perpendicular magnetic anisotropy (PMA), which means it
is energetically favorable for the magnetization to point out-of-plane within the
domains. Inside the DW, the magnetization can either rotate along the direction
of the nanowire or perpendicular to it, called a Néel Wall and a Bloch Wall,
respectively. They are both shown in Fig. 1.3(a) and (b).

When an electric current flows through a uniform magnetic domain, the elec-
tron spin direction is aligned with the local magnetization so the magnetization
direction in the domain does not change. In comparison, when a magnetic DW
is concerned, the electron spins will follow the local magnetization adiabatically.
Thus, the electrons exit the DW with their spin direction rotated by 180 degrees.
By means of these same interactions, the electron spins can also influence the
orientations of the localized spins. Considering the conservation of angular
momentum, the localized spins in the DW will experience a torque and therefore
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also rotate. This causes the DW to move in the electron flow direction. This
mechanism will be utilized in a new type of memory - racetrack memory [13].

In the racetrack memory, information is stored in magnetic domains on a
magnetic strip (Fig. 1.2(b)). This strip can be a flat 2D nanowire or a 3D U-shape
nanowire, possibly producing a memory density greater than that of current solid
state memory. The selection of information can be achieved by magnetic DW
motion induced by either a magnetic field or electric current [17]. With this
method, the data selection process requires no mechanical movement and can be
faster than rotating the platters in a hard disk drive [18].

Both MRAM and racetrack memory have many advantages over the existing
memory types and provide a universal solution for future memory. However, as
they are both in their infancy, many problems still need to be solved. One of
the most prominent issues they both suffer from, is the use of STT. Usually a
high current density (at least 106 A/cm2) is needed to switch the magnetic free
layer [19] or to drive the DW motion [20]. When the speed of the device is
required to be faster, heating effects become increasingly problematic.

Recently, it has been discovered that angular momentum can also be trans-
ferred to the adjacent layer through spin-orbit coupling (SOC) effects, which
links the orbital and spin degrees of freedom of the electrons. This radically
new mechanism inspired researchers to add spin-orbit torques to the existing
spintronic devices. Recent discoveries of these SOC-related effects in non-
magnetic materials could, for example, provide a further boost to the progress
in the field, and lead to a whole new set of device designs [21–24].

1.4 From Spintronics to Orbitronics: spin-orbit cou-
pling

The essence of SOC is that an electron moving through an electric field can
experience an effective magnetic field in its frame of reference, even in the
absence of an external magnetic field. This electric field can be generated by
a nucleus in heavy metallic materials or at an interface due to broken inversion
symmetry. This interaction couples the spin system to the lattice system, allowing
energy and momentum transfer between these two systems. In the rest of this
section, various SOC-related effects and their applications in spintronic devices
will be briefly introduced.

Rashba-Edelstein effect

The Rashba-Edelstein effect is a resistivity effect occurring at an interface
between two different materials [25, 26]. It combines SOC and the asymmetry
of the ionic potential in the direction perpendicular to the interface. A difference
in the ionic potential of the neighboring layers gives rise to electric fields Ez , as
shown in Fig. 1.4. When an electron moves along the interface, due to spin-
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Figure 1.4: A classical explanation of Rashba effect. An asymmetric crystal field at the
interface leads to effective electric fields Ez , which transform to magnetic fields Hy in the
rest frame of the electron.

orbit coupling, the electric fields transform to effective magnetic fields from
the reference frame of the electron. The electron experiences a magnetic field
B , perpendicular to the current direction and electric-field direction, with the
corresponding Hamiltonian:

BR =αẑ · (k×σ). (1.1)

Here α is the Rashba parameter, σ is spin, k is momentum and ẑ is the unit
normal to the surface or interface. The generated Rashba field at the interface
allows for manipulation of the spin without the aid of an applied magnetic field,
which is crucial for spintronic devices; for example, it is a key ingredient in
designing spin transistors in semiconductor magnetic systems [27,28]. Moreover,
the Rashba effect can also be used to interpret the fast DW motion in metallic
magnetic systems [22], which will be introduced in detail in section 2.2.3.

Spin Hall effect

The name of spin Hall effect originates from the fact that it is similar to the
classical Hall effect, in which charge accumulation occurs. The spin Hall effect
happens in heavy materials which has a strong SOC, where moving electrons
with opposite spins diffuse towards opposite directions after scattering against
nuclei via SOC [29, 30]. For example, an electron moving in the x direction
(Fig. 1.5(a)) with its spin aligned in the y direction will attain an additional
velocity in the z direction. An electron aligned in the opposite direction, the −y
direction, will attain an opposite velocity in the −z direction. As a result, this
effect leads to an accumulation of spins on the surfaces of a current-carrying
material. The anomalous velocity, key in the understanding of the spin Hall
effect, does not have one distinct physical origin, but results from a combination
of multiple contributions. These contributions inlcude: skew scattering [31],
side-jump [32] and an intrinsic contribution [33–35].

The spin Hall effect (SHE) is of great importance to applications since a pure
spin current can be injected into a magnetic layer without directly sending a
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Figure 1.5: Schematics showing the interactions between the SHE and various magnetic
structures: (a) The SHE-induced spin accumulation could switch the magnetization of a
uniform magnetic layer. (b) The SHE cannot move a magnetic Bloch wall since the central
spin is parallel to the spin accumulation. (c) In contrast, the movement of a Néel wall can
be initiated by the SHE

current into the magnetic layer. This feature makes the interference among
read, write, and breakdown voltages easy to manage for applications based on
magnetic random access memories (MRAMs). For instance, by using this method
the switching current in MRAM can be reduced by several orders of magnitude,
which makes the switching much more efficient compared to conventional spin-
transfer-torque methods [21,23]. Also, fast magnetic DW motion can be achieved
by the spin Hall effect [24]. This will be introduced in more detailed in the next
section.

Dzyaloshinskii-Moriya interaction

As mentioned before, the spin Hall effect can drive DW motion in an effective
way. However, the SHE only can drive DWs with a Néel configuration, while
Bloch walls remain unaffected [36]. One can intuitively understand this by
examining the torque exerted on the central spin within a DW. As shown in
Fig. 1.5(b), in the case of a Bloch wall, no torque is expected from the SHE-
induced spin accumulation, since it is parallel to the central spin within the
DW. Thus, the DW, whose position is determined by its central spin, has no
tendency to move. On the contrary, the SHE-induced torque exerted on a Néel
wall will drive its movement in a direction determined by the orientation of the
central spin (chirality), as shown in Fig. 1.5(c). In practice, since DWs in a
thin film favor Bloch walls, an external magnetic field can be used to force the
DWs into Néel walls. However, this leads to another problem, because it rotates
adjacent DWs in opposite chirality. As the direction of SHE driven DW motion
depends on the chirality, the adjacent DWs with different chirality will move in
opposite directions; consequently the magnetic domain between two DWs will
be annihilated and the information is lost.

For unidirectional DW motion, DWs with similar chirality are required.
Fortunately, an interaction called Dzyaloshinskii-Moriya interaction (DMI) cannot
only stabilized a Néel wall but also makes adjacent DWs to have the same
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chirality [37]. The reason is that the DMI gives rise to an extra energy term
due to structural asymmetry, which favors one specific chirality. For instance, at
the interface of a Pt/Co multilayer, a high DMI is predicted due to the asymmetry
of the interface. Above all, this indicates that samples with a strong DMI, in
combination with the SHE, could be very useful to create magnetic DW devices,
such as racetrack memory. Based on recent research [37,38] the DW velocity can
be as high as several hundred m/s due to SOC-induced torques.

Novel Magnetoresistance

Parallel Perpendicular

Parallel Antiparallel

SMR 

USMR 

(a)

(b)

Figure 1.6: A schematic showing the difference between the SMR and USMR.
(a) Assuming an electric current flowing in x direction, the SHE will cause a
longitudinal resistance difference (measured in x direction) between the states where
the magnetization is oriented parallel or perpendicular to the current. This is called the
SMR. (b) With the same current applied, the USMR represents a longitudinal resistance
difference between the states where the magnetization is pointed parallel or antiparallel
to the spin accumulation.

So far, different methods based on SOC for writing memory have been
demonstrated. Apart from writing, possible ways of reading the memory could be
achieved by utilizing new types of magnetoresistance. The recently discovered
spin Hall magnetoresistance (SMR) effect [39, 40] is a useful means to obtain
information of the magnetization orientation at the interface between a heavy
metallic layer and a ferromagnetic layer. The applied longitudinal current will be
converted through the SHE into a transverse spin current, which can be absorbed
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into the ferromagnetic layer depending on its magnetization orientation via the
STT. Thus, a negative longitudinal resistance change can be measured if the SHE-
induced spin-accumulation at the interface is perpendicular to the magnetization,
as shown in Fig. 1.6(a). The SMR, like the AMR, is anisotropic and thus provides
a new possibility for designing magnetic sensors. Concerning the magnetic
memory devices, although SMR provides a promising way towards reading
memory devices, the fact that it can only distinguish between the perpendicular
and parallel states limits its application.

Very recently, a unidirectional contribution to magnetoresistance - called
unidirectional spin Hall magnetoresistance (USMR) - was reported in a ferromag-
netic/heavy metallic (FM/HM) bilayer structure [41, 42]. Being different from
the ordinary SMR, the resistance changes by reversing the magnetization or the
current direction, which could be potentially utilized for reading operations, as
shown in Fig. 1.6. Based on a drift-diffusion theory [43], this nonlinear behavior
can be attributed to the dependence of electron mobility on spin-polarization,
which can be tuned by the spin Hall effect induced spin accumulation. This effect
could potentially simplify the reading process in MRAM and racetrack memory,
since only two terminals are needed.

1.5 This thesis

Spin-orbitronics is a new paradigm for spintronics. It aims to control the electron
spin via SOC to boost the efficiency or provide new functionality in a new
generation of electronic devices. Despite its promises in future application, spin-
orbitronics is still in its embryonic stage, and thus more fundamental physics
research is needed. First, the mechanisms and properties of SOC-related effects,
such as the DMI, spin Hall effect and Rashba effect, are not well studied.
An investigation into their underlying mechanisms and properties in ultrathin
magnetic films is therefore very helpful to guide the future design of spintronics
devices. Furthermore, new physics originating from the interactions between
SOC related effects, e.g., novel magnetoresistance effect, are not fully explored,
which is very important for not only enriching the spectrum of SOC-related
phenomena but also adding new functionalities in practical applications.

Accordingly, the research themes of this thesis will be both the fundamental
exploration in the basic physics on spin-orbitronics and searching for new
building blocks for future nanoelectronics. We will discriminate three research
directions: i) A novel method to study the properties of DMI is introduced
experimentally. ii) A new magnetoresistance based on the DMI and Rashba effect
is proposed and experimentally studied. iii) A systematical study of the recently
discovered unidirectional spin Hall magnetoresistance (USMR) is carried out.

In Chapter 2 we will elaborate further on the background of various
phenomena induced by SOT. Firstly, the DMI will be discussed in more detail,
including its physical origin, interaction with DWs and measurement techniques.
Secondly, the basic features of the Rashba effect and its chiral interaction with
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itinerant electrons will be further introduced. Finally, the background of four
different magnetoresistance - AMR, DW magnetoresistance, SMR and USMR -
will be elaborated.

In Chapter 3, the experimental techniques that are used in this thesis will
be described. This chapter comprises of two parts, the first part is about the
fabrication procedure to make our structure, including patterning, deposition
and irradiation. After the fabrication procedure, the necessary setups for
characterizing our samples and probing the magnetism will be shown and their
mechanism will be explained.

In Chapter 4, the properties of the DMI are investigated, and quantitative and
qualitative measurements of the thickness dependence of DMI are performed by
means of an inelastic light scattering method, so-called Brillouin light scattering.
An inverse proportionality of the DMI energy densities to the ferromagnetic layer
thickness is found, which gives a strong support to the interfacial nature of the
DMI. Second, with the same method, the DMI sign of Pt/Co and Ir/Co is shown to
be identical, which is distinct from the theoretical prediction and experimental
results measured by other methods. Third, by adding a dusting layer between
a bottom Pt/Co interface and a top Pt/Co/AlOx interface, the Brillouin light
scattering measurement shows that the DMI is dominated by the bottom Pt/Co
interface. All these measurements convincingly assert that the physical origin of
the interfacial DMI is a strong SOC at the interface between a heavy metal and a
ferromagnetic layer.

In Chapter 5, possible interactions between different effects induced by spin-
orbit coupling are explored. We predict that the exchange interaction between
these two spin systems results in a radically new magnetoresistance depending
on the chirality of the local spin texture. This is observed on a controllable,
specifically designed DW system where chiral DWs are created by modifying the
perpendicular magnetic anisotropy of a dedicated zigzag wire using a focused ion
beam, and applying an in-plane field for switching between the DW chiralities.
It is found that the DW resistance varies with the chirality of DWs, lending
strong support to the existence of the chirality-dependent interaction between
conduction and local spins. Moreover, a comparison with a theoretical model
based on the Rashba Hamiltonian reveals a hitherto unexplored correlation
correlation between the Rashba effect, the DMI, and the Heisenberg exchange.

In Chapter 6, the fundamental mechanism of USMR is studied. Both
ferromagnetic and heavy metallic layer thickness dependence of USMR are
presented in a Pt/Co/AlOx trilayer at room temperature. The experimental
results are fitted by using a drift-diffusion theory, with parameters extracted from
an analysis of longitudinal resistivity of the Co layer within the framework of
the Fuchs-Sondheimer model. Furthermore, finite element simulations enable
the disentanglement of spin Hall and thermal gradient contributions to the
non-linear magnetoresistance, allowing a more precise fitting process. A good
agreement with the theory is found, demonstrating that the USMR is governed
by both the spin Hall effect in the heavy metallic layer and the spin-scattering in
the ferromagnetic layer.



Chapter 2
Backgrounds on chiral spin
structures,
Dzyaloshinskii-Moriya
interaction and novel
magnetoresistances

The origins of spin-orbit coupling (SOC)-induced effects has been the subject of
intense debate recently, because of the entangled roles they played in magnetic
thin film systems. This background chapter presents the context in which our
experiments on SOC-related effects were conducted. More specifically, this
chapter will give the reader an idea of the physics behind the Dzyaloshinskii-
Moriya interaction (DMI), novel magnetoresistance effects, and introduce the
present problems in the understanding of these phenomena.

At the beginning, one of the most important concepts in this thesis, chirality
and its correlation with magnetic structures, will be introduced. Next, we will
elaborate further on the DMI. Specifically, this will consist of three parts. First,
a brief explanation of how the DMI is introduced in magnetic systems and its
mechanism will be given. Second, a demonstration of how the DMI induced
chiral magnetic structures will be shown. Finally, experimental efforts using
various techniques to measure the DMI will be introduced.

In the second part, we will elaborate on magnetoresistance. It is defined
as the change of electrical resistance in an externally applied magnetic field,
and is in our systems determined by the interaction between an electric current
and magnetic texture via the SOC. The measurement of magnetoresistance
thus provides us a with tool to probe the variation of magnetic state under
the influence of the SOC. Four types of magnetoresistance will be introduced,
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including anisotropic magnetoresistance, domain wall magnetoresistance, spin
Hall magnetoresistance and unidirectional spin Hall magnetoresistance.

2.1 Chirality and chiral structures

2.1.1 Chirality

Throughout this thesis, the influence of SOC-related effects on the magnetic
chiral structures will be investigated. In this section, the concept of chirality
and chiral structures will be introduced.

The term “chirality" was first used by Lord Kelvin in 1893 to describe the
phenomenon that an object or a system is indistinguishable from its mirror image.
An object is called “chiral" if it cannot be superimposed onto its mirror image.
Conversely, a mirror image of an “achiral" object, such as a sphere, cannot be
distinguished from the object.

The most universal recognized example of chirality are human hands, it is
no wonder the word “chirality" is derived from the Greek word χειρ (kheir) that
stands for “hand". As shown in Fig. 2.1(a), the right hand is a mirror image of
the left hand. No matter how you rotate the hands, the major features of both
hands are impossible to coincide across all axes. This non-superimposable feature
makes our hands chiral. In contrast, the glass bottle in Fig. 2.1(a) is achiral since
it is identical to its mirror image.

In physics, chirality may be found in circularly polarized light. Circular

Right-handed

Left-handed

(a) (b)

Mirror

Mirror

Mirror

Left hand Right hand Cannot be superimposed

Mirror

Can be superimposed

Figure 2.1: (a) A schematic showing the difference between a chiral and an achiral object.
Taken from [44]. (b) Illustrations of a right-handed (top) and left-handed (bottom),
clockwise circularly polarized wave as defined from the point of view of the receiver.
Adapted from [45].
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polarization is a state in which, at each point, the electric field of the wave has
a constant magnitude but its direction rotates with time at a steady rate in a
plane perpendicular to the direction of the wave, as shown in the top panel of
Fig. 2.1(b). The light is chiral since its mirror image, the bottom one, cannot
overlap with the top one. These two types of light can be distinguished with
reference to human hands. The thumb of the hand points in the direction of
wave motion while the fingers curl into the palm, representing the direction of
rotation of the electric field. Depending on the linear and rotational motion,
the wave can either be defined as right-handed (translating to the right and
rotating counterclockwise) or left-handed (translating to the right and rotating
clockwise). These two types of circularly polarized light can be very useful in
the direct observation of the magnetization structure of materials. Due to the so-
called Magneto-optic Kerr effect, the interaction between a circularly polarized
light and a spin system differs depending on both the handedness of the light and
the spin polarization. Based on this effect, a magneto-optic Kerr microscope has
been invented in order to image differences in the magnetization on the surface
of magnetic materials. This provides us with a powerful tool in any magnetism-
related experiments and it will be used to image changes in magnetization
throughout this thesis. For its detailed introduction, please refer to Section 3.2.

2.1.2 Magnetic chiral structures

Magnetic domain walls

Chirality, as a peculiar lack of symmetry, is seeing an increasing importance
in various fields of science, from the structure of molecules to the magnetic
properties of solids. The most common spin texture in magnetic materials,
which can be related to chirality, is a magnetic domain wall (DW). A magnetic
Néel wall with perpendicular magnetic anisotropy (PMA), observable in a
ferromagnetic/heavy metal bilayer, is non-superimposable with its mirror image
by rotations and translations, as shown in Fig. 2.2(b). Please note that since
magnetization is a axial vector, it would be reflected and reversed under a mirror
operation. Compared with the circular polarized light, it is difficult to identify
the handedness of the top and bottom DWs at first sight. One method is to
relocate all the spins in the DW to make a whirling configuration, as illustrated
in Fig. 2.2(a). When the thumb of a left/right hand is pointed into the page and
the other four fingers follow the rotation, the top and bottom configuration can
be defined as left-handed and right-handed, respectively. For convenience, in the
rest of this thesis, if a DW is right-handed, then we say its chirality equals +1,
and it equals −1 when the DW is left-handed.

The width of a DW in materials exhibiting PMA can be as small as 10 nm. Due
to their nanoscale features, magnetic DWs were thus envisioned as information
carriers for future non-volatile and high-density spintronic memory and logic
devices. Moreover, if a magnetic Néel wall with a fixed chirality (in the rest of
this thesis, this will be called chiral Néel wall for short) is present, its motion
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Figure 2.2: Two spin structures with opposite handedness. Top and bottom configurations
amount to left-handed and right-handed whirls, respectively, when the thumb of a
left/right hand is pointed into the page and the other four fingers follow the orange
arrows. Please note that since magnetization is a axial vector, it would be reflected and
reversed under a mirror operation.

can be driven very efficiently by electric current. This energy-efficient aspect
of chiral Néel walls, combined with their miniature dimensions, makes them
technologically appealing as they can be integrated into current designs for high-
density storage. And yet, creating chiral Néel walls is non-trivial. For that
purpose, the Dzyaloshinskii-Moriya interaction (DMI) turns out to be crucial, as
will be discussed in detail in section 2.2.

Spin waves

Apart from the static magnetic DWs, another chirality-related magnetic structure
is the so-called spin wave. In the ground state of a ferromagnet, all spins are
perfectly aligned along a particular direction in space, as shown in Fig. 2.3(a). A
local excitation, such as a temperature fluctuation, can make one spin reverse its
direction and leads to a higher excited state (Fig. 2.3(b)). This state will release
energy and jump to a lower excited states in the ferromagnet, and can be thought
of as a wave of neighboring electron spins precessing at the same frequency but
with a different phase, as shown in Fig. 2.3(c). They arise because neighbouring
electron spins interact strongly in a magnet, making it energetically favourable to
excite the collective mode, rather than flipping a single spin. Like sound waves,
spin waves have a well defined amplitude, wavelength, phase velocity, group
velocity, and attenuation length. Moreover, similar to the static magnetic DW,
spin waves are also chiral structures and their chiralities can be distinguished by
the rotation sense.

Two types of spin waves are illustrated in Fig. 2.4. Looking from left to right,
a counter-clockwise (clockwise) rotated spin wave corresponds to a left-handed
(right-handed) spin wave. In the case of a DW, the chirality can be determined
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Figure 2.3: (a) Ground state of the magnet: All spin are aligned. (b) Excited state of the
magnet: one spin is flipped. (c) Magnon excited state with a lower energy than in (b):
Instead of flipping one spin, the net spin reduction is distributed over the whole system.
The spins are rotating (precessing) around their equilibrium.

propagate

left-handed SW

-k

right-handed SW

+k

(a) (b)H
ext

Figure 2.4: (a)(b) Schematics showing how spin waves with different chiralities
propagate under a external field. In the top panels, spins start to precess around an
external field. The situations after time revolution are represented in the bottom panels.
Due to the fixed precession direction, left-handed and right-handed spin waves have
shifted in opposite directions.

by its movement direction driven by spin Hall effect (SHE). Due to the dynamic
nature of spin waves, applying an external magnetic field will likewise induce an
asymmetric propagation of spin waves with different chiralites. The asymmetric
propagation is depicted in Fig. 2.4, where the bottom patterns are the time
evolution of a left-handed (a) and right-handed (b) spin wave and the external
field is shown above. All the spins precess in a fixed direction (counter-clockwise)
determined by the external field direction. We see that for left-handed waves, the
envelope of the perturbations has shifted to the left (−k waves), while for CW
waves it has shifted to the left (+k waves). The asymmetric propagation of spin
waves can be exceptionally useful in an accurate determination of the DMI, which
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will be discussed in detail in section 2.2.4.

2.2 Dzyaloshinskii-Moriya interaction

In this section, the fundamental reasons that underlie the chiral interfacial DMI
in asymmetric magnetic heterostructures will be addressed. Then, the influence
of the interfacial DMI on chiral DWs in thin film systems will be discussed, with
the aim of introducing the fundamental mechanisms for the formation of the
Néel-type DWs. Finally, some recent experimental techniques for probing the
magnitude of the DMI will be explained.

2.2.1 Introducing DMI

r
i

r
j

r
ij

S
i

S
j

D
ij

Figure 2.5: Determination of the orien-
tation of the Dzyaloshinskii-Moriya vector
from the local geometry.

Consider the Hamiltonian of the Heisen-
berg exchange interaction H = −J (Si ·
S j ) which contains the dot product
of the two spins Si and S j . The
energy is lowest if they have a collinear
orientation (parallel for ferromagnetic
case, antiparallel for the antiferromag-
netic case with the sign of J reversed).
Any deviation from the parallel (an-
tiparallel, respectively) configuration is
associated with an energy penalty.

However, the situation changes
when the exchange between the two sites is mediated through spin-orbit coupling
by a third site [46], for example a Pt ion, that is situated above the original sites,
as shown in Fig. 2.5. An exchange interaction occurs between the excited state
of a magnetic ion and the ground state of the neighbouring ion. For spins Si and
S j , a new term in the Hamiltonian is then given by

EDMI = Di j · (Si ×S j ), (2.1)

where Si and S j are neighboring spins and Di j is the DMI vector, which is normal
to the triangle spanned by the three ions involved in the interaction (see Fig. 2.5),
Di j ∝ ri × r j . If three ions are in line, then Di j = 0. The DMI vector Di j is
finite when the crystal field does not have inversion symmetry with respect to the
centre between Si and S j .

The origin of DMI can also be understood by performing symmetry opera-
tions. Fig. 2.6 shows operations which conserve energy on a three-ion system
with (left chain) and without broken symmetry (eight chain). These operations
including inversion of the system and spin-inversion will add no extra energy, as
schematically drawn as lines. In the symmetric system, the chain of operations
produces a state that has a different chirality to the initial state, meaning that
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Inversion

Spin-inversion

energy energy

clockwise

counterclockwise

chirality = +1

chirality = -1

Figure 2.6: A schematic showing energy conserving transformations for a symmetric (left)
and an asymmetric lattice (right). The DMI displays itself in the energy difference between
the initial and final states of these two systems. In the symmetrical system initial and final
states are the same, whereas in the asymmetric case this is clearly not the case.

the energy for the two state are degenerate. But as illustrated, this is not the
case when the inversion symmetry is broken, as shown in the right chain. There
is no set of energy-conserving operations that lead to the initial configuration
with different chirality due to the asymmetric environment. Therefore, within
the original sample, symmetry allows for a different energy of the two chiralities,
and the energy difference is the DMI energy.

Depending on the type of inversion symmetry breaking, we may classify
DMI to bulk DMI and interfacial (or surface) DMI. Bulk DMI is present in B20
structures such as MnSi that has bulk inversion symmetry breaking in the lattice
itself [47]. The interfacial DMI is present in magnetic multilayers, where at the
interfaces the inversion symmetry is naturally broken. Since the DMI favours
non-collinear spin ordering due to the cross production, in ultrathin magnetic
films a number of systems have been identified recently where the interfacial
DMI is crucial for creating surprising types of non-collinear long-range spin order
such as spin spirals or chiral Néel walls [48–50].In this thesis, we will deal
with ferromagnetic/heavy metal multilayers and thus only the interfacial DMI
is concerned. In the rest of the thesis, the interfacial DMI will be called DMI for
short.
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2.2.2 Chiral magnetic Néel DWs

In the previous section, in order to generate a stabilized non-collinear magnetic
texture, we introduce the DMI. In this section, we will demonstrate how the
presence of the DMI leads to one of the most important non-collinear spin
texture, i.e., a magnetic chiral Néel wall.

As already introduced in section 1.3, for a magnetic thin film with a PMA,
two possible magnetic DWs with different rotations exist. Whether it is a Bloch
wall or a Néel wall depends on the stray field energy cost, which is related to the
width of the wall. A Bloch wall is considered as the ground state if the width is
moderate. By decreasing the width, a transition from the Bloch to Néel wall can
be observed [51].

In the presence of a strong DMI, as will be shown in a Pt/Co multilayer, the
ground state is determined by the DW energy associated with the DMI, which
scales with Di j · (Si ×S j ). As shown in Table 2.1, the DMI energy vanishes for
the Bloch wall configuration (Si ×S j is perpendicular to Di j ) and obtains a finite
value for Néel wall configuration (Si ×S j is parallel or antiparallel to Di j ). With
a sufficiently strong DMI, the system exhibits a chiral Néel DW, which is right-
handed in this case, according to Table 2.1.

DMI energy Bloch wall Néel wall
Left-handed 0 >0

Right-handed 0 <0

Table 2.1: The theoretical DMI energy for different DW configurations.

The existence of the DMI-induced chiral Néel wall is indirectly observed by
measuring the current-driven DW motion. As mentioned in section 2.1.2, by
sending a current to a HM/FM multilayer, the SHE can drive the motion of a DW
very efficiently only when a Néel wall is present [36]. Ryu et al. measured the
DW velocity as a function of an in-plane longitudinal field (Hx), as can be seen
in Fig. 2.7(a). Triangles (circles) represent that a positive (negative) current is
applied, and the velocity of up/down and down/up DWs is shown in blue and
red, respectively. The DW velocity shows clear asymmetry with respect to Hx ,
and a finite velocity at zero in-plane field indicates the presence of a Néel wall.
Furthermore, the sign of asymmetry in the DW velocity versus Hx reverses when
the DW type is changed from the up-down to the down-up DW. This implies that
a chiral Néel DW is formed. The strength of DMI can be quantified by estimating
the horizontal shift in the DW velocity versus Hx , which corresponds to the DMI-
induced effective field HDMI.

Direct imaging of a chiral Néel DW was reported using different microscopy
techniques. The first direct observation comes from Chen et al. [52], who
observed Néel-type walls with fixed chirality in perpendicularly magnetized
Ni/Fe bilayers on Cu(001) substrate by using spin-polarized low energy electron
microscopy (SPLEEM) (Fig. 2.7(b)). However, this technique is limited to bare



2.2 Dzyaloshinskii-Moriya interaction 19

magnetic surfaces where no capping layer on top. The investigation is still re-
quired for the samples obtained by sputtering such as the trilayers with structure
inversion asymmetry. Tetienne et al. [53] using scanning nanomagnetometry,
based on nitrogen-vacancy defect in a diamond tip, observed a chiral Néel DW in
Pt/Co/AlOx and a Bloch DW in Ta/CoFeB/MgO.

(b)

(a)

H
DMI

up/down DW / negative current

up/down DW / positive current

down/up DW / negative current
down/up DW / positive current

Figure 2.7: (a) DW velocity versus an in-plane field (Hx) applied along the current (the
x-direction) for a positive current (triangles) and a negative current (circles) in Co/Ni
multilayer system by Ryu et al [38]. The velocity of up-down and down-up DWs is
shown in blue and red respectively. (b) A SPLEEM image of Cu(001)/Ni/Fe structure,
highlighting the DW. The color wheel represents the direction of in-plane magnetization.
The right cartoon is a schematic of chiral DWs along the red line in the left image, showing
right-hand chirality. Taken from [52].

The use of heavy metals in these experiments indirectly indicates that SOC is a
important ingredient in forming the chiral Néel wall. Although SOC is commonly
regarded as a crucial element to establish the DMI, it is, however, difficult to find
an experimentally measurable quantity or parameter that closely connects the
strength and sign of SOC to that of the DMI. Therefore, the physical mechanism
behinds the DMI is still controversial and under extensive investigation. Either
measuring the material properties of the DMI or exploring its correlation with
certain SOC-related effect would be very helpful for a better understanding.
Recently, a new theory proposed that the formation of a chiral Néel wall, as
well as the DMI are closely linked with the Rashba-type SOC, and a study of
this theory will potentially shed light on the entangled roles that different SOC-
induced effects play in the chirality-related phenomena. In the following section,
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this theory will be introduced.

2.2.3 A new theory - linking the DMI to the Rashba effect

Although the intrinsic chiral Néel DW can be explained by DMI, there is actually
another origin proposed by Kim et al. [54]. They claim that the Rashba effect
can also lead to chiral Néel DWs. In order to explain this, let us consider an
interface between a magnetic layer and a non-magnetic layer where no current
is applied. Since the net charge current is zero at this interface, the number
of itinerant electrons moving in one direction is equal to the electrons moving
in the opposite direction. Because of the crystal field potential built up at the
interface between the two different materials, it gives rise to a Rashba effective
field applied to the itinerant electrons. We can write down the expression for this
field:

BR ∝−αR (k× ẑ) (2.2)

where BR is the Rashba effective field, αR the Rashba coupling constant, k the
wave vector of electrons and ẑ is along the surface normal. First, let us look at
the electrons moving from left to right, whose wave vector is positive, k > 0, as
shown in Fig. 2.8(a). Based on Equation 2.2, the Rashba field is pointing in the
y direction, i.e., perpendicular to the wire. Therefore, the spins of electrons are
moving clockwise because of the out-of-plane processional torque. Similarly, the
spins of electrons moving in the opposite direction undergo a −y Rashba field,
resulting in an anti-clockwise motion (Fig. 2.8(b)). If now we look at these two
patterns, surprisingly this Rashba effect results in a rotational pattern with the
same chirality. And through the exchange interaction, the motion pattern of the
spins is coupled to the local magnetization, forming Néel DWs with same chirality
(Fig. 2.8(c)) quite similar to the experimentally observed structure in Fig. 2.7(b),
which was previously explained by the interfacial DMI. The similarity that the
Rashba effect and the DMI can both induce the chiral Néel DWs implies that
probably they are closely related to each other and this is not surprising since
Rashba effect and DMI both originate from spin-orbit coupling and structural
symmetry breaking.

The above model illustrates how the Rashba effect induces chiral Néel walls.
Despite its naiveness, it does capture the essence that the Rashba effect is closely
related to DMI. Following a more rigorous derivation in [54], the interfacial
DMI energy term can be derived right from the Rashba term and the correlation
between the Rashba coefficient kR and the DMI constant D can be expressed as :

D = kR A, (2.3)

where A is the interfacial exchange stiffness coefficient and kR = 2αR me
ħ2 charac-

terizes the preferred spin precession rate. This theory amazingly links the DMI
and the Rashba effect via the exchange interaction and could further help to
understand the underlying mechanism of the aforementioned fast DW motion.
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Figure 2.8: A schematic diagram that shows how the Rashba effect generates a chiral DW.
(a) The procession of an itinerant electron moving from left to right. (b) The procession
of an itinerant electron moving from right to left. (c) Both electrons are rotating with the
same chirality and transfer to local spins through s-d exchange interaction.

Moreover, it can also provide predictions between DMI and spin-orbit torques
that can be useful in building novel methods of switching magnetic bits [55].
Because of its importance in studying SOC-related effects, in this thesis, this
theory will be studied and we will attempt to justify its use. For details, please
refer to Chapter 5.

2.2.4 Measurement techniques for the DMI

Even though the presence of the DMI can be experimentally demonstrated
by imaging chiral DWs, as shown in the previous section, a method for an
accurate measurement of the DMI is still to be established. In the following,
experimental efforts using various techniques to study those effects will be
introduced, including detecting its influence on the transition of magnetic DWs
[50, 52], magnetic DW dynamics [56–58], magnetic switching [59] and spin
wave propagation [60–66].

Determining the DMI by measuring the properties of chiral Néel DWs

The DMI can be quantified by studying the configurational transition of magnetic
DWs, which is associated with the energy competition between the interfacial
DMI and the stray field energy of magnetic DWs. Using SPLEEM, the film
thickness dependent transition from a chiral Néel wall (dominated by the DMI) to
a non-chiral Bloch wall (dominated by the stray field) can be directly imaged, as
shown in Fig. 2.9. Note that the DMI energy and stray field energy is comparable
near the transition thickness, and experimentally this transition thickness can
be found by gradually changing the total thickness of the magnetic film. This is
because the stray field energy will increase with increasing film thickness whereas
the DMI energy is usually independent of the film thickness. Therefore the DMI
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Néel walls Bloch walls

Figure 2.9: Compound magnetic images in Cu(001)/Ni/Fe samples with different Ni layer
thickness dNi captured by SPLEEM, (a) dNi =1ML, dFe=2ML, (b) dNi =2ML, dFe=2.5ML,
(c) dNi =7ML, dFe=2ML, (d) dNi =10ML, dFe=1.3ML. The field of view is 8µm. White
arrows correspond to in- plane spin orientations inside the DWs. The color wheel shown
in (a) represents the direction of in-plane magnetization. It shows the transition from a
Néel wall to a Bloch walls with increasing Ni thickness. Adapted from [50].

strength can be quantified by calculating the stray field energy for a wall structure
with a given film thickness [50,52].

Another experimental method is to nucleate a magnetic bubble domain by
using a pulsed perpendicular magnetic field. These magnetic bubbles, due
to the presence of interfacial DMI, prefer a helical magnetic order and conse-
quently form the Néel-type DW instead of the Bloch-type DW in perpendicularly
magnetized thin films [57, 67]. For a circular domain, the DMI induces an
effective magnetic field on the DW in the radial direction and maintains the
rotational symmetry with respect to the axis parallel to the out-of-plane magnetic
field. Therefore, it is natural to observe an isotropic DW expansion as shown
in Fig. 2.10(a). However, with the application of an in-plane magnetic field,
rotational symmetry is broken and thus it becomes possible for the DW to show
anisotropic expansion as shown in Fig. 2.10(b). From the value of in-plane fields
with a minimum DW velocity, one can determine the effective DMI field (HDMI),
which results in the determination of the DMI strength based on [56,57,68,69]:

D =µ0HDMIMSγDW, (2.4)

in unit J/m2, where µ0 is the vacuum permeability and γDW =π
√

A/Keff is the DW
width. Keff is the effective perpendicular magnetic anisotropy, A is the exchange
stiffness constant. This asymmetric bubble expansion method is limited to the
system with a strong PMA [68].

In systems with a relatively weak PMA, it is not possible to nucleate magnetic
bubbles since labyrinthine magnetic domains are dominant. Thus, one cannot
utilize the bubble expansion method to determine the interfacial DMI. In these
systems, as the evolution of domain width depends on the competition between
the interfacial DMI energy, magnetostatic energy and Zeeman energy, one can
thus measure the domain width as a function of perpendicular magnetic field to



2.2 Dzyaloshinskii-Moriya interaction 23

H
x
 = 0 H

x
 = 100 mT(a) (b)

Figure 2.10: Circular DW expansion driven by an out-of-plane magnetic field Hz in
Pt/Co/AlOx structure, (a) without an in-plane magnetic field and (b) with an in-plane
magnetic field Hx (100 mT).

determine the strength of DMI [58].
Although these two complementary methods are relatively simple, they

strongly depend on the precise determination of the material specific parameters
such as effective perpendicular magnetic anisotropy Keff and exchange stiffness
A. In particular, a precise determination of A in ultrathin magnetic films is
challenging. The value of A can vary substantially from a thicker film to an
ultra-thin film [70], which produces a significant uncertainty in estimating the
strength of interfacial DMI [71].

DMI-induced chiral DW nucleation

Beyond measuring the properties of chiral DWs, it is theoretically suggested that
the magnetization vector at the edge of a structure will be tilted in the presence of
the interfacial DMI [72,73]. Experimentally, this is demonstrated by the chirality-
induced asymmetric nucleation of magnetic domains when applying an in-plane
bias field [57]. Using this intrinsic feature, Han et al. [59] have demonstrated
a shift in magnetic hysteresis loops arising from the DMI, by introducing a
lateral asymmetry in microstructures and applying an additional in-plane bias
field. As shown in Fig. 2.11(b), in triangular-shaped ultrathin magnetic film
patterns, where the lateral two-fold rotation symmetry with respect to the z-axis
perpendicular to film plane is broken, a significant shift of the magnetic hysteresis
along the magnetic field axis is measured under the application of an additional
static in-plane field. This observation can be attributed to the preferential
nucleation of magnetic DWs due to the edge magnetization tilting, as a result
of the DMI boundary condition, as can be seen from the green cross section of
Fig. 2.11(b). In contrast, such a hysteresis loop shift is absent in symmetric
square microstructures as shown in Fig. 2.11(a), which validates the above
method. From the shifted magnetic hysteresis loops, both the strength and sign of
interfacial DMI can be determined based on a half-droplet model [57]. This loop
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Figure 2.11: Schematic illustrations of magnetization configurations within a
ferromagnetic thin film with an interfacial DMI, and Magnetic hysteresis loops under the
indicated in-plane bias field Hx as measured in Pt/Co/Ir. The panels (a) and (b) represent
the result from the square and triangle pattern, respectively. Adapted from [59]. When
in-plane fields with different polarities (red and blue lines) are applied, a shift in magnetic
hysteresis loops is present in the triangle, which is owing to the asymmetric tilting of the
magnetization vector at the edge (θ1 ̸= θ2), as shown in the green cross section.

shift in the asymmetric triangular microstructures is found to reverse sign when
D changes sign (e.g., by reversing the stack). This approach suggests a unique
straightforward measurement of the DMI, as it can be easily conducted by using
a magneto-optical Kerr effect magnetometer, vibration sample magnetometer
(VSM), superconducting quantum interference device (SQUID) magnetometer
and so forth. This method is thus of great importance for rapid material screening
and for providing optimized DMI parameters. Despite its advantages, the same
limitation remains as in the above method, viz., again the exchange stiffness A
is included in the evaluation of the strength of DMI. To overcome this limitation,
one can determining the DMI by measuring the chiral spin-wave propagation, as
can be seen in the following section.
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Figure 2.12: (a) The BLS spectrum with a magnetic field Hext = 97 mT, where a frequency
differences ∆ f between Stokes (negative frequency region) and anti-Stokes (positive
frequency region) is observed. (b) The frequency difference of counter-propagating spin-
waves as a function of wave vector for different magnetic stacks. A linear dependence is
clearly shown. Taken from [62].

Determining DMI by probing chiral spin-wave propagation

Similar to the mono-chirality of the DMI-induced chiral Néel wall, if the DMI is
present in a structure, then the degeneracy of the spin-wave spectrum should
also be lifted. Specifically, an energy difference will be introduced between spin
waves with a left-handed and right-handed chirality. As has been explained in
section 2.1.2, since the spin waves with different chiralities propagate in opposite
directions as the time evolves, there exists a frequency difference between the
spin waves with opposite wave vectors, leading to an asymmetric spin wave
dispersion relation [74,75]. This is first observed by using SPEELS [52], where a
spin-flip scattering process [76] was applied to excite spin waves in a bilayer
Fe film grown on W(110). The DMI strength can be obtained by fitting the
dependence of the energy asymmetry as a function of wave-vector transfer.

To detect the DMI in heterostructures, a wavevector-resolved Brillouin light
scattering (BLS) spectrometer can be utilized [61–66]. The interfacial DMI
produces a frequency difference ∆ f (k) of the counter-propagating (forward and
backward moving) spin waves at equal but opposite wavevectors and can thus be
written as

∆ f (k) = 2γ

πMS
Dk (2.5)

where γ is gyromagnetic ratio , MS the saturation magnetization, k the spin
wave propagation vector, and D the DMI constant (J/m2). If the DMI is of
purely interfacial origin, one expects a variation with thickness according to
D(t ) = DS/t , where DS is the surface DMI constant (J/m) [64]. As can be seen
from Fig. 2.12(a), the frequency difference can be resolved by measuring the
spectrum of spin waves under a in-plane field. The slope of frequency difference
∆ f (k) as a function of k thus enables the value of DS to be directly determined,
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as shown in Fig. 2.12(b). This method has an advantage compared to other
methods. Since BLS is able to measure intrinsic material parameters such as
the saturation magnetization (MS) separately, the surface DMI constant, which
depends solely on the saturation magnetization MS according to Equation 2.5,
can be accurately determined. This experiment can be done either by using a
wavevector-resolved BLS in a backscattering geometry, or by using an electrical
detection method where spin waves were excited by a coplanar waveguide [77].

The BLS method provides us with a powerful tool for an accurate determi-
nation of the DMI in magnetic thin films. In this thesis, the strength of the
DMI will be systematically studied by changing the thickness of ferromagnetic
layer, materials, and interface conditions, which should help to unravel the
underlying physics and complicated role that the DMI played in various SOC-
related phenomenon. For further details please refer to Chapter 4.

2.3 Novel Magnetoresistance

2.3.1 Domain wall magnetoresistance

As described in the section 2.2.3, in order to justify the theoretically proposed
relationship between the DMI and the Rashba effect, a new type of DW resistance
is predicted and tried to be measured. This section will briefly introduce
the background of conventional DW resistance. The first part of this section
will therefore first elaborate on how electron scattering in a DW leads to
an intrinsic resistance of the DWs. Considering perpendicularly magnetized
materials with narrow DWs, Levy and Zhang proposed a model to describe this
effect. The second part will describe how the DW resistance can be altered
when the magnetization inside a DW changes from a Bloch to a Néel wall.
Because this effect describes how the resistance depends on the direction of the
magnetization, it is called the anisotropic magnetoresistance (AMR).

Intrinsic domain wall magnetoresistance

The presence of DWs in a magnetic strip increases the electrical resistance of the
strip, because in a DW the spin-current channels are mixed, similar to what we
know from the GMR. As an electron enters the DW region the change in the local
exchange field direction causes the electron to rotate about this field. However,
this rotation is not rapid enough to make the process totally adiabatic and the
spin of the electron and local magnetization are not aligned. Assuming that the
resistivities of both spin channels differ and are independent in the domains, then
the mixing of the channels will result in an increase of the resistance that can be
understood by a two resistor model as the channels become coupled. This model
also predicts that narrower DWs offer a greater impedance to current flow as this
adiabatic perturbation will be greater [78].
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(a) (b)

Ga
+

Figure 2.13: (a) To measure the DW resistance, one magnetic strip has been patterned
using a focused Ga+ beam. The dark areas have inverted magnetization and correspond
to the irradiated areas. (b) Normalized DW resistivity as a function of DW width, showing
the 1/∆2 dependence. Taken from [79].

By employing a similar approach used to understand the GMR of magnetic
multilayers, Levy and Zhang [80] theoretically shown that the majority spins get
a minority character due to the changed magnetization inside a DW. Mixing of
the spin channels occurs inside a DW and scales with the gradient of the local
magnetization. After some calculations, they have shown that the DW resistivity
depends on the DW width as

ρ ∼ 1

∆2 . (2.6)

This can intuitively be explained by the increased gradient in the magnetization
inducing more mistracking between the local magnetization and the spin of
the flowing electrons. And since larger gradients lead to smaller DWs, the
scattering opportunity increases for decreasing DWs. This DW width dependence
is experimentally observed by Franken et al. [81] using a magnetic sample
patterned by a focused ion beam. It is known that Ga irradiation reduces the
perpendicular magnetic anisotropy [79], the DWs will thus remain within the
irradiated area (Fig. 2.13(a)) where their width can be tuned by the irradiation
dose. As can be seen in Fig. 2.13(b), the measured DW resistance has a clear
1/∆2 dependence, which validates the above model. The method of using Ga
irradiation to control DW nucleation will also be employed in this thesis to
measure the novel DW resistance.
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high AMR low AMR(a) (b)

Figure 2.14: Schematics showing how the AMR depends on the types of DWs.
(a)(b)A Néel wall (Bloch wall) has a high (low) AMR since the middle spin is parallel
(perpendicular) to the current direction.

Anisotropic magnetoresistance

Apart from the intrinsic DW resistance originating from the mistracking between
the conduction electron spins and the magnetization, another magnetoresistance
effect - the so-called anisotropic magnetoresistance (AMR) - will also be included
in a measurement of the DW resistance.

The AMR is first discovered by Kelvin, who found that the resistance of iron
and nickel depended on the direction of the applied magnetic field. By varying
the relative angle between the field and current, a few percent of resistance
change can be observed due to the AMR effect. This relatively large resistance
change compared to the normal magnetoresistance makes the AMR a superior
sensor when incorporated as the read head of a hard disk drive.

The AMR can be explained by the interaction between the conduction
electrons and the magnetic lattice. In a ferromagnet, the orbital angular
momentum is coupled to the lattice and its orientation is determined by the
easy axis (or can be varied by an external magnetic field). Via the SOC, the
scattering rate of the conduction electrons can be affected, and therefore leads
to a variation of the resistance. When the magnetization is perpendicular to
the current direction, the scattering cross section is smaller, while when the the
magnetization is aligned with the current direction, the scattering cross section
is larger. The change of the AMR can be written as

∆RAMR =∆R0 cos2θ, (2.7)

where θ is the angle between the current and magnetization. The AMR not only
allows us to determine the magnetization of a uniformly magnetized material, it
also provides us with a tool to distinguish between a Bloch wall and Néel wall. As
shown in Fig. 2.14, the orientation of the middle spin within a Bloch wall (Néel
wall) is perpendicular (parallel) to the longitudinal direction of a magnetic strip.
When an electric current is applied to the strip, the AMR of a Bloch wall should
be lower than that of a Néel wall. Thus, the measurement of DW resistance,
including the intrinsic DW resistance and AMR, provides us with a tool to probe
the transition from a Bloch wall to a Néel wall [82].
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2.3.2 Harmonic analysis of resistance

Since the magnetoresistance effects discussed in the latter part of this chapter
alter the resistance of a sample when an AC current is injected into it, a detailed
description of resistance analysis for AC currents is given first.

The AC resistance R of a structure is measured by recording the voltage V (t )
resulting from injection of an AC current, I (t ) = I0 sin(ωI t ), with amplitude I0 and
angular frequency ωI. When the voltage-current characteristic of the structure is
non-linear, the voltage waveform will, in general, not be directly proportional
to the current waveform. This is the case when the resistance of the structure
depends on the current, R(I ). Assuming that the resistance changes due to the
current (called non-linear resistance) are small compared to the resistance which
does not depend on the current (called linear resistance Rlin), the resistance can
be expanded as follows [83]:

R(I ) ≈ Rlin +
dR

d I
I0 sin(ωI t ). (2.8)

Inserting this equation into Ohm’s law for a current dependent resistance,

V (I ) = R(I ) I = R(I ) I0 sin(ωI t ), (2.9)

gives the following equation for V (I ),

V (I ) ≈ I0 Rlin sin(ωI t )+ 1
2 I 2

0
dR
d I

[
1−cos(2ωI t )

]=
I0

[
R0 +Rω sin(ωI t )+R2ω cos(2ωI t )

]
.

(2.10)

The zeroth, first and second harmonic resistance can now be defined as R0 =
1
2

dR
d I I0, Rω = Rlin and R2ω = − 1

2 I0
dR
d I , respectively. It is clear that effects which

contribute to the linear resistance of the sample can be measured by recording the
first harmonic voltage and effects which contribute to the non-linear resistance
can be measured by evaluating the second harmonic voltage. In section 3.2.5
the experimental tool used to separate the voltage signal into its harmonics will
be described. In the following sections, two types of magnetoresistance - spin
Hall magnetoresistance and unidirectional spin Hall magnetoresistance - will be
introduced, which corresponds to linear and non-linear resistance, respectively.

2.3.3 spin Hall magnetoresistance

In this section, a new type of magnetoresistance based on the SHE will
be introduced. This novel magnetoresistance allows us to determine the
magnetization direction of the magnetic layer, without having to send a charge-
current through the magnetic layer.

Recently, Weiler et al. [84] and Huang et al. [85] observed magnetoresistance
effects in Pt on YIG and related those effects to magnetic proximity. These MR
effects have been further investigated by Nakayama et al. [40] and they found
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and explained a new magnetoresistance, called spin Hall magnetoresistance
(SMR). The SMR changes as a function of the angle between the magnetization
of YIG and the electron spin polarization induced by the SHE. This is different to
many other types of magnetoresistance where the relevant angle is between the
magnetization and the current direction, such as the AMR. A change in resistance
due to SMR can be explained by a combination of the SHE and the inverse
SHE, acting simultaneously. An explanation is demonstrated in Fig. 2.15. A
charge current passing through a heavy metal is subject to the SHE. This deflects
electrons perpendicular to the charge current either up or down depending on
spin polarization. If the heavy metal has one surface in contact with a magnetic
insulator, the spins propagate upward will interact with the magnetization of the
magnetic insulator. If the magnetization is parallel to the spin polarization at the
top interface as shown in Fig. 2.15(a), the spin transfer torque is zero. Thus, the
spins maintain its original orientation and reflect back into the heavy metallic
layer via the inverse spin Hall effect. The back-flow electrons still propagate in
the x direction and the longitudinal current is conserved. In Fig. 2.15(b), when
the magnetization is perpendicular to the spin polarization, the spin transfer
torque is non-zero and angular momentum is transferred between the spin
current and magnetization. The magnetic insulator can be regarded as a spin
sink. During the interaction, the spin polarization will rotate and align with the
magnetization. Via the inverse spin Hall effect, the reflected spins now propagate
in y direction which leads to a loss of longitudinal current. Above all, the SMR
for a perpendicular configuration is higher than a parallel configuration. Since
the strength of the SMR depends on the relative angle between the direction
of the and the magnetization, it should be inrrelevant of the current. Indeed,
a theory based on drift-diffusion-relaxation mechanism [86] points out that the
SMR is a linear resistance which can be measured by recording the first harmonic
resistance.

The essence of the SMR being originating from the SHE can be validated
by varying the thickness of the heavy metallic layer. In Fig. 2.16, the SMR is
shown as a function of Pt thickness for Pt/Co/AlOx samples. A specific behavior
is observed. The SMR first increase in region I until a critical thickness is reached.
Beyond this point, in region II, the SMR start to decrease with further increasing
the Pt thickness. This specific behavior can be attributed to a finite spin diffusion
length in the Pt layer. The SMR is determined by the spin Hall effect, which can
be tuned by the Pt thickness via spin diffusion length λPt. As shown in the top
right panel of Fig. 2.16, because of the spin Hall effect, spins oriented along -y are
injected into the ferromagnetic Co, and spins oriented along +y are driven to the
bottom of the Pt layer. Here at the bottom, the spins cannot leave the material,
and they accumulate. If the Pt thickness tPt < 2λPt, this accumulation will lead
to an oppositely directed diffusion spin current, in the direction of the Co layer.
Without any spin-flip mechanisms, these diffusing spins with +y polarization
would cancel the spins with -y polarization, so that less spin current is injected
into the Co layer. As the Pt get thicker, diffusion of spins get less, and thus
more spin current is injected into the Co layer. Beyond the critical point where
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Figure 2.15: An illustration of the SMR effect shown in stages as a combination of the
SHE and inverse SHE. (a) and (b) represents the configuration when the magnetization is
parallel and perpendicular to the SHE-induced spin polarization, respectively.

tPt = 2λPt, there are no diffusing spins reflected from the bottom, so the spin Hall
effect is saturated, as shown in the top-left panel of Fig. 2.16. But at this region,
the current shunting effect will dominate and dilute the spin Hall effect, so the
USMR decrease with further increasing the Pt thickness.

Recently, the measurement of the SMR has also been extended to a full
metallic stack. As measured by Kim et al. [88] on a Pt/Co/AlOx sample, the Pt
thickness dependence shows a similar non-monotonic behavior but with a lower
SMR peak value compared to that of a magnetic insulator. This can be attributed
to the fact that part of the spin current is absorbed by the ferromagnetic layer.

Although the SMR provides a promising way towards reading memory
devices using a two-terminal architecture, the fact that it can only distinguish
between the perpendicular and parallel states limits its application. To overtime
this limitation, in the following section, a newly discovered magnetoresistance
induced by the SHE will be present.

2.3.4 Unidirectional spin Hall magnetoresistance

By further examining the influence of the SHE on a HM/FM bilayer structure, one
can note that the spin current generated by the SHE not only exerts torques on the
FM layer, but also penetrates into the FM layer and leads to a spin accumulation
at the bottom of the FM layer, as shown in Fig. 2.17. This spin accumulation
acts, simply speaking, as a second, artificial FM layer. Illustrated as a dashed
box in Fig. 2.17, the FM layer can be regarded as a “magnetic multilayer", where
the sign of the magnetization of the bottom artificial layer can be reversed by
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Figure 2.16: Schematic diagrams showing the Pt thickness dependence of the SMR and
the mechanisms. In region I, the spins reflected from the bottom partially cancel the spin
current at the top interface, whereas in region II, no spins from the bottom can reach the
top interface due to a finite spin diffusion length. Taken from [87].

sending the current in a opposite direction. Thus, by reversing the magnetization
or the current direction, the “magnetic multilayer" can switch between a parallel
state (Fig. 2.17(a)) and an anti-parallel state (Fig. 2.17(b)), which modulates
the resistance on the injected current. This modulation is similar to the GMR,
but now in a current-in-plane geometry (CIP-GMR). This resistance difference is
called unidirectional spin Hall magnetoresistance (USMR) since the orientations
of the magnetization and spin accumulation are either parallel or anti-parallel.
Since the sign of the spin accumulation can be tuned by changing the current
direction, and the amount of the spin accumulation can be tuned by varying the
magnitude of the current, the USMR can be probed by measuring the second
harmonic component of the longitudinal resistance R2ω, in contrast to the SMR
which is independent of current and measured via the first harmonic component.

The USMR is first observed by Avci et al. [41] on Pt/Co/AlOx and Ta/Co/AlOx
samples. As shown in Fig. 2.18(a), R2ω is recorded during a field sweep along
the y direction. The measurement evidences a resistance contribution that
depends on the sign of My , and the difference of R2ω between the +y and −y
direction is defined as the USMR. To study the underlying mechanism, the HM
thickness dependence of USMR has been examined in [41]. As can be seen in
Fig. 2.18(b), the USMR shows a specific behavior which is similar to that of the
SMR. This implies that the interfacial spin accumulation due to the SHE plays
an important role in the USMR. Indeed, the fitted spin diffusion length of Pt
and Ta are comparable to the literature values, which verifies the above model.
Furthermore, the opposite sign of the USMR found for the Pt and Ta samples
validates the argument, due to the fact that the spin Hall angles of Pt and Ta
have opposite signs [89]. To this end, one can expect that a material with a large
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Figure 2.17: Schematic diagrams showing the mechanism of nonlinear longitudinal
resistivity in HM/FM bilayers due to spin accumulation in the FM layer induced by the
SHE in the HM layer. The spin accumulation at the bottom of the dashed boxes may be
regarded as an artificial FM layer. The difference in longitudinal resistivity of the bilayer
in (a) parallel and (b) anti-parallel configurations arises from the spin dependence of the
mobility in the FM layer, in analogy with CIP-GMR.

spin Hall angle may help to enhance the USMR. This has been experimentally
demonstrated by using a magnetic topological insulator, where a large USMR
was found [42].

So far, the role of the FM layer played in the USMR is still unclear. For a
metallic multilayer, such as Pt/Co/AlOx, based on a drift-diffusion-relaxation
theory [43], the spin accumulation is limited to a thin region at the FM/HM
interface due to a finite spin diffusion length in both layers. This should lead
to a non-trivial FM and HM thickness dependence of the USMR, as shown in
Fig. 2.18(c). The spin current coming from the Pt layer has a finite penetration
length determined by the spin diffusion length of Co λCo. When the Co thickness
is smaller than a certain value tc , the spin accumulation is limited by the Co
thickness. This value tc scales with λCo but not equals to λCo, since the two
processes happen at the same time in the Co layer, including the penetration
of spin current towards the Co layer and the reflection of spin current from top
Co/AlOx interface. As the Co layer get thicker, the penetration of the spin current
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Figure 2.18: (a)(b)Field and thickness dependence of the USMR measured by Avci et
al. [41] on Pt/Co/AlOx samples. (c)The theoretically predicted USMR as a function of the
thickness of the HM and FM layer (scaled with the spin diffusion length (SDL)). Taken
from [43].

gets deeper. Beyond this critical value, the penetration is saturated. Like in the
Pt case, the USMR decrease with increasing Co thickness as the current shunting
effect will dominate and dilute the USMR.

Up to now, this particular dependence on FM thickness is not evidenced by
any experiments. Thus, a systematic investigation of how USMR depends on
the layer thickness is urgently needed not only for a better understanding of the
origin of USMR, but also for the enhancement of USMR in practical applications.
To this end, we will present the FM and HM layer thickness dependence of USMR
in Pt/Co/AlOx trilayers in Chapter 6.



Chapter 3
Experimental tools

The measurements conducted in this thesis are performed on samples which
contain micro-sized structures with a typical thickness of several nanometers.
To accurately produce and measure these samples, a special set of experimental
tools is required. In this chapter, we outline the most important experimental
techniques that are employed throughout this thesis.

In section 3.1, the methodology will be discussed to produce the samples,
including DC magnetron sputtering, electron beam lithography and focused
ion beam. Section 3.2 will introduce experimental tools that are used for the
characterization of magnetic properties. First, the setups based on magneto-
optic Kerr effect are elaborated, which are probing tools to determine the
magnetization in real time. Apart from the magnetization, the transport
properties of a magnetic structure can be measured with two home-built setups.
Finally, we will introduce a surface Brillouin Scattering setup which serves as a
powerful tool for probing the Dzyaloshinskii-Moriya interaction.

3.1 Sample fabrication

3.1.1 DC magnetron sputtering

The magnetic thin films required for our research are deposited by DC magnetron
sputtering, a method common in this field. The magnetic structures are deposited
on Si/SiO2 substrates. The top SiO2 layer is to prevent electrical conduction
through the substrate. Before deposition, ammonia, acetone and isopropanol
are used to clean the substrate, which is then loaded into the CARUSO sputter
machine. In the sputter chamber, an ultra-high vacuum is maintained at a base
pressure of 3×10−8 mbar. Before deposition, the substrates are plasma-cleaned
for 10 min in an in situ isolated chamber with a 0.1 mbar background pressure
of oxygen and a power of 15 W.

Six sputter magnetrons are mounted inside the CARUSO machine. Each of
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Figure 3.1: A schematic representation of the sputter deposition process. The target
material is bombarded by argon ions in a high vacuum, which causes atoms to whirl down
on the sample substrate to grow a material layer by layer. The wedge mask can be used to
create a gradient in the thickness.

the magnetrons contains a target made of a different material. As shown in
Fig. 3.1, the substrate is placed directly beneath one of these columns. The
sputtering process is initiated by filling the chamber with ultra-pure argon air,
with a pressure of approximately 1×10−2 mbar. By applying a large electric
potential (250V to 500V, depending on the target) between a ring-shaped anode
and the target, the argon gas is ionized. This plasma, confined by a magnetic
field (the grey area in Fig. 3.1), kick out atoms from the target material which
are then deposited on the substrate, creating a uniform layer at a constant rate.

The sputtering rate (in Å/s) is calibrated using an atomic force microscope
setup. Since the rate is known, the deposited layer thickness can be determined
by controlling the time for which a shutter, which blocks the substrate from the
sputtered atoms, is opened. Typical rates are in the order of 1Å/s for Pt and
0.3Å/s for other metals.

In the research of a magnetic thin film, determining the thickness dependence
of certain properties is sometimes crucial for studying its underlying physics. In
this case, a wedge structure with a thickness gradient is needed, which is also
possible to be fabricated using the CARUSO machine. As shown in Fig. 3.1, a
wedge mask is placed above the substrate and moves over the substrate during
the sputtering process, thereby unshadowing the substrate slowly. With this
method, the duration of exposure to the target varies with position and a wedge
is created.
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3.1.2 Electron beam lithography

100nm SiO2

100nm SiO2

495K PMMA

950K PMMA

100nm SiO2

100nm SiO2

100nm SiO2

100nm SiO2

a

b

c

d

e

f

substrate cleaning

spin-coating

EBL

develop

deposit

lift-off

Figure 3.2: EBL process

In the previous sections, we have described the methods
used to fabricate ultrathin films. There is, however,
another tool required to fabricate our samples. To
make functional devices, a method which enables
us to fabricate small structures is needed. The
method employed in this report is called electron beam
lithography (EBL). The EBL process described in this
section will be explained using Fig. 3.2.

To start with, the sample is moved to a clean room,
where two 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 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.

The sample is then subjected to an electron beam
in an FEI Nova 600i Nanolab dual beam system. The
dual beam system consists of a Scanning Electron
microscope (SEM) for EBL and a Focused Ion Beam
(FIB) for sample irradiation. In the 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
perpendicular magnetic anisotropy are dissolved in a
developer, methyl isobutyl ketone (MIBK). The weaker
495k PMMA dissolves more easily, leading to a desired
undercut profile, as can be seen in Fig. 3.2d.

To prevent contamination before the deposition step, the sample is loaded
into the CARUSO sputtering setup immediately after development. The required
films are, after 120 seconds of plasma cleaning, deposited as we would ordinarily
do without nano-structuring. In the exposed areas the sputtered layers will be
deposited on the substrate, whereas on the rest of the sample the deposition will
take place on the resist layer.

After all films have been deposited, the lift-off step takes place. The sample
is removed from the vacuum and immersed in an ultrasonic acetone bath,
dissolving the resist layers. The material deposited on top of the resist layers
is also removed, leaving only deposited structures in the areas exposed to the
electron beam. In some cases, it is required to repeat the EBL process multiple
times to create different layered structures on a single sample. The limiting
step for the minimum size of the deposited structures with our procedure, is
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that the edges are rather rough due to shadowing by the undercut. For the
structures in this thesis, which are often > 1µm in lateral size, this is not really
problematic. A Hall bar patterned by EBL is shown in Fig. 3.3(a), and will be
used for magnetoresistance measurements in this thesis.

Ga+

100μm

5μm

(a) (b)

magnetic Hall bar

Au contact

Figure 3.3: (a) A microscope image of a Hall bar for transport measurements, patterned
by EBL. (b) A Kerr image showing the influence of injection from a Ga+ irradiation on a
magnetic strip. The image shows that the switching field of the irradiated parts is lowered
and the magnetization reversal starts in this regions.

3.1.3 Focused ion beam

The dual beam also has a FIB as mentioned in the previous section. A beam
of Ga+ ions with an energy of 30 keV are focussed in a spot down to 3.5 nm.
The beam can be used to mill away some materials, but when a low dose of Ga+
ions is used, the magnetic properties can be adjusted [79]. The anisotropy can be
lowered to allow nucleation of magnetic domains where the domain walls (DWs)
are pinned at the anisotropy steps.

Two effects can explain the reduced anisotropy. Take a Pt/Co/Pt multilayer
for example, the tensile stress due to a lattice mismatch between the Co and the
Pt layer is released by Ga irradiation. A reduction of the tensile stress leads to a
decrease of the magneto-elastic anisotropy [90]. Moreover, intermixing between
the Co and Pt atoms take place during the irradiation. The Co atoms diffuse,
with a preferential direction parallel to incoming Ga+ ions. The Co atoms at the
top interface travel typically one interatomic distance in the Pt layer, causing an
increase in the roughness of the Pt/Co interface [91]. At the bottom interface, the
Co atoms travel even further, thereby creating an Pt/Co alloy. Both effects reduce
the anisotropy [90]. This tool is used in this thesis to control the nucleation and
pinning of DWs. A example of this effect is shown in Fig. 3.3(b), the image reveals
the magnetic contrast of a Pt/Co/Pt wire and shows that indeed the switching
field of the irradiated region is lowered and the magnetization reversal starts in
this region when an external field is applied.
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3.2 Characterization of magnetic properties

3.2.1 Magneto-optic Kerr effect

A commonly used technique for magnetic characterization is the magneto-optic
Kerr effect (MOKE) magnetometry. This technique will be introduced in detail,
since the MOKE laser setup and Kerr microscope, specifically measure this effect,
are essential tools throughout the thesis. Both of them allow a direct observation
of the magnetization variation in magnetic structures.

The MOKE 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 related to is the magnetic circular dichroism effect: exchange
and spin-orbit coupling in a magnetic material lead to different absorption and
reflection for left- and right-circularly polarized light. Thus the magnetization
state of the sample can be observed by measuring the change of the polarization
of the reflected light. Shown in Fig. 3.4, there are three different types of
Kerr effect depending on the orientation of the magnetization and the plane of
polarization of incident light. In this work all measurements are performed in
the polar configuration, in which the magnetization vector is perpendicular to
the reflection surface and parallel to the plane of incidence.

3.2.2 Laser MOKE setup

The Kerr effect is usually employed to measure the magnetization reversal in
a magnetic structure, such as the magnetic hysteresis loop. For this purpose,
a focussed laser beam can be used. A laser MOKE setup to measure the
perpendicular magnetization is shown in Fig. 3.5. In this laser MOKE setup, a
pair of perpendicularly aligned polarizers (P and A) are located in the optical
path, to detect the changes of polarization state introduced by reflection from
a magnetized surface. When the laser light is passing through the first linear
polarizer P, its polarization is restricted to one direction. Through the interaction
of the laser with the magnetized surface, polarization components perpendicular

M

Longitudinal Transversal

M

Polar

MM M M

Figure 3.4: schematics of three different types of Kerr effect depending on the orientation
of the sample magnetization, adapted from [92]. The polarization (red arrow) of the light
beam is slightly rotated on reflection from the sample surface.
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Figure 3.5: A schematic of the modulation laser MOKE setup. The polarization of the
probe is modulated by a PEM. Adapted from [93].

to that of the incident beam are generated. The reflected beam is passed through
an analyzer A, which is nearly perpendicular with the incident light polarizer. As
a result, the component of the light that maintained its original polarization state
is weakened, while the component generated through the magneto-optical Kerr
interaction is allowed to pass to the detector. To enhance the magneto-optical
contrast of the setup, it is possible to modulate the polarization of the light during
the experiment. The main idea is that by locking on the modulation frequency (or
higher harmonics) polarization independent effects, such as regular reflection,
can be completely filtered out. Modulation of the polarization of the light is
achieved by inserting a photo-elastic modulator (PEM) in the optical probe path
in between the sample and the polarizer P, as sketched in Fig. 3.5.

3.2.3 Kerr microscopy

Another important research tool used for the measurements presented in this
report is a Kerr microscope. Basically, a Kerr microscope is a regular optical
microscope, but polarization filters and a few other elements are added to
become sensitive to the Kerr rotation or ellipticity of the sample. Although the
time resolution of magnetic imaging is not as high as laser-based MOKE setups,
it has the advantage that in one shot a spatially resolved image of the surface
magnetization is created. This makes it not only possible to study magnetic
domains [94] and their motion [95], but can also reveal the internal structure of
a DW if it is resolvable within the refraction limit of the light. [96].

A schematic overview of the working principle of the Kerr microscope is
depicted in Fig. 3.6, showing the crossed-polarizers configuration explained in
the previous section. In Fig. 3.6(a) the path of the light traveling towards the
magnetic sample is shown. A high-intensity Xe arc is used as the light source to
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Figure 3.6: Wide-field Kerr microscopy. (a) Illumination path for perpendicular incidence.
The light is linearly polarized before reaching the sample. (b) Image-forming path from
sample to detector. The Kerr rotation is measured by an analyzer, optionally with a
compensator to transform Kerr ellipticity to Kerr rotation. The obtained image is projected
on a CCD detector. After [97,98].

illuminate the sample. This light travels through the aperture diaphragm, which
can be used to determine the angle of incidence of the light at the sample. In
case of polar MOKE, a simple centered opening is used as the aperture. The
light is guided through a polarizer and is focused by the objective lens onto the
sample. After reflection the light passes through the analyzer, which is oriented at
almost 90 degrees with respect to the polarizer. The intensity of the light, which
depends on the magnetization, is measured by a CCD camera, yielding a spatial
profile of the magnetization. A compensator is used to optimize the magnetic
signal. The CCD camera thus records spatially resolved magnetization dynamics
in real time, making Kerr microscopy a valuable tool for studying magnetization
dynamics accurately on a timescale of 100 ms.

One of the main advantages of observing magnetic structures through the
Kerr microscope 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 resolution is determined by the numerical aperture of the objective lens),
the resolution of the Kerr microscope is restricted to usually 200 nm when using
visible light [99]. Since the samples are micro-sized in our work, this resolution
restriction will not cause a problem.

3.2.4 Magnetic transport measurement

A substantial amount of the experiments in this thesis are done on micro-sized
structures for their transport properties, such as magnetoresistance. Thus, two
similar setups (setup 1 and setup 2) are used for electric transport measurement.
They are almost identical in configuration, although the specifications are slightly
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Figure 3.7: Schematic overview of the experimental set-up used in magnetic transport
measurements. The left photo shows that a chip carrier with a sample is mounted in a
chip carrier socket.

different. A schematic overview of the setups can be seen in Fig. 3.7. A
sample is mounted in a sample holder that is positioned between the poles of an
electromagnet. In setup 1, the sample holder is surrounded by a dark cryostat,
while the holder stays in the open-air in setup 2. The cryostat is not used to cool
the sample, but merely provides a convenient way to hold the samples since it
was already present in the lab. To place the sample inside the cryostat, the chip
carrier is inserted in a chip carrier socket mounted horizontally at the end of the
cryostat insert, as seen in the left photo of Fig. 3.7. The magnet (setup 1) or the
sample holder (setup 2) can be rotated in order to perform an angle scan with
respect to the magnet field.

To generate the magnetic field, the magnet is connected to two Delta
Elektronica SM 70-45 D power supplies. This setup allows for external field up
to ±800 mT (setup 1) and ±2 T (setup 2). To measure the exact magnetic field
strength at the position of the sample, the probe of a LakeShore 421 Gaussmeter
is positioned between the poles of the electromagnet. This gaussmeter is
calibrated to show the field at the exact position of the sample.

Wires running inside the cryostat insert connect the sample to a BNC
distribution board, where the individual contacts of the sample can be accessed.
The BNC distribution board also contains 10 kΩ shunts, which protect the
samples from damage caused by electrostatic discharges. A Keithley 6221 DC
and AC Current Source is used for sending current to the sample. For probing
the electric properties of the sample, a Stanford Research Systems Model SR 830
DSP Lock-In Amplifier is used. The lock-in amplifier is also connected to the
trigger output of the Keithley 6221, to get the exact frequency of the AC current.
The outputs of the lock-in amplifier are connected to a computer, where a multi-
functional program can be used for data recording and analysis.
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As mentioned above, with the setup 2 a larger magnetic field (up to 2T) can
be applied. However, since its sample holder is not surrounded by a dark cryostat
but the open-air, it suffers from a problem that the illumination from environment
might have an influence on electric measurements. For measurements inside a
dark cryostat, no problems occur, but measurements on a Si/SiOx/Pt/Co/Pt Hall
bar with the setup 2 revealed photovoltaic effects. Without any current source,
turning on a light source resulted in an induced voltage up to 10 mV, as shown
in Fig. 3.8(a). This photovoltaic effect is probably due to the SiO2 capping layer
of the substrate. For the samples used in this thesis, a 100 nm SiO2 layer is
normally used to have good thermal contact with the underlying Si to prevent
current induced heating as much as possible. However, the Au contact can go
straight through the 100 nm thick SiO2 layer and formed a Schottky barrier with
Si. This Au/Si interface is a well-known solar cell [100]. For magnetoresistance
measurements this is definitely not desired. Thus, a home-made black cap is
placed on the sample when the setup 2 is used. For electric measurements inside
the Kerr microscope where illuminations are necessary, a thicker capping layer (2
µm) of SiO2 will be used.

Because of the integral role of the lock-in amplifier in performing magnetore-
sistance measurements, the details of its operation and the correct settings will
be discussed in detail in the next section.
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Figure 3.8: (a) Angle dependences of the voltage of a Si/SiOx/Pt/Co/Pt Hall bar which
reveal photovoltaic effects. The measurements are done without using current source
and applied field. The red curve indicates that the photovoltaic effect is strong when the
sample surface is facing the light, while it is weak when the sample surface is facing the
electromagnet. (b) Vector representation of Vout in the complex plane. Inductance results
in a −90◦ phase shift, whereas capacitance results in a +90◦ phase shift.
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3.2.5 Harmonic measurements

Lock-in amplification is a measuring technique that can be used to extract a
specific frequency component from a signal [101]. This is done by exploiting
the orthogonality of sinusoidal functions.

If the voltage-current characteristic of a device is non-linear, applying a purely
sinusoidal AC current, I (t ) = I0 sin(ωI t ) , to the device will, in general, not
result in a purely sinusoidal voltage signal. Instead the result will be a complex
waveform that consist of many different frequency components. Using Fourier’s
theorem, the voltage signal can be expressed as an infinite series of harmonics,

Vin(t ) =
∞∑

n=1
An sin(nωI t +φn), (3.1)

where An and ϕn are the amplitude and phase of the nth harmonic. A lock-
in amplifier can be used to extract one of these harmonics from the measured
signal. To do this, it multiplies the signal V (t ) with a reference sine wave of unit
amplitude, frequency ωr, and phase φr. For the nth harmonic the result is,

Vn,out(t ) = An sin(nωI t +φn) sin(ωr t +φr) =

1
2 An

(
cos([nωI −ωr] t +φn −φr)−cos([nωI +ωr] t +φn +φr)

)
.

(3.2)

If the output Vout(t ) is now averaged over several periods, all AC components will
be attenuated close to zero. Therefore the output is zero, except when ωr = k ωI,
with k an integer. In this case a DC signal proportional to the kth harmonic
remains,

Vout = 1

T

∫ t+T

t
Vin(t ′) sin(ωr t ′+φr)d t ′ = 1

2
Ak cos(φk −φr). (3.3)

If the phase of the reference signal is equal to the phase of the kth harmonic,
then the lock-in amplifier measures the in-phase component X . If however, ϕr =
k φk ± π

2 , the out-of-phase component Y is measured instead. If θ =φk −φr, X and
Y are given by,

X = 1
2 Ak cos(θ), Y = 1

2 Ak sin(θ), (3.4)

The meaning of the in- and out-of-phase components can be understood by
plotting the first harmonic signal as a vector in the complex plane, as seen in
Fig. 3.8(b). If a capacitance or inductance is present in the circuit, there will be a
non-zero imaginary part. This is because a capacitance causes a +90◦ phase shift
and and inductance a −90◦ phase shift [102]. Thus the out-of-phase component
can be understood as the net contribution of the capacitance and inductance and
the real part as the contribution of the resistance. In case of the second harmonic,
the entire figure has to be rotated by 90◦, such that the real axis is at ±90◦. This
is because there is a 90◦ phase shift between the first and second harmonic, as is
evident from Eq. 2.10.
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In the magnetoresistance measurements, it is important to minimize the out-
of-phase component. This can be done by decreasing the frequency of the AC
current ωI. However, this also means that the integration time T has to be
increased, to ensure that only the correct harmonic is left. Which results in
long measurement times. Therefore, a balance between a high frequency and
accuracy has to be found.

If the out-of-phase component is less than 10% of the in-phase component,
then the systematic error in the measured resistance is less than 1% [102]. This
can be understood by looking at Fig. 3.8. If Y

X = 0.1, then θ = arctan(0.1) ≈ 6◦.
Substitution into Eq. 3.4 gives, X > 0.99 ( 1

2 Vout).
To find the correct frequency for each sample the following procedure is used.

First the frequency of the AC current is set to 801 Hz, this frequency allows for
short integration time. If during the measurements the out-of-phase component
exceeds 10% of the in-phase component, then the frequency is lowered until this
is no longer the case.

3.3 Brillouin light scattering

This section will explain the concepts behind a Brillouin Light Scattering (BLS)
setup as present at Inha University. This chapter will also cover some information
about the Dzyaloshinskii-Moriya interaction (DMI) measurement by using the
BLS.
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Figure 3.9: Scattering processes of a photon with a spin-wave excitation (magnon). The
scattering light from spin-wave can be created (a) or annihilated (b).

3.3.1 The principles of the BLS

As introduced in section 2.2.4, by measuring the frequency of spin-waves with
different chirality, the magnitude of the DMI can be determined. We first
introduce the mechanism how a spin-wave can be characterized in the BLS
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system. In this process, a laser beam of frequency ωL is incident on the magnetic
structure. As it hits the sample, it interacts with the spin-waves. In this
interaction, a spin-wave can be created such that a part of the energy/momentum
of the photon is absorbed. The scattered light will have a lower energy and thus
a lower frequency of ωL −ω. This process is called Stokes-Raman scattering. The
opposite process can also occur when a spin-wave transfers energy/momentum
to an absorbed photon. When this photon is emitted, it has more energy and thus
a higher frequency ωL+ω. This is called anti-Stokes-Raman scattering. These two
processes are schematically shown in Fig. 3.9.

At room temperature, these two processes have an equal probability of
occurring and generate distinct peaks in the BLS spectrum. In a system without
the DMI, these peaks would center perfectly around the peak from the incident
light. However, when DMI is present in the system the spin-wave peaks will
move off center due to an odd contribution in the dispersion relation. The term
related to the DMI is asymmetric under a wave vector inversion +k → −k. So
measuring both the Stokes(+k) and anti-Stokes(−k) at the same time allows a
direct determination of the DMI, as has been introduced in section 2.2.4. In the
next section, the configuration of the BLS setup will be introduced.

3.3.2 the BLS setup

A schematic overview of the BLS setup is shown in Fig. 3.10. The three major
components that make the BLS measurement possible have been numbered for
convenience. In the 1st component, a 300 mW solid-state single-mode 532 nm
laser is generated and passes through a p-polarizer. The light is then incident onto
the sample surface. After scattering from the sample surface, the reflected light
is focused through the 2nd component, an s-polarizer also called the analyzer.
This analyzer filters out any unwanted reflections and only passes the reflections
coming from the surface of the sample. So effectively only the light related to
spin-waves on the sample surface can enter the 3rd component, the Fabry-Perot
interferometer (FPI). The FPI is set up in a tandem mode so that it can eliminate
the influence of higher order peaks or other sources of light [61]. The light
finally reaches a photodetector, where the light spectrum can be measured. The
sample is positioned between the poles of an electromagnet, whose strength can
be tuned between 0.01 T to 1.18 T for magnetic field dependence measurements.
Moreover, by varying the incident angle of light (25◦ ∼ 60◦), the wavevector
kx = 0.0099 ∼ 0.0205 nm−1 can be tuned for dispersion relation measurements.
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Figure 3.10: A schematic diagram of the entire BLS system. Taken from [61].
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A study of the properties of
Dzyaloshinskii-Moriya
interaction by Brillouin light
scattering measurements

In magnetic multilayer systems, a large spin-orbit coupling at the interface
between heavy metals and ferromagnets can lead to intriguing phenomena such
as the perpendicular magnetic anisotropy, the spin Hall effect, the Rashba effect,
and especially the interfacial Dzyaloshinskii-Moriya interaction (since we will
only deal with the interfacial Dzyaloshinskii-Moriya interaction in this chapter, it
will be called DMI for short). This interfacial nature of the Dzyaloshinskii-Moriya
interaction has been recently revisited because of its scientific and technological
potential. Here we demonstrate an experimental technique to straightforwardly
observe the DMI, namely Brillouin light scattering. The non-reciprocal spin
wave dispersions, systematically measured by Brillouin light scattering, does not
allow the determination of the DMI constant beyond the regime of perpendicular
magnetization but also reveals the inverse proportionality with the thickness of
the magnetic layer, which is a clear signature of the interfacial nature. Moreover,
with the same method, we test the DMI of more materials. The DMI sign of Pt/Co,
Ta/Co and Ir/Co is proved to be the same, which is distinct from theoretical
predictions [103]. Finally, by dusting experiments, the Brillouin light scattering
measurement shows that the DMI is dominated by the bottom Pt/Co interface.
Altogether, our experimental results on the various properties of the DMI open
up possibilities for exploring magnetic heterostructures for engineering the DMI.
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4.1 Thickness dependence of the interfacial DMI

In this section we measure the ferromagnetic layer thickness dependent of DMI
quantitatively and qualitatively 1. Inelastic light scattering, so-called Brillouin
light scattering (BLS), is performed to observe non-reciprocal spin wave (SW)
dispersion relations affected by the DMI [105]. We found that the inverse
proportionality of the DMI constant to the ferromagnetic layer thickness shows
that the DMI is purely originating from the interfaces. As representative
heterostructures, Pt/Co/AlOx and Pt/CoFeB/AlOx are chosen because these
multilayer structures are predicted to have a large DMI [57].

4.1.1 SW Frequency differences due to the DMI

Propagating SWs on a magnetic thin film can be localized at the top and
bottom surfaces of the ferromagnetic layer when the wavevector k of the SW
is perpendicular to the magnetization of the system. This SW mode is a Damon-
Eshbach [106] mode (often called surface mode) and it is indeed one of the
appropriate physical quantities to investigate the interface effect, especially
affected by the DMI. To realize the Damon-Eshbach geometry, we first apply an
external magnetic field along the in-plane direction as depicted in Fig. 4.1(a).
Simply, BLS measures the scattered light from two interfaces, which contains
photons at frequencies shifted by the frequencies of excited SWs. In this inelastic
process, the photon loses its kinetic energy (Stokes process) to create a SW or
gains energy (anti-Stokes process) by absorbing one. Consequently, these spectral
components can determine the frequencies and intensities of SWs existing at the
point in the sample where the incident light is focused.

Usually, the SW frequencies of Stokes and anti-Stokes peaks should be
at the same position or slightly different due to the perpendicular magnetic
anisotropy (PMA) energy difference between top and bottom interfaces of the
ferromagnet [107]. However, recent theoretical and numerical calculation
proposes a prominent clue that the frequencies and the attenuation lengths of
the travelling SWs with opposite wavevectors (±k) are significantly different due
to the DMI, and then these characteristics of the SWs are measurable [108].
For BLS, the frequency difference (∆ f ) indicates the difference between the
frequencies of the Stokes and anti-Stokes peaks. We report that a large frequency
difference (∆ f = 1.99 GHz) for Pt/Co(1.2 nm)/AlOx is observed as shown in
Fig. 4.1(b). We claim that the GHz range of the ∆ f is a clear signature of the
DMI, which we will detail in the following.

1This work has been done in collaboration with J. Cho at Inha University. The contributions of
Y. Yin include sample fabrication, analysis about perpendicular magnetic anisotropy’s influence and
the revision of manuscript. The content in this section is modified with respect to the corresponding
publication in Nature communications [104].
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Figure 4.1: (a) Schematic configuration of the BLS measurement. The external magnetic
field is applied along the y-direction and a p-polarized laser beam excites two interfaces
SWs along the x-direction. Inset: schematic picture of wedge-type sample geometry. (b)
The BLS spectrum with a magnetic field Hext = 0.69 T. The incident angle is fixed at θ = 45◦
(kx = 0.0167 nm−1). To identify the frequency differences (∆ f ) between Stokes (negative
frequency region) and anti-Stokes (positive frequency region), mirrored curves are drawn
as black dashed line. The red vertical lines indicate the centre of the SW frequency and
red arrows indicate the ∆ f , here 1.99 GHz. The black circles refer to the experimental
result and dark yellow solid line is the Lorentzian fitting curve. The data accumulation
time for each spectrum is about 60 min.

4.1.2 Sample fabrication

The samples used are Pt(4 nm)/Co(0-2 nm)/AlOx(2 nm) and Pt(4 nm)/
Co48Fe32B20(0-2 nm)/ AlOx(2 nm), which were prepared on Si/SiO2 substrates
using DC magnetron sputtering with a base pressure of ∼ 7 × 10−8 mbar. To
investigate the thickness dependence of the DMI, the ferromagnetic layers were
grown in a wedge shape over 2 cm wide wafers with the help of an in situ moving
shadow mask. The AlOx layer was obtained by plasma oxidizing a 2-nm-thick Al
layer as deposited on top of the ferromagnetic layers. The plasma oxidation
process was carried out for 10 min with a 0.1 mbar background pressure of
oxygen and a power of 15 W.

4.1.3 Magnetic field dependence of ∆ f

To precisely and systematically investigate this interface effect by means of
BLS, two different methods (magnetic field dependence and incident angle
dependence) as a function of the thickness of the ferromagnet (tFM) are proposed
in this work. We now discuss the details of two different methods successively.
The Damon-Eshbach SW dispersion relation including the DMI is described by
[108]:
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fDE = f0(MS, Hext,Ku, A,kx x⃗)+p
γD

πMS
kx (4.1)

where f0 is the SW frequency without the IDM contribution, Hext, Ku, A, γ, p
and kx = 4π

λ sinθ are the external magnetic field, the magnetic anisotropy, the
exchange stiffness, the gyromagnetic ratio, the polarity of the magnetic field
(p = ±1) and the wavevector of the SW, where θ is the incident angle of the
light, respectively. Therefore, the definition of the frequency difference is simply
derived as

∆ f = | fDE(+kx x⃗)− fDE(−kx x⃗)| = 2γD

πMSkx
, (4.2)

where Ms and D are the saturation magnetization and the DMI constant,
respectively. This SW dispersion apparently shows that the ∆ f is invariant while
the magnetic field increases (or decreases). So, the field-dependent measurement
allows us to minimize the uncertainties of the measured ∆ f . The measured SW
frequencies of Stokes and anti-Stokes peaks as a function of the magnetic field
for Pt/Co(1.2 nm)/AlOx are shown in Fig. 4.2(a). Both SW frequencies increase
with increasing applied magnetic field, but the ∆ f (the averaged ∆ f is 2.18
GHz) is a constant (see the inset in Fig. 4.2(a)). From these field-dependent
measurements, using Eq. 4.2 we can convert the ∆ f to the DMI constant
because the SW wavevector is fixed at kx = 0.0167 nm−1 (θ = 45◦). It must be
noted that the minimum applied in-plane field is 0.5 T is large enough to pull
the magnetization in the plane. Therefore, the observed ∆ f is only for the in-
plane magnetization, and we cannot conclude that ∆ f will vanish or not when
the magnetization is out of plane. Due to the limitation of BLS measurement
setup, it is hard to determine ∆ f for the out-of-plane magnetization.

In many magnetic systems, interface effects can be identified by an inverse
proportionality to the ferromagnetic layer thickness such as PMA [109], exchange
bias [110], switching current density of spin transfer torque [111], the effective
field of the interlayer exchange coupling [10], and so on. From this point of view,
we systematically measure ∆ f as a function of the thickness of the ferromagnets
(Co and CoFeB) and nine data points with different magnetic fields are averaged
for each thickness. As shown in Fig. 4.2(b), ∆ f approaches the origin when t−1

FM →
0 for both Co and CoFeB FM samples by which we consequently confirm that the
DMI for our asymmetric structures is purely originated from the interface. For
the thinner CoFeB cases where t−1

CoFeB > 0.6 nm−1(tCoFeB < 1.6 nm), the frequency
differences deviate from the inverse proportionality. The physical reasons will be
discussed in section 4.1.7.

4.1.4 SW propagation direction dependence of ∆ f

We now demonstrate another proof that the asymmetric frequency differences
indeed emerge from the interface. In recent previous theoretical work, Cortés-
Ortuño [112] claims that the frequency differences ∆ f by the DM interaction can
be expressed as:
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Figure 4.2: (a) Magnetic field-dependent BLS measurements at tCo = 1.2 nm. The in-
plane magnetic field varies from 0.5 to 1.2 T and the angle of the incident light is fixed
at θ = 45◦. The violet arrows are average ∆ f is 2.18 GHz between Stokes (red squares
and line) and anti-Stokes (blue squares and line) peaks. Inset: the frequency differences
(∆ f ) as a function of applied magnetic field. (b) ∆ f as a function of t−1

FM for two different
magnetic materials (Co and CoFeB). Black squares and red circles indicate ∆ f for Co and
CoFeB, respectively. For these measurements, the incident angle is fixed at θ = 45◦, which
corresponds to the kx = 0.0167 nm−1. Error bars correspond to the standard deviation of
the BLS measurements.

∆ f (α) =∆ f0 sinα, (4.3)

where α indicates the angle between k∥ and M, and ∆ f0 is a frequency difference
at α=π/2. The physical interpretation of Eq. 4.3 is that the frequency differences
∆ f is created by the energy differences of two propagating SWs for both
interfaces. Since the DMI introduces these energy differences, this equation
is another clear evidence of the DM interaction, especially for the case of
the interface effect. Fig. 4.3 shows the angular dependence of the frequency
differences between the angle of SW k-vector and the direction of M. Fig. 4.3(a)
indicates the case of α=±π/2 (usual BLS measurement geometry, that is, k∥ ⊥ H)
and α= 0◦ (90◦ rotation from usual BLS measurement geometry, that is, k∥ ∥ H). It
is clearly shown that ∆ f ( =+ 1.71, -1.73 GHz) is finite and has an opposite sign
for α=±π/2, while ∆ f = 0.11 GHz for α= 0◦ is below the BLS detection threshold
(∼ 0.29 GHz). The systematic angular dependent measurements are shown in
Fig. 4.3(b) and we overlap the sinusoidal curve from Eq. 4.3. As expected, they
are in good agreement with each other.

4.1.5 SW k-vector dependence

Furthermore, we measure the dispersion relation of the SWs (frequency versus
wavevector) by varying the incident angle of the probing light, which determines
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Figure 4.3: (a) The frequency difference between Stokes and anti-Stokes are clearly
observed (∆ f = +1.71, -1.73 GHz) for α = ±90◦ (k∥ ⊥ H), while the ∆ f (= 0.11 GHz)
for α = 0◦ (k∥ ∥ H) is less than BLS resolution. The black vertical lines and the black
arrows indicate the ∆ f between Stokes and anti-Stokes peaks. The green and blue arrows
indicate the directions of the SW wavevector and the applied magnetic field, respectively.
(b) The measured ∆ f as a function of the a. The solid line is the fitting curve from Fig. 4.3.
Error bars correspond to the standard deviation of the BLS measurements.

the selected SW’s wavevector kx x⃗. We note that the magnetic field- and kx -
dependent measurements span two different branches of Eq. 4.1, and these two
independent measurements can provide more reliable results in the present study.
The dependence of fDE on kx are plotted in Fig. 4.4(a) for various Co thicknesses.
The solid lines correspond to a linear fit to the experimental results. For all Co
thicknesses, the fDE linearly decreases with increasing kx . Following Eq. 4.1,
f0 and ∆ f varies quadratically and linearly with kx , respectively. However,
for the limited range of kx (-0.03 nm−1 < kx < +0.03 nm−1), the value for f0

are almost constant, accordingly, the significant variation in fDE results from
those in ∆ f . Therefore, these asymmetric and linear dispersion relations can
be seen as evidences that the ∆ f in our measurement is a consequence of the
DMI. Recently, the asymmetric SW dispersion relation has been experimentally
observed by using spin-polarized electron energy loss spectroscopy in double
layer Fe films [60]. For comparison, we also examined the dispersion relation for
Pt(4 nm)/Co(0.6 nm)/Pt(4 nm) representing a symmetric structure, where the
DMI at the bottom and top interfaces of the FM are known to be approximately
of the same magnitude but with the opposite sign, thus leading to zero DMI.
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Figure 4.4: (a) The asymmetric dispersion relation measured by the BLS for various Co
thicknesses. For these measurements, the applied magnetic field is fixed at Hext = 0.915 T.
The solid lines correspond to linear fit to the experimental results. For all Co thicknesses,
the fDE linearly decreases with increasing kx . These asymmetric and linear dispersion
relations can be regarded as the direct evidence that the ∆ f in our measurement is a
consequence of DMI. (b) All ∆ f and linear fitting lines are visualized in one graph.

Indeed, for the symmetric structure, no significant DMI is observed (see the open
navy circles in Fig. 4.4). Fig. 4.4(b) shows the ∆ f versus |kx | for selected Co
thickness, tCo = 1.1, 1.2, 1.5 and 1.6 nm. For each film thickness, one obtains
a clear linear dependence. From the slopes, we can extract DMI constant using
the relation of Eq. 4.1 together with the gyromagnetic ratio γ and the saturation
magnetization MS also deduced from BLS measurements. The determination of
MS will be described in the following section.

4.1.6 Determination of the saturation magnetization and PMA
energy

In order to determine the saturation magnetization and the PMA energy, the
influence of the DMI should be removed by taking the median value of the Stokes
and anti-Stokes peak. As illustrated in Fig. 4.5, the SW dispersion relations are
measured by BLS for various Co thicknesses (tCo = 1.0, 1.2, 1.4, and 1.6 nm).
Since the applied magnetic field is perpendicular to the magnetization creating
the surface SW mode, the SW excitation frequencies are given by [113]

f0 = γ

2π

√[
H cosθ− (µ0MS − 2Ku

MS
)sin2θ

][
H cosθ− (µ0MS − 2Ku

MS
)(cos2θ− sin2θ)

]
,

(4.4)
where, γ is the gyromagnetic ratio (= 2.37×1011 T−1s−1), θ is the angle between
the magnetization and the sample plane, Ku is the perpendicular uniaxial
anisotropy constant, H is the external magnetic field, MS is the saturation
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Figure 4.5: (a) The field dependence SW resonance frequencies measured by BLS for
various Co thickness. The squares indicate the median of the Stokes and anti-Stokes peak
frequency and the solid lines are fits to Eq. 4.6. (b) Keff × tCo vs. tCo plot with linear fit.
We extract KS and MS from the slope and y-axis crossing. Above tCo > 1.4 nm, the effective
anisotropy becomes negative and the easy axis of the sample is in-plane.

magnetization, respectively. In this equation, the contributions of dipolar field
and exchange energy have been neglected as is justified in the ultrathin limit.
Consequently, the measured SW frequencies and the fitted curves show a good
correspondence as shown in Fig. 4.5(a). For the case of tCo > 1.4 nm, the
frequencies of the propagating SWs differ from the thinner thicknesses, which
means that the effective uniaxial anisotropy (Keff = 2KS/t −1/2µ0M 2

S) is changed
from positive (out-of-plane) to negative (in-plane) values. To elaborate, we plot
the anisotropy energy density (Keff× tCo) as a function of tCo in Fig. 4.5(b). From
this plot, we determine the slope and y-crossing, corresponding to the volume
anisotropy (−1/2µ0M 2

S) and the surface anisotropy (KS) [109], respectively. This
allows us to extract MS directly from the BLS measurements. MS is the only
necessary physical quantity to convert the measured f to the DMI constant. The
obtained KS is 0.54 mJm−2 and MS is 1100 kAm−1, which is about 78.5% of the
bulk Co value.

4.1.7 The DMI constant

Next, we convert the measured ∆ f to the DMI constant for our asymmetric
structures as shown in Fig. 4.6. For Co samples, the measured DMI constant
(DH and Dk indicate the DMI constant from the field dependence and SW
wavevector dependence, respectively) are in excellent agreement each other (see
Fig. 4.6(a)). Fig. 4.6(b) shows the measured DMI constant for the CoFeB sample.
In this case, the effective magnetic anisotropy for all thicknesses is in-plane. The
maximum DMI constant is obtained to be about D = 1.2 mJ m−2 (D = 0.7 mJ m−2)
for Pt/Co(1 nm)/AlOx (Pt/CoFeB(1.6 nm)/AlOx).

As seen in Fig. 4.6(b), the DMI in Pt/CoFeB/AlOx shows a clear deviation from
the linear behavior when t−1

CoFeB > 0.6 nm−1(tCoFeB < 1.6 nm). We now discuss the
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Figure 4.6: (a) The DMI constant as a function of t−1
Co for the two measurement methods.

Blue squares and black circles Co show the DMI constant measured by field dependence
(DH ) and dispersion relation (Dk ), respectively. The black dot line indicates the spin
configuration changes PMA to in-plane magnetic anisotropy (IMA). (b) The DMI constant
as a function of t−1

CoFeB for the field dependence (DH ). The red dot lines show the limit for
our BLS setup. Error bars correspond to the standard deviation.

Figure 4.7: DMI constant and Keff × tCoFeB as a function of tCoFeB. When tCoFeB < 1.4 nm,
the Keff × tCoFeB starts to deviate from the linear behavior, and DM interaction shows the
same behavior.

Physical reason of such non-linear behavior. In order to resolve the unexpected
behavior of Pt/CoFeB/AlOx, we plot together Keff×tCoFeB and DMI constant versus
tCoFeB (thickness of CoFeB) in Fig. 4.7. It is clear that the linear behavior is
broken in the Keff × tCoFeB vs. tCoFeB plot, when tCoFeB < 1.6 nm. It indicates that
the interface quality is changed when the CoFeB layer becomes too thin. The
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onset of the non-linear behavior in the frequency difference or DMI constant is
exactly at the same thickness. Therefore, it implies that the non-linear behavior
in Fig. 4.2(b) is due to the degradation of the interface quality.

4.1.8 Another possible source of ∆ f and reliability analysis

In this section, we discuss another possible source of ∆ f . For the surface spin
wave modes (Damon-Eshbach mode), spin waves are localized at the bottom
or top interface for each sign of k, respectively. If two interfaces have different
surface anisotropy, as expected for Pt/FM and FM/AlOx interfaces, the spin waves
experience different effective fields depending on their propagating direction,
and accordingly, it can lead to the frequency difference between Stokes and anti-
Stokes peaks. Therefore, such a non-zero ∆ f could also arise due to the difference
in the PMA. To clarify our main claim that the observed ∆ f is originating from
DMI, we should distinguish the frequency difference ∆ fK , which might originate
from the different PMA of the top and bottom interfaces, from the observed ∆ f .
In order to confirm our claim that DMI is dominant for ∆ f , we now present a
numerical calculation. By employing a analytical model of dipole-exchange spin
waves [114], the ∆ fK can be written as

∆ fK = 8γ

π3

K bot
S −K top

S

MS

k∥
1+ Λ2π2

t 2

, (4.5)

where K bot
S and K top

S denote the PMA of the bottom and top interface, re-

spectively. Λ =
√

2A/µ0M 2
S is the exchange length, where A is the exchange

stillness. The above equation is an approximation for thin ferromagnetic layers
(k∥tFM ≪ 1), as is the case in our experiments. The previously measured surface
anisotropy KS = 0.54 mJm−2 is the sum of K bot

S and K top
S . Here we assume a

extreme situation that K bot
S = 0.54 mJm−2 and K top

S = 0, so that K bot
S −K top

S = 0.54
mJm−2. With MS = 1100 kAm−1, γ/2π = 29 GHz/T, k∥ = 0.016 nm−1 and A = 12
pJ/m, we calculate the frequency difference ∆ fK as a function of t as shown
in Fig. 4.8. Compared with the experimentally measured ∆ f , the numerically
calculated ∆ fK (k) is negligibly small.

The second proof can be given by looking at Fig. 4.2(a). As described in the
previous sections, since the contribution of surface anisotropy and magnetic field
to SW frequency is included in the f0 term in Eq. 4.1, we cannot distinguish the
∆ fK from measured ∆ f using the magnetic field-dependent measurement. By
contrast, for the case of k-dependent measurement, since we obtain ∆ f from
the slope and the contribution of ∆ fK is small, a contribution of ∆ fK can be
distinguished. Fig. 4.2(a) shows two independent measurements (DH and Dk),
and we observe an excellent agreement between them. If there would be non-
negligible contributions of ∆ fk , it would be reflected by a difference between the
two measurement results which is not the case.
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Δf
K

Figure 4.8: Numerically calculated ∆ fK from Eq. 4.5 (solid black squares), plotted with
experimentally measured ∆ f .

Therefore, we conclude that our BLS measurement results are free from
contributions of ∆ fk , and it originates from the DMI.

4.1.9 Conclusions

In conclusion, using a versatile light-scattering technique, we have observed
the DMI in the inversion symmetry broken systems. The quantitative magnetic
layer thickness-dependent measurements and careful analysis show the inverse
proportionality of the frequency differences and confirm that the DMI is a pure
interfacial effect with a maximum energy density of 1.2 mJ m−2 for Co with
Pt underlayer. Furthermore, two different measurement methods, the magnetic
field dependence and SW wavevector dependence, give identical results.. These
findings take us a step closer to boosting the DMI, leading to (meta-) stable
skyrmion states for future data and memory devices. Finally, our numerical
calculations confirm the asymmetric SW dispersion relations due to the DMI and
the inverse proportionality.
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Figure 4.9: (a) DMI induced spin-wave frequency differences ∆ f as function of tCo. (b)
DMI constant as a function of t−1

Co for the external magnetic Co field dependence (DH )
in Ir/Co (black squares), Pt/Co/AlOx (blue circles), and Ta/Pt/Co/AlOx (red triangles),
respectively. The DMI constant of the Ir/Co interface has a maximum value (0.7 mJ/m2)
that is much smaller than that of Pt/Co/AlOx (1.3 mJ/m2) and Ta/ Pt/Co/AlOx (1.7
mJ/m2).

4.2 A comparison between Pt/Co and Ir/Co inter-
faces

In this section, we experimentally investigate the interfacial magnetic properties
of an Ir/Co(tCo)/AlOx system by BLS2. Iridium, which is a heavy metal, was
chosen to compare the spin-orbit coupling at the interface between Cobalt and
heavy metallic layer. From systematic BLS measurements, a large value of MS

due to a proximity effect and an enhanced value of Ks due to spin-orbit coupling
(SOC) at the Ir/Co interface were observed. We measured DMI constant from
the magnetic field-dependent frequency difference measurements and found that
they are smaller than in the case of the Pt/Co interface. Contrary to previous
reports [52, 103], the measured sign of the DMI is the same as in Pt/Co/AlOx
systems.

4.2.1 Measurement of the DMI

The inset in Fig. 4.9(a) shows the sample geometry. A wedge-shaped Ta(4
nm)/Ir(4 nm)/Co(tCo)/AlOx(2 nm) sample was deposited on a thermally oxi-
dized Si wafer. Fig. 4.9(a) indicates the frequency differences (∆ f ) between
Stokes and anti-Stokes peak positions in BLS spectra as a function of the Co
thickness. Due to the non- reciprocal SW propagation properties with finite DMI,
∆ f is directly proportional to the DMI constant (D). In Fig. 4.9(b), the deduced
DMI constant based on Eq. 4.2 are plotted as a function of t−1

Co . The figure shows

2This work has been done in collaboration with N-H. Kim at Inha University. The sample
fabrication was performed by Y. Yin. The content in this section is modified with respect to the
corresponding publication in Applied Physics Letters [115].
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Figure 4.10: The frequency differences ∆ f between Stokes and anti-Stokes from θα =
−90◦ to +90◦ in Ta/Ir/Co/AlOx (tCo = 1.75 nm and 2.0 nm) and Ta/Pt/Co/AlOx (tCo = 1.8
nm). The measured ∆ f is plotted as a function of the θα. The solid line is the fitting curve
from Eq. 4.3.

inverse proportionality for Co, which is direct evidence that the DMI in the Ir/Co
bilayer is generated at the interface. We note that the DMI constant are much
smaller than in the case of the Pt/Co interface, as shown in Fig. 4.9(b).

Next, we considered the magnitude and sign of DMI for an Ir/Co/AlOx
system. Recently, using the Vienna ab initio simulation package (VASP), Yang
et al. [103] reported that the DMI of an Ir/Co system is much smaller than those
of Pt/Co systems. They also found that the sign of the DMI is opposite to that of
the Pt/Co interface. This is consistent with reported experimental observations
of a Pt(111)/Ir(tIr)/[Ni/Co]N and Ta/Pt/Co/Ir(tIr)/Pt system [52, 68]. Chen
et al. [52] observed real space images by spin-polarized low-energy electron
microscopy (SPLEEM), and they found the transition of domain wall chirality
to be a function of an Ir inserting layer between Pt and [Ni/Co]N. This implies
that the DMI of the interface of Ir/[Ni/Co]N is opposite to that of Pt/[Ni/Co]N.
Hrabec et al. [68] used a MOKE microscope to observe asymmetric magnetic
domain expansion due to the DMI, and they inserted an Ir layer into the
Ta/Pt/Co/Ir(tIr)/Pt system. Based on the asymmetric domain wall velocities,
they concluded that the sign of Co/Ir is opposite to that of the Co/Pt interfaces.

Contrary to previous theoretical and experimental results [52, 68, 103], our
experimental data indicate that the sign of DMI at the Ir/Co/AlOx interface is
the same as in the Pt/Co/AlOx, Pt/CoFeB/AlOx, and Ta/Pt/Co/AlOx systems.
In order to cross-check our field dependent ∆ f measurements (see Fig. 4.9(b)),
SW propagation angle dependence measurements were performed. The relation
between ∆ f and θα, the angle between the direction of the propagating SWs and
the direction of the applied field, is given by Eq. 4.3. The angle dependent ∆ f
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Figure 4.11: Keff × tCo versus tCo plot with a linear fit. KS and MS were extracted from
the slope and y-intercept. For tCo >1.54 nm, the effective uniaxial anisotropy becomes
negative, which means the direction of the easy axis changes from perpendicular to the
in-plane.

measurements from −90◦ to +90◦ with a 22.5◦ interval for the Ir/Co (tCo = 1.75 nm
and 2.0 nm) and Pt/Co (tCo = 1.8 nm) cases are shown in Fig. 4.10. All sinusoidal
fitting curves are in good agreement with the measured ∆ f as a function of θα.
The green area showing that ∆ f is less than about 0.3 GHz indicates the limit
of our BLS experiments. Consequently, we suggest that the signs of DMI are the
same at Ir/Co and Pt/Co interfaces.

Currently, the physical origin of the sign of DMI at Ir/Co/AlOx is not fully
understood. However, there are several possible reasons for the opposite sign
reported in previous experimental results [52, 68]. Our measurements are
conducted on Ir(4nm)/Co/AlOx, whereas the previous results have different
sample stacks, i.e., Ta/Pt/Co/Ir/Pt [68] and Pt(111)/Ir/[Ni/Co]N [52]. For
example, Hrabec et al. [68] inserted an Ir layer on top of a Co layer and covered it
with a Pt layer. Chen et al. investigated the Ir/Ni and Co/Ir interface [50,52], not
the Ir/Co interface. Based on our experimental results, we suggest that the DMI
constant is quite sensitive to the details of the multilayer structures. Moreover,
the DMI is not only determined by the nearest interfaces, but it may have long
range characteristics, as predicted by Fert and Levy [116].

4.2.2 Measurement of the PMA

We investigate other important and SOC-related quantities in a Ta/Ir/Co/AlOx
system by using BLS measurements. We ignored the effect of DMI on the SW
excitation frequency and took the average of the Stokes and anti-Stokes SW
frequencies without the DMI contribution. This can be expressed as [113]
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fSW = γ

2π

√
Hex(Hex − 2Keff

µ0MS
). (4.6)

Here, we ignored the exchange energy and the bulk PMA contribution. Keff =
2KS
tCo

− 1
2µ0M 2

S , where KS is the surface anisotropy energy, γ is the gyromagnetic
ratio, and Hex is the applied magnetic field. We can extract the effective
anisotropy energy Keff from the external field-dependent fSW using Eq. 4.6. In
Fig. 4.11 Keff × tCo is plotted versus tCo. From the slope and y-intercept, the
saturation magnetization MS (= 1.68±0.02×106 A/m) and the surface anisotropy
energy KS (= 1.36 ± 0.01 mJ/m2) were determined, respectively. For tCo >1.5
nm, the effective anisotropy becomes negative such that the easy axis of the
sample is in-plane. Surprisingly, the obtained values of KS and MS at the
Ir/Co interface are significantly enhanced in comparison with the case of the
Pt/Co (MS = 1.42±0.02×106 A/m) interface [117]. Especially, the measured MS

(= 1.68×106 A/m) is 20% greater than the bulk magnetization of Co (MS = 1.4×106

A/m). Experimental evidence that a large proximity-induced magnetization
exists at the Ir/Co interface has recently been reported [38]. The reported
proximity-induced magnetization in an Ir/Co/Ni/Co system is 19%, which is
quite similar to our observed value.

The KS value (1.36 mJ/m2) of the Ir/Co system is noticeably enhanced
compared to the values for Pt/Co/AlOx (KS = 0.54 mJ/m2) and Ta/Pt/Co/AlO
(KS = 1.1 mJ/m2) [117]. On a theoretical basis, it has been reported that Ir
monolayer capping induces a strong PMA on an Fe(001) layer [118]. They
found that the proximity-induced magnetization and the PMA of Ir are even
larger than that of Pt. This gives a clue regarding the observed enhancements
of the values of MS and KS in our Ir/Co/AlOx system. Regardless, their study is
about 5d transition metals with Fe, and not Co. Furthermore, den Broeder et al.
reported that KS for Ir/Co ( 0.8 mJ/m2) is larger than that of Pt/Co (0.5∼0.58
mJ/m2) [119].

4.2.3 Conclusions

In conclusion, we used BLS to observe SOC-related physical quantities such
as the interfacial Dzyaloshinskii-Moriya interaction and perpendicular magnetic
anisotropy at the Ir/Co interface. From systematic BLS measurements, we
suggest that the measured DMI constant is relatively smaller than in the case
of the Pt/Co interface. On the other hand, the saturation magnetization and the
surface magnetic anisotropy are significantly improved due to a higher proximity-
induced magnetization. From this result, we believe that the DMI and PMA
behave in different ways at the Ir/Co interface. Based on our measurements, the
sign of the DMI at the Ir/Co interface is the same as that of the Pt/Co interface.
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4.3 Measuring the DMI with interface manipula-
tions

The previous sections have been focused on determining the DMI constant of the
whole inversion symmetry breaking system. Despite all of the above efforts, the
role of top (FM/I) and bottom (HM/FM) interfaces of HM/FM/I system have not
been studied clearly enough.

In this section, we investigate the contribution of the top and bottom interface
to the DMI and PMA by inserting a ultra-thin Cu layer (0-0.5 nm) at the HM/FM
and FM/I interface. We find that the DMI and PMA rapidly disappear with
increasing thickness of the Cu-insertion layer at the bottom (HM/FM) interface,
whereas the Cu thickness has almost no effect on the magnitude of the DMI and
PMA at the top interface. 3

4.3.1 Sample preparation

In order to study the role of the inserted Cu layer, we prepare two wedge-
shaped samples on top of a thermally-oxidized Si/SiO2 wafer. The wedge sample
structures were Si/SiO2/Pt (4 nm)/Cu (0-0.5 nm)/Co (1.1 nm)/AlOx (2 nm) and
Si/SiO2/Pt (4 nm)/Co (1.1 nm)/Cu (0-0.5 nm)/AlOx (2 nm) as shown in Figs.
4.12(a) and (b) (inset). Hereafter, we refer to the samples, where a Cu layer
with a thickness variation of 0-0.5 nm was inserted between Pt/Co and Co/AlOx,
as “BOTTOM" and “TOP" samples, respectively. All samples are prepared by DC
magnetron sputtering at a base pressure of ∼ 7×10−8 mbar. The wedge-shaped
Cu layers were grown using a moving in-situ linear shadow mask. Here, we
would like to note that although the thickness of the Cu layers in the two samples
are prepared to be nominally the same, an unintended offset in their thickness
could also have arisen due to the shadow effect and/or the difficulty in precisely
adjusting the mask to a certain position. The AlOx layer was prepared by the
plasma oxidation of a 2 nm thick Al layer.

We chose Cu as an insertion layer for several physical reasons. First, it is
well known that Cu is immiscible with Co [121], while Pt is highly miscible
with Co [122]. Recently, it has been reported experimentally and theoretically
that the Co-diffusion in Cu layer only happens at high temperature [123]. In a
systematical study of the PMA, Bandiera et al. [124–126] show that the inter-
diffusion at Co/Pt multilayer structures can be reduced by inserting an ultra-thin
Cu layer, which leads to a well-defined layered stack with enhanced anisotropy.
Furthermore, it has been discussed and clarified by B. Hillebrands [127, 128]
for many anisotropic systems, such as a stable ferromagnetic order in a Co/Cu
structure. Therefore, we can minimize a structural disorder and the possibility of
alloying by using a Cu-insertion layer. Moreover, as the SOC of Cu is negligible,

3This work has been done in collaboration with N-H. Kim at Inha University. Y. Yin proposed
the idea and fabricated the samples. The content in this section is modified with respect to the
corresponding publication in AIP Advances [120].
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Figure 4.12: Structures of wedge Cu-insertion layer samples (inset) and MOKE hysteresis
loops (a) BOTTOM: Si/SiO2/Pt (4 nm)/Cu (0.0-0.5 nm)/Co (1.1 nm)/AlOx (2 nm); (b)
TOP: Si/SiO2/Pt (4 nm)/Co (1.1 nm) /Cu (0.0-0.5 nm)/AlOx (2 nm).

the Cu layer acts as an effective SOC breaker. However, due to the long spin
diffusion length of Cu (> 500 nm), a thin Cu layer is seen as transparent for
a spin current. Recently, Fan et al [55] studied spin-orbit torque (SOT) in a
Ti/CoFeB/Cu/Pt system as a function of Cu thickness (0-3 nm). They found that
the spin Hall effect generated field-like SOT, decreased slowly, while damping-
like SOT rapidly dropped with the Cu-insertion layer.

The hysteresis loops for the BOTTOM and TOP samples as a function of Cu
thickness (tCu) are measured via magneto-optical Kerr effect (MOKE), as shown
in Figs. 4.12(a) and (b). For the BOTTOM samples, the hysteresis loops show
perfect square shapes when the Cu is 0-0.4 nm thick, indicating a perpendicularly
magnetized structure. However, at tCu = 0.5 nm, an in-plane magnetized structure
is measured. In the case of the TOP samples, the slanted hysteresis loops, of
which the squareness is less than 1, are found for all Cu thicknesses. Here, we
note that the hysteresis loops of the BOTTOM and TOP samples at tCu = 0 nm,
which should in principle be the same, show different behaviors. This might be
due to the difference in the thickness offset of the Cu-inserting layer between
the two sample structures as previously mentioned. Although the difference in
the thickness offset may have affected the quantitative analysis in the results, we
expect that it does not make a significant difference in our qualitative analysis
and main claims.

Based on the experimental result of SW frequencies, we depict the Keff of
the BOTTOM and TOP samples as a function of the Cu thickness in Fig. 4.13.
The Keff of the TOP sample is slowly decaying with tCu, from 2× 105 (tCu = 0
nm) to 1.5× 105 J/m3 (tCu = 0.5 nm), while the Keff of the BOTTOM sample
rapidly decays from 2×105 (tCu = 0 nm) to −0.5×105 J/m3 (tCu = 0.3 nm). At
a glance, the contribution to the PMA from the top interface is not negligible,
however not significant either, and the PMA of the system mainly came from the
bottom Pt/Co interface. For a more clear understanding, we only depict surface
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Figure 4.13: Effective uniaxial anisotropy (Keff) as a function of tCu for the BOTTOM
and TOP samples with error bars. A positive Keff implies a perpendicular easy axis. The
dashed red line indicate the volume anisotropy Kv . The surface anisotropy is plotted in
the inset.

anisotropy,
K T

S +K B
S

tCo
= Keff+ 1

2µ0M 2
S , as an inset of Fig. 4.13. If the surface anisotropy

of TOP/BOTTOM interface disappears, it must approach zero. Therefore, the
only possible conclusion is that a 0.3 nm Cu-insertion layer is not thick enough
to effectively block the PMA between Pt and Co (Co and AlOx) layers. Based
on above analysis, we can conclude that the contribution to the PMA from both
interfaces are still significant with a 0.3 nm Cu-insertion layer, however, the Cu-
insertion layer blocks the PMA of the bottom Pt/Co interface more effectively
than the top Co/AlOx interface.

Another possible explanation for the observation in Fig. 4.13 is the formation
of Cu clusters at the interface rather than an atomically flat Cu layer. However,
we rule out this scenario for the following reasons. In order to form the clusters
with nominally 0.2∼0.3 nm thick Cu layer, more than 50% of the interface must
be Pt/Co, because the clusters must be thicker than a Cu monolayer (ML) (0.3
nm). In this case, if we assume a simple area-weighted average model, Keff =
ηKeff,Pt/Co + (1−η)Keff,Cluster , where η is fraction of Pt/Co interface, and Keff,Pt/Co

and Keff,Cluster are Keff value of Pt/Co and Cu cluster interface, respectively. If
the half interfaces are Pt/Co and Pt/Cu(2 MLs)/Co, respectively, we can assume
η= 0.5, then Keff,Cluster =−µ0

2 M 2
S and Keff,Pt/Co = KS

tCo
− µ0

2 M 2
S , we obtained

Keff(tCu = 1ML) = 1
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S

2
). (4.7)



4.3 Measuring the DMI with interface manipulations 67

Figure 4.14: DMI constant as a function of tCu for BOTTOM and TOP samples, as
determined by SW dispersion relations (Dk ) and external magnetic field dependence
measurements (DH ). The shaded area indicates the limit of the BLS measurement (<
0.2 mJ/m2).

It gives Keff = −2.7 × 105 J/m3, which is much smaller than experimentally
observed Keff ∼ 0. Therefore, we can conclude that an atomically flat Cu layer
is formed at the BOTTOM interface. Furthermore, the analysis of the DMI in the
next section is another supporting evidence of our above explanation.

4.3.2 An insertion of Cu layer into Co/AlOx interface

From both the SW wave vector (Dk) and external magnetic field (DH ) depen-
dence measurements, we obtained the DMI constant as a function of tCu for the
BOTTOM and TOP samples, as shown in Fig. 4.14. The agreement between Dk

and DH are excellent, and this indicates the reliability of our BLS measurements.
From Fig. 4.14, we found that the DMI constant of the TOP sample did not
change with the thickness variation of the Cu-insertion layer. This is a clear
indication that the source of DMI comes from the Pt/Co (BOTTOM) interface,
which is further validated by a rapid decay of DMI constant for the BOTTOM
samples with increasing tCu. With a 0.2-0.3 nm thick Cu layer , the DMI is almost
suppressed. Since the BLS detection limit is around 0.2 mJ/m2, the DMI constant
have no meaning when the Cu thickness is below 0.2 nm. The suppression of the
DMI could imply that the 0.2-0.3 nm thick Cu-insertion layer effectively blocks
the SOC between the Pt and Co layers. When we discussed Keff in Fig. 4.13,
the possibility of Cu-cluster forming was ruled out. The DMI results support our
previous conclusion. If Cu clusters are formed at the interface, then certain parts
of the interface must be Pt/Co and not Pt/Cu/Co, and it must have a finite DMI.
However, DMI is negligible with a 0.2-0.3 nm Cu-insertion layer, implying that
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the Cu-insertion layer effectively covered the interface and it is atomically flat.
Since DMI and PMA are closely related to the SOC, it is expected that the DMI
and PMA have the same variation with the Cu-insertion layer. However, the Cu-
insertion layer effectively blocks DMI with a 0.2-0.3 nm thickness, while PMA is
not fully suppressed. More detailed first principle-based theoretical work must be
addressed in order to reveal the role of the Cu-insertion layer in DMI and PMA.

4.3.3 Conclusions

We investigate the role of the interfaces between Co and Pt (BOTTOM) or Co
and AlOx (TOP) in an inversion symmetric breaking Pt/Co/AlOx system. Various
SOC coupling related phenomena such as the interfacial Dzyaloshinskii-Moriya
interaction, perpendicular magnetic anisotropy, and magneto-optical Kerr effect
are studied as a function of thickness of Cu insertion layers for BOTTOM and
TOP interfaces, respectively. Based on our experimental data, we conclude that
the PMA from the bottom interface (Pt/Co) is not totally blocked by a 1-2 ML
thick Cu-insertion layer, while IDM energy from (Pt/Co) is clearly suppressed
with a 1-2 ML thick Cu-insertion layer. These facts clearly indicate that the DMI
and PMA mainly come from the BOTTOM interface (Pt/Co); however, with a Cu-
insertion layer, PMA and DMI behave in different ways despite the same physical
origin of SOC.



Chapter 5
A new MR - Interplay between
Rashba effect and
Dzyaloshinskii-Moriya
interaction

The Rashba effect leads to a chiral precession of the spins of moving electrons
while the Dzyaloshinskii-Moriya interaction (DMI) generates preference towards
a chiral profile of local spins. We predict that the exchange interaction between
these two spin systems results in a ‘chiral’ magnetoresistance depending on
the chirality of the local spin texture. We observe this magnetoresistance by
measuring the domain wall (DW) resistance in a uniquely designed Pt/Co/Pt
zigzag wire, and by changing the chirality of the DW with applying an in-plane
magnetic field. A chirality-dependent DW resistance is found, and a quantitative
analysis shows a good agreement with a theory based on the Rashba model.
Moreover, the DW resistance measurement allows us to independently determine
the strength of the Rashba effect and the DMI simultaneously, and the result
implies a possible correlation between the Rashba effect, the DMI, and the
symmetric Heisenberg exchange1.

5.1 Introduction

In a magnetic system with inversion symmetry breaking combined with spin-orbit
coupling (SOC), a variety of chirality-related phenomena occur. For instance, due
to the Rashba effect [130], the spins of the conduction electrons flowing at an
interface are subject to an effective in-plane magnetic field due to the relativistic

1The content in this chapter is published in Applied Physics Letters [129].
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Figure 5.1: (a)(b) Spin configurations of electrons traveling with opposite directions (k >
0 or k < 0) in the presence of a Rashba field B at an interface (z is interface normal).
The chirality of the profile of the spin precession is identical (Ce = +1) for both signs of
k. (c)(d) Inside a chiral magnetic texture with chirality Cm (green arrows), the rotation
of electron spins generally follow the local spins due to exchange interaction while finite
degree of misalignment is inevitable, which gives rise to the DW resistance. The resistance
is lower (higher) when the misalignment is suppressed (enhanced) by the Rashba effect.
Please note that the misalignment is very much exaggerated in (d) for better legibility.

SOC, resulting in spin precession around the field during its transport. In this
case, the direction of the magnetic field depends on the electron flow direction. In
contrast, the precession of the conduction spins, as can be seen from comparing
Figs. 5.1(a) and 5.1(b), is independent of the flow direction and shares the same
rotational sense (denoted by a chirality of electrons, Ce) [131]. Apart from the
chiral behavior of the conduction spins, the chiral nature of localized spins has
recently been discovered in ferromagnetic materials with inversion asymmetry
and SOC. This gives rise to the DMI [132,133] leading to a chiral spin texture of
the localized spins (Cm), manifested as Néel type magnetic domain walls (DWs)
[134] and magnetic skyrmions [135], which are crucial to the future design of
spintronic devices.

Although these two effects originate in different spin systems, one can
speculate about their interplay through exchange interaction between the con-
duction and localized spins [136–138]. This results in a magnetoresistance
(MR) which arises when the conduction electron spins propagate with a fixed
chirality due to Rashba-type SOC and interact with the chiral DMI-induced
magnetic texture. As shown in Figs. 5.1(c) and 5.1(d), this should lead to
lower (higher) resistance when Ce is identical (opposite) to Cm. This MR can
be termed as ‘chiral MR’, since the magnitude of the MR varies for spin textures
with different chiralities. However, a direct experimental evidence of this chiral
MR is not found so far. Therefore, the measurement of chiral MR could not



5.2 Derivation of the chiral DW resistance 71

only enrich the spectrum of chirality-related physical phenomena but also shed
light on the debated roles of the DMI and Rashba effect for fast current-driven
DW motion [139] and other SOC-related phenomena [140, 141]. Besides, this
type of magnetoresistance provides further insights in engineering magnetic thin
film systems with specifically desired chiral entities for future applications in
nanoelectronics.

In this work, a chiral MR is observed by measuring the magnetic DW
resistance, which probes the interaction between an electric current and a
magnetic DW. The magnetic DW is a twisted spin structure whose chirality can be
altered by an external field [142], making it a perfect playground for measuring
the chiral MR. We report results on a controllable, specifically designed DW
system where chiral DWs are created by modifying the perpendicular magnetic
anisotropy of a zigzag wire using a focused ion beam, and applying an in-plane
field for switching between the DW chiralities. It is found that the DW resistance
varies with the chirality of DWs, and the observed behavior can be described by
a theoretical model based on the Rashba Hamiltonian, lending strong support to
our interpretation of a chirality-dependent interaction between the conduction
and localized spins.

5.2 Derivation of the chiral DW resistance

We first analytically derive the chiral MR explained in Fig. 5.1. For better
legibility, we exaggerate the effect of Rashba SOC but mostly ignore the effect of
exchange interaction between the conduction electrons and local magnetization.
However, in real systems, the exchange interaction is much higher than the
Rashba interaction. Thus we adopt this regime and start from the Rashba
Hamiltonian (ħ2kR/2me)σ · (k× ẑ) added to a strong exchange interaction Jσ ·m.
Here kR characterizes the preferred spin precession rate, ħ the planck constant,
me the electron mass, k the electron momentum, ẑ the interface normal,
and σ the spin Pauli matrix, J the exchange energy, and m the direction of
magnetization. The Rashba model captures core effects of the strong SOC
combined with inversion symmetry breaking at the interface [143]. Recently, it
was predicted [137] that linear effects of the chirality can be obtained from non-
chiral theories simply by replacing ∂x m, where x is the current flow direction,
with the so-called chiral derivative ∂̃x m = ∂x m+ kR (ẑ× x̂)×m. Here, we apply
the chiral derivative to the DW resistance derived by Levy and Zhang [144],
RLZ = ρDW ∫ (∂x m)2d x, where ρDW is the DW resistivity. By assuming a DW with
Walker profile [145] and after some algebra (see supplementary information),
we obtain R̃LZ = 2ρDW

(
λ−1 ±kRπsinϕ

)
, where λ is the DW width, ϕ the DW in-

plane angle, and ∓ refers to up-down and down-up DW’s, respectively. The DW
is a Bloch wall when ϕ = 0 and a Néel wall when ϕ = ±π/2. The second term in
R̃LZ is the chiral DW resistance, which changes its sign when the DW chirality
changes.

Apart from the contribution from the inhomogeneity of the magnetic texture,
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Figure 5.2: Theoretical prediction of RDW+/Rmin, where Rmin is the resistance at Hmin,
as a function of in-plane field Hx . The white arrows indicate the DW angle. Inset: The
total DW resistance for two DWs with opposite chiralities.

the resistance also depends on the local magnetization direction itself due to
anisotropic magnetoresistance (AMR) [140]. Based on AMR, the resistance is
lower (higher) where the magnetization direction is perpendicular (parallel)
to the current flowing direction. The theory of AMR implies that the MR is
proportional to sin2ϕ. After adding the AMR contribution to R̃LZ, the total DW
resistance can be written as

RDW± =∆RAMRsin2ϕ+2ρDWλ−1 ±Rchiral sinϕ. (5.1)

where ∆RAMR is a proportionality constant of AMR and Rchiral = 2ρDWkRπ is the
chiral DW resistance.

Experimentally, ϕ can be tuned by applying an in-plane field Hx which is
perpendicular to the DW. To determine the relation between ϕ and Hx , we
start from the energy functional E = ∫[A(∂x m)2 +µ0HkMS

(
1−m2

z

)+µ0HdMSm2
x +

D ŷ · (m×∂x m)−µ0Hx MSmx ]d x [146], where A is the exchange stiffness, Hk the
perpendicular anisotropy, Hd the demagnetizing field, D the DMI constant, and
MS the saturation magnetization. Applying the Walker ansatz reduces the energy
functional to a function of ϕ only. The energy minimizing condition ∂E/∂ϕ = 0
gives

sinϕ= π

2

±D +µ0Hx MSλ

µ0HdMSλ
, (5.2)

Here, we ignore the dependence of λ on Hx , which is too weak to affect
the analysis (see supplementary information). By substituting Eq. (5.2) into
Eq. (5.1), we plot in Fig. 5.2 the resulting RDW/Rmin as a function of Hx /Hmin,
where Rmin and Hmin are the values where the DW resistance is minimal. Three
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observations can be made: (i) There is an increase of the resistance when Hx

increases. This is expected since the field pulls the DW into a Néel state, thereby
increasing the AMR. (ii) For a finite DMI, the DW is in between Bloch and
Néel type for Hx = 0, i.e., 0 < ϕ < π/2 [147, 148]. This tilt angle depends on
the magnitude of the DMI, allowing us to determine the DMI energy density
D = µ0HDMIMSλ, where HDMI is the effective DMI field, by measuring the field
shift Hmin (see supplementary information). (iii) The most striking feature from
this theory is a difference in RDW (indicated by 2Rchiral in Fig. 5.2) at high
applied in-plain fields showing the unique dependence of the DW resistance on
chirality. It is therefore very useful to measure the in-plane field dependence of
DW resistance, since it allows us to independently determine the strength of DMI
and the Rashba effect simultaneously (see supplementary information).

5.3 Sample design

To possibly measure Rchiral, one could naively use a straight Pt/Co/Pt nanowire
as reported earlier [149]; see Fig. 5.3(a). Here, the red part indicates the region
irradiated by Ga ions which reduce the perpendicular magnetic anisotropy and
allow the nucleation of DWs on two sides [150]. However, this straight wire
is not suitable for measuring the chiral resistance, as we will experimentally
show later on, because the DW pair has an opposite chirality when applying a
high in-plane field. Thus, the total chiral resistance RDW+ +RDW− is averaged
out, as shown in the inset of Fig. 5.2. In order to overcome this difficulty,
we develop an alternative, zigzag strip [Fig. 5.3(b)]. The zigzag together with
anisotropy modifications allows for two DWs with the same chirality where Cm is
controllable by the in-plane field.

Figure 5.3(c) and 5.3(d) show Kerr microscope images of the sample structure
used for the chiral DW resistance measurements. A perpendicularly magnetized
stack Pt(4 nm)/Co(0.5 nm)/Pt(2 nm) is employed to provide a sizable DMI
[151]. Here, the red dashed area indicates the Ga+ irradiation region with a
dose of 0.5× 1013 cm−2 at 30 keV. Four 1 µm wide zigzag wires are patterned
using electron-beam lithography and a lift-off, in the form of a Wheatstone bridge
to improve the signal-to-noise ratio. We apply an AC current with a constant
strength IRMS = 0.25 mA at a frequency of f = 501 Hz, and measure the differential
output signal Vdiff = VA −VB with a lock-in amplifier [See Fig. 5.3(c) for VA and
VB], which can be used to calculate the change of the resistance in the wire due
to the DWs.

5.4 Measurements of the chiral DW resistance

Figure 5.3(e) shows the resistance change ∆R in the wire for DWs whose number
is controllable. In the measurement, the magnetization is first saturated by
applying µ0Hz = −10 mT, then a positive magnetic field is swept from 0 mT to
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Figure 5.3: (a)(b) A straight (zigzag) magnetic wire where two DWs with opposite (same)
chirality are created. (c) Kerr microscopy image of 4 Pt/Co/Pt strips in a Wheatstone
bridge configuration, where one of the strips has been patterned using a focused Ga ion
beam. (d) Kerr microscopy image upon applying a perpendicular magnetic field, showing
the nucleation of DWs. (e) Resistance change in the wire as a function of perpendicular
field. (f) Magnitude of resistance change as a function of number of DWs nucleating (+)
or annihilating (−). The error bars are single standard deviations. The red solid line is a
linear fit.

10 mT. A stepwise increase of ∆R is observed, corresponding to the appearance
of DWs. The coercive fields of the irradiated domains show small statistical
variations so that not all DWs appear simultaneously. The number of DWs
nucleated can easily be determined by Kerr microscopy (see supplementary
information). The solid red and blue lines indicate ranges where the number
of DWs is constant, and successive increases (decreases) of DWs is indicated
by red (blue). In Fig. 5.3(f), ∆R is plotted as function of the number of DWs
present, showing a linear dependence as expected. From the linear fit, we extract
a resistance change of 0.38±0.02 mΩ per DW, which is comparable to our previous
report [149].

The procedure to measure the chiral DW resistance is as follows: (i) The
field Hx at which we want to measure RDW is set, (ii) we saturate the sample at
µ0Hz =−10 mT, (iii) a field of µ0Hz =+1 mT is applied and V ′

diff is measured using
a lock-in amplifier, (iv) we carefully increase µ0Hz to nucleate a few domains,
(v) µ0Hz is then reduced back to µ0Hz = +1 mT and V ′′

diff is measured, and the
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(
)

(
)

Figure 5.4: The measured DW resistance of a single DW as a function of in-plane field
on (a) a zigzag wire and (b) a straight wire. The blue and red squares represent the
magnetic switching with different polarities (up-down and down-up, respectively). The
blue and red solid lines are fits to the data based on the theoretical model. Error bars are
single standard deviations.

voltage difference ∆V =V ′′
diff−V ′

diff is recorded. Steps (iii)-(v) are then repeated to
systematically track the resistance change as a function of number of DW’s giving
an accurate measure of RDW at a given Hx . This procedure is then repeated for
every Hx . In order to quantitatively compare the measured RDW as a function
of Hx with the theoretical model we should consider the DW resistance in the
magnetic Co layer, which can be obtained from ∆R by using a Fuchs-Sondheimer
model [150] to exclude current shunting through the Pt layers. The conversion
process can be found in Supplementary information.

The measured single DW resistance RDW of the Pt/Co/Pt zigzag and straight
wires as a function of in-plane field are shown in Figs. 5.4(a) and 5.4(b),
respectively. The blue and red squares represent the magnetic switching with
different polarities (up-down and down-up). For the zigzag wire, we observe
that RDW rises as Hx increases, owing to an increase of AMR when a Bloch
wall transforms into a Néel wall. In addition, we clearly observe a field shift,
which originates mainly from the DMI [147, 148, 151] and partially from the
chiral MR (see supplementary information). As expected from the chirality of
the DW spin structures, the field shift has an opposite sign for DWs of opposite
polarity. Another prominent observation in Fig. 5.4(a) is that the magnitude of
the DW resistance depends on the chirality of Néel walls, which can be varied
by reversing the in-plane field or changing the polarity of the Néel walls. As
can be seen, a substantial difference in resistance at saturation is observed in
the zigzag wire, as expected from our theoretical prediction. Such difference in
resistance for opposite chirality of Néel walls is strongly supported by the results
from the straight wire, where all chirality-induced effects should be canceled out
due to the opposite chirality of two DWs under an in-plane field. Indeed, in
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contrast to the results from the zigzag wire, no significant difference between
the up-down and down-up data sets are seen in Fig. 5.4(b). This is additionally
confirmed by performing a fit to the data as further explained in supplementary
information, showing a good agreement with the behavior illustrated in the inset
of Fig. 5.2. Consequently, we can conclude that the aforemeasured resistance
difference results from the chirality of DWs.

Next, we estimate the strength of the Rashba effect and DMI by fitting to
our theoretical model [Eq. (5.1)]. We assume standard material parameters
for Co as used in our previous works [79, 147]: A = 16×10−12 J/m, MS = 1070
kA/m, effective anisotropy Keff = 0.28 MJ/m3, and λ = √

A/Keff = 8 nm. The fits
are plotted in Fig. 5.4(a) as blue and red lines, which is in a good agreement
with the experimental data. Since we fit these two data sets separately, we
extract the free parameters by taking the average of the up-down and down-up
data: µ0Hd = 34.7 mT, ∆RAMR = 50 mΩ, ρDW = 1.41×10−9Ω m, D =−0.049 mJ/m2,
µ0HDMI = D/λMS =−5.9 mT, and kR = −1.43×106 m−1 (the parameter errors are
presented in supplementary information). The AMR parameter is similar to the
value ∆RAMR = 86 mΩ obtained from a micromagnetic simulation [152,153] (see
supplementary information), demonstrating that the increase of DW resistance at
small field is indeed due to AMR. The estimated D is comparable to the previously
reported value D = 0.1 mJ/m2 as measured in a similar Pt/Co/Pt stack [140]. For
the Rashba coefficient, a first-principles calculation predicts kR = 14.9×106 m−1

for a Pt/Co interface. This value is not representative for our experimental
system since a Pt/Co/Pt stack is used where two opposing Pt/Co and Co/Pt
interfaces need to be taken into account leading to much smaller effective Rashba
coefficient [137, 154, 155]. Indeed, we extract a kR which only amounts up to
9.6 % of the quoted theoretical value.

5.5 Discussions

Since we can independently measure the strength of the Rashba effect and
DMI, sharing common origins (SOC and structural inversion asymmetry) in
the same system, we can explore their correlation possibly shedding light on
their entangled role in SOC-related phenomena [140, 141]. For example, it is
shown that the Rashba model implies the interfacial DMI energy density D is
proportional to a Rashba coefficient in a form of [137]

D = 2kR A. (5.3)

Using the values obtained from our fitting, we find A = D/2kR = 17×10−12 J/m,
which is of the same order of magnitude as the exchange stiffness of bulk Co [79].
Systematic errors of D and kR could arise from the uncertainty in Keff and λ

due to the Ga irradiation, which we do not separately address in the current
work. However, since D and kR both scales with λ, the errors do not affect the
verification of Eq. 5.3. This agreement found from the Rashba model and using
our experimentally extracted parameters implies that the DMI in our sample
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may originate from the Rashba-induced twisted Ruderman-Kittel-Kasuya-Yosida
interaction [116, 137, 138, 156] rather than the original explanation by Moriya
[133] based on a superexchange model. Quantitatively, the Rashba strength is
proportional to the ratio of symmetric and antisymmetric exchange. It implies
that the DMI may be tuned by controlling the strength of the Rashba effect
(e.g., by applying a electric field [157, 158]) or the strength of the symmetric
exchange. In passing, we note that a one-to-one correspondence between the
DMI and symmetric exchange was demonstrated very recently using an optical
spin-wave spectroscopy [159].

Although we used the Rashba model to analyze the chiral DW resistance
in view of chiral precession of conduction electron spins, another possible
explanation might be found in considering the bulk spin Hall effect (SHE) of
Pt. As far as symmetry constraints are concerned, it is not impossible for the SHE
to generate the chiral DW resistance, though such theory is not developed yet.
Specifically, considering that the SHE is of bulk origin, we do not understand how
the chiral DW resistance due to the SHE could match with the DMI, which, in our
system, is of interfacial origin. In contrast, the good match between Rchiral/RLZ
and (πλ/2)(D/A) in our experiment suggests that the chiral DW resistance and
the DMI share the common origin.

5.6 Conclusions and outlook

In summary, we predict that the exchange interaction between the spin of
conduction electrons and local spins results in a radically new magnetoresistance
depending on the chirality of the local spin texture. This is observed on a
controllable, specifically designed DW system where chiral DWs are created by
modifying the perpendicular magnetic anisotropy of a dedicated zigzag wire
using a focused ion beam, and applying an in-plane field for switching between
the DW chiralities. It is found that the DW resistance varies with the chirality
of DWs, lending strong support to the existence of the chirality-dependent
interaction between conduction and local spins. Moreover, a comparison
with a theoretical model based on the Rashba Hamiltonian reveals a hitherto
unexplored correlation between the Rashba effect, the DMI, and the Heisenberg
exchange. Besides its fundamental importance, the chiral DW resistance opens
up possibilities of designing energy-efficient magnetic DW devices, for example, if
we combine it with recently proposed electric-field control of DW chirality [160].

To give a better picture of chiral DW resistance, future research is suggested
to tune the strength of Rashba effect/DMI via structure engineer, for instance,
changing the quality of FM/HM interface or the material of the structure.
Additionally, in order to obtain a more convincing result, it is better to find a
way to improve the signal/noise ratio. A direct and simple method is putting the
structure in a cryogenic environment, where the thermal noise can be minimized.
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5.7 Supplementary information

5.7.1 Derivation of chiral DW resistance

In a magnetic system, the intrinsic DW resistance originates from the mistracking
of the conduction electrons with the magnetization profile in a DW, according
to the Levy-Zhang theory [144]. The intrinsic resistance Rintrinsic due to an
inhomogeneous magnetic structure is given by

Rintrinsic =
∫

d xρDW

(
∂m

∂x

)2

, (5.4)

where ρDW is DW resistivity, m the magnetization and x the position along
the DW. We adopt the Rashba Hamiltonian of conduction electrons to describe
the chiral spin precession. According to a recent study of the Rashba Hamil-
tonian [137], the chiral spin precession makes various spin-related properties
chiral. Interestingly, diverse chiral properties can be obtained by replacing
conventional derivative ∂x m in non-chiral spin properties with the so-called chiral
derivative

∂x m → ∂̃x m where ∂̃x m = ∂x m+kR (ẑ× x̂)×m, (5.5)

where z is the interface normal. We apply this replacement to the non-chiral DW
resistance in order to obtain a testable prediction of chiral DW resistance

Rintrinsic =
∫

d xρDW
(
∂̃x m

)2 =
∫

d xρDW

[(
∂m

∂x

)2

+2kRŷ ·
(
m× ∂m

∂x

)]
+O(k2

R), (5.6)

kR= 2αRme
×2 , where αR is the Rashba coefficient, me the mass of electron, and × the

reduced Planck constant. Here, we approximate the DW profile as the Walker
profile [145]

m =
(
sech

[
(x −X )

λ

]
sinϕ, sech

[
(x −X )

λ

]
cosϕ, tanh

[
(x −X )

λ

])
, (5.7)

where λ represent the DW width, and ϕ stands for the DW in-plane angle in
between Néel state (ϕ=π

2 ) and Bloch state (ϕ= 0). Then the final form of DW
resistance can be expressed as

Rintrinsic = 2ρDW

(
1

λ
±kRπsinϕ

)
. (5.8)

The first term on the right side of Eq. 5.8 represents a conventional DW resistance
from Levy-Zhang’s theory [144], while the second one is a newly derived
term induced by the Rashba effect. Interestingly, the new term shows a sinϕ
dependence, indicating that the resistance depends on the chirality of the DW
(from now on, we refer to this as chiral resistance), the + (−) sign corresponds
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to an up-down (down-up) DW. Note that the Rashba effect prefers a specific
chirality regardless of the current direction (or a sign of wave vector k), which
allows us to perform an electrical measurement using an AC current source.

Apart from these two contributions from Eq. 5.8, a third contribution to
the resistance originates from the well-known anisotropic magnetic resistance
(AMR) [140], which also depends on the DW angle. We can therefore write the
total DW resistance as

RDW± = RAMR +RLZ +Rchiral =∆RAMRsin2ϕ +2ρDW

(
1

λ
±kRπsinϕ

)
(5.9)

5.7.2 DW width variation

By applying the Walker ansatz, one can derive the DW energy as a function of
DW width λ and DW angle ϕ [146]

E± = 2A

λ
+ (

µ0Hk +µ0Hdsin2ϕ
)

MSλ− (±D +µ0Hx MSλ
)
πsinϕ, (5.10)

where ± sign corresponds to up-down and down-up DWs, respectively, Hk is the
perpendicular (easy axis) anisotropy, Hd is the anisotropic demagnetizing field,
D is the DMI constant, and Hx is an external in-plane field along x direction.
The energy minimizing configuration can be found by

∂E±
∂(sinϕ)

= 2µ0HdMSλsinϕ−π(±D +µ0Hx MSλ) = 0, (5.11)

which gives

sinϕ= π

2

±D +µ0Hx MSλ

µ0HdMSλ
, (5.12)

which is the Eq. 5.2 in section 5.2.
Note also that the DW width can vary due to the applied field. Therefore

Eq. 5.12 does not show explicitly the dependence of sinϕ as a function of Hx .
We below figure out the DW width as a function of Hx . To see this, we take the
derivative with respect to λ.

∂E±
∂λ

=−2A

λ2 + (µ0Hk +µ0Hdsin2ϕ)MS −πµ0Hx MSλsinϕ= 0, (5.13)

which gives

λ2 = 2A(
µ0Hk +µ0Hdsin2ϕ

)
MS −πµ0Hx MSλsinϕ

. (5.14)

Combination of Eqs. (S9) and (S11) gives the equilibrium configuration. After
some algebra,
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λ2 = 8Aµ0H dMS −π2D2

4µ2
0H dHkM 2

S −π2µ2
0H

2
x M 2

S

= λ2
0

1− (π2H 2
x /4HdHk)

, (5.15)

where λ0 is the DW width in the absence of the in-plane field.
Now, let us get back to the equilibrium angle ϕ. Putting Eq. 5.15 into Eq. 5.12,
the equilibrium angle ϕ is given by

sinϕ= π

2

±D∗+µ0Hx MSλ0

µ0HdMSλ0
, (5.16)

where the renormalized DMI constant D∗ is given by

D∗ = D

√
1− π2H 2

x

4HdHk
. (5.17)

Eq. 5.17 now gives a correct Hx dependence of sinϕ. By using the parameters
in our main text, µ0Hx = 30 mT, µ0Hd = 30 mT, and µ0Hk = 650 mT one can get
the D∗ ≈ 0.95 D, which is small so that the effect of DW width variation can be
ignored.

5.7.3 Quantification of the DMI by the field shift

From Eq. 5.1 in section 5.2, the minimum point is given by ∂RDW/∂(sinϕ) = 0,
after some algebra,

sinϕ =∓ Rchiral

2∆RAMR
, (5.18)

at Hx = Hmin. By equating this with Eq. 5.2, we obtain

Hmin =∓HDMI ∓ HdRchiral

π∆RAMR
, (5.19)

which allows to determine D independently of kR and ∆RAMR.

5.7.4 The Wheatstone bridge

Before measuring the DW resistance, we want to accurately know the resistance
of each Pt/Co/Pt strip in the Wheatstone bridge. For this reason, the resistance
over all neighboring contacts is measured, for example between V0 and VA in the
geometry of Fig. 5.5 Due to the parallel resistor network, effectively we measure
in this case that

1

Rmeasured
= 1

R2
+ 1

R2 +R3 +R4
. (5.20)

Doing this for all wires, a coupled set of four equations in the form of Eq: 5.20
is found from which the resistance of each Pt/Co/Pt wire is calculated. The
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resistance of the wires was always around 1 kΩ. . For the actual DW resistance
measurement an AC current is applied from V0, while VAB is measured using an
analog lock-in amplifier at a relatively long integration time to increase the signal
to noise ratio. The voltage offset VAB is determined by the four wire resistances
and is given by

VAB =V0
R1R4 −R2R3

(R1 +R2)(R3 +R4)
. (5.21)

If the resistances of the wires are very similar, VAB is very close to zero.
Therefore, when domain walls are nucleated, a relative big change in the offset
voltage VAB is measured, which allows us to calculate the domain wall resistance
very accurately.
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Figure 5.5: A microscope image of 4 Pt/Co/Pt wires that are deposited in a Wheatstone
bridge configuration to perform DW resistivity measurements. The corresponding parallel
resistor network is depicted at the left side.

5.7.5 The real-time DW resistance measurement

A wide-field Kerr microscope is used for real-time imaging of the magnetic
configuration. When a magnetic field is applied, the Ga-irradiated regions switch
first and a pair of DWs get pinned at the boundary. Since the nucleation fields
of each irradiation region are not identical, the DWs appears subsequently. Each
step observed corresponds to an event that several DWs appears, as shown in
Fig. 5.6. The measurement scheme that combines the electric and the optical
methods allows for exclusion of artifacts caused by magnetoresistive effects, such
as the tilting of DW profile.

5.7.6 Determination of the single DW resistance

To convert the change of the resistance of the whole wire ∆R to the single DW
resistance RDW only in Co layer, one more effect should be taken into account
since the current does not distribute equally through the different layers. Based
on the Fuchs-Sondheimer model [161], a fraction of p = 0.033 of the current
runs through the magnetic Co layer. The measured resistance of the wire can
now be described as the result of two parallel resistors RCo = Rwire/p and RPt =
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R

Figure 5.6: A measurement of the change in resistance due to the appearance of DWs in
a Pt/Co/Pt zigzag wire. The stepwise increase of the resistance is visualized by solid red
(solid blue) lines for appearing (disappearing) DWs. The corresponding Kerr microscope
images are also shown.

Rwire/(1−p), where Rwire ≈ 1kΩ. The change of single DW resistance RDW leads to
a change of the resistance of the whole wire ∆R, which is given by

∆R = p2RDWRwire

Rwire +p(1−p)RDW
≈ p2RDW (5.22)

Thus, one can calculate that RDW = ∆R/p2 = ∆R ×920. The calculated single
DW resistance RDW is shown in Fig. 5.4.

5.7.7 Determination of the anisotropic magnetoresistance

To quantitatively determine the contributions from the AMR, we conducted
a micromagnetic simulation using the OOMMF code [162]. For this sim-
ulation, we used the anisotropy constant K1= 1.5 MJ·m−3, the DMI energy
density D1= 0.05 mJ·m−2 for the unirradiated region and K2= 1.375 MJ·m−3,
D2= 0.035 mJ·m−2 for the irradiated region. The MS= 1070 kA/m was determined
with VSM-SQUID magnetometry, the bulk exchange constant A= 16×10−12 J/m
and a high damping rate of 0.5 to allow for a quick relaxation. The simulation
cell size was set to 4 nm. From this simulation we calculate the increase of
resistance during the transformation to a Néel wall taking into account the AMR
effect. For that, the resistance of each cell was calculated by RAMR=∆R cos2θ
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Figure 5.7: (a)(b) The viewgraphs show OOMMF simulations of the spin profile of a
Bloch wall (a) and a Néel wall (b). The left part parameterizes a low PMA due to
the irradiation. (c) Schematics for the measurements of AMR in a magnetic wire. (d)
Longitudinal resistance Rxx as a function of the applied field µ0H for three directions of
the field for a Pt(4 nm)/Co(0.5 nm)/Pt(2 nm) wire at room temperature. The differences
in resistance RAMR and RSMR represent the conventional AMR and SMR, respectively.

with θ being the angle between the magnetization and the current direction. The
angle θ for each cell can be extracted from the DW profile in the simulation,
shown in Fig. 5.7(a)(b). The value for ∆R is experimentally determined using
magnetoresistance (MR) measurements on a Hall bar structure as depicted in
Fig. 5.7(c). The MR of the films has been studied by sweeping magnetic fields
in x, y, z directions and we refer to MR of each direction as Rx , Ry and Rz . In
Fig. 5.7(d) the MR results for a Pt(4 nm)/Co(0.5 nm)/Pt(2 nm) sample are
shown. As can be seen from this figure, two kinds of MR contribute to ∆R, which
are the conventional AMR (RCAMR) and newly found spin Hall MR (RSMR) [141].
In order to quantify these two values accurately, we employed a method from
Ref. [88] and the resultant resistivity is found to be ∆ρ = ρCAMR +ρSMR = 4.3×
10−8 m ·Ω. By combining the simulation and experiment, one can calculate the
AMR for each cell and therefore for the DW, i.e., ∆RAMR = 86 mΩ, which is
comparable to the values extracted from the DW resistance measurement , as
listed in Table 5.1.
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(
)

Figure 5.8: The measured single DW resistance as a function of in-plane field on a straight
wire. The blue and red squares represent the magnetic switching with different polarities
(up-down and down-up, respectively). The blue and red solid lines are fits to the data
based on the theoretical model.

5.7.8 Straight Pt/Co/Pt wire: fitting the experimental data

In section 5.4, as shown in Fig. 5.4(a), DW resistance with different chiralities in
the zigzag wire is fitted by the model

RDW± =∆RAMRsin2ϕ+2ρDW

(
1

λ
±kRπsinϕ

)
. (5.23)

In comparison, since DWs with different chiralities are both present in the
straight wires, the DW resistance of the straight wires is fitted by RDW++RDW−,
as shown in Fig. 5.4(b) and the fitting parameters are listed in Table 5.1. In
order to confirm that chiral DW resistance is indeed averaged out in the straight
wires, here we naively perform a similar fit as to the zigzag wires, i.e., by
RDW+ instead of by RDW++RDW−. Fitting results are shown in Fig. 5.8 and the
parameters obtained are listed in Table 5.1 (last two rows). By looking at the
fitting parameters in Table 5.1, one can easily tell that the D and kR of the straight
wires are significantly smaller than that of the zigzag wires, demonstrating that
the field shift due to the DMI (D) and the chiral DW resistance due to the Rashba
effect (kR) are canceled out in the straight wires.

5.7.9 DW resistance measurement of other samples

In order to show the reproducibility of the chiral DW resistance, The DW
resistance of zigzag wires is measured on another sample with the same stack,
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(
)

Figure 5.9: The measured single DW resistance as a function of in-plane field on a zigzag
wire. The blue and red squares represent the magnetic switching with different polarities
(up-down and down-up, respectively). The blue and red solid lines are fits to the data
based on the theoretical model.

i.e., Pt(4 nm)/Co(0.5 nm)/Pt(2 nm). The result shown in Fig. 5.9 is very similar
to Fig. 5.4(a), and the fitting parameters are also comparable, shown in Table 5.1
(zigzag #2).

5.7.10 DW resistance measurement of Pt/Co/AlOx

In order to achieve an artifact-free test of chiral DW resistance, we choose to
compare the results on a straight wire and zigzag wire. These two wires are
made of the same materials and we made sure all parameters of the two wires are
identical, except for the DW chirality, so that we can solely detect the difference
caused by the chirality. This is important in our system, since the underlying
physics could be rather complicated due to the mixture of many phenomena,
e.g., the Rashba effect, the DMI, the AMR, the spin Hall effect, and so forth. As
a further confirmation of measuring true chiral DW resistance, our artefact-free
data clearly show the anticipated distinct difference between straight and zigzag
wires. In addition to the comparison between the straight and zigzag wires, we
attempted to further substantiate our test by adopting a structure with tunable
DMI/Rashba effect. However, tuning the DMI/Rashba in material/sample is
not as simple as it sounds, and the way to determine the magnitude of the
DMI/Rashba still remains controversial. On top of that, there are numerous
details that complicate the system when comparing different material systems
in our delicate zigzag wires. For instance, we have tried to measure the structure



5.7 Supplementary information 87

suggested to have higher DMI, i.e. Pt/Co/AlOx. However, it turned out that
a reliable test was difficult due to a technical problem: the optimal range of
Ga irradiation is too narrow for Pt/Co/AlOx in a zigzag wire and it is thus
difficult to achieve controllable DW nucleation. Despite the technical issue in
the measurement of Pt/Co/AlOx, for which we decide not to processed further,
we believe the clear distinction between zigzag and straight Pt/Co/Pt wire and
its accordance with the model can lend a strong support to the exist of chiral DW
resistance.





Chapter 6
Exploring the origin of
unidirectional spin Hall
magnetoresistance

A nonlinear magnetoresistance - called unidirectional spin Hall magnetore-
sistance (USMR) - is recently experimentally discovered in metallic bilayers
consisting of a heavy metal and a ferromagnetic metal. To study the fundamental
mechanism of the USMR, both ferromagnetic and heavy metallic layer thickness
dependence of the USMR are presented in a Pt/Co/AlOx trilayer at room
temperature. To avoid ambiguities, second harmonic Hall measurements are
used for separating spin Hall and thermal contributions to the non-linear
magnetoresistance. The experimental results are fitted by using a drift-diffusion
theory, with parameters extracted from an analysis of longitudinal resistivity of
the Co layer within the framework of the Fuchs-Sondheimer model. A good
agreement with the theory is found, demonstrating that the USMR is governed
by both the spin Hall effect in the heavy metallic layer and the metallic diffusion
process in the ferromagnetic layer1.

6.1 Introduction

In the field of Spintronics, a new way of spin control based on the spin Hall
effect recently has attracted a great deal of attention. It originates from the spin-
orbit interaction which converts a charge current into a net flow of spin angular
momentum, exerting a spin-orbit torque (SOT) on the magnetization. This
leads to an energy-efficient way of writing information to magnetic memories
by switching a magnetic entity via sending a charge current through a nearby

1The content in this chapter is published in Applied Physics Letters [163].
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nonmagnetic metal [23, 164]. Apart from writing, a possible way of reading the
memory could be achieved by measuring a so-called spin Hall magnetoresistance
(SMR) [140,141], i.e., a change in electrical resistance due to the spin Hall effect
when the spin-accumulation is perpendicular or parallel to the magnetization.
Although SMR provides a promising way towards reading memory devices using
a two-terminal architecture, the fact that it can only distinguish between the
perpendicular and parallel states limits its application.

Very recently, a unidirectional contribution to magnetoresistance - called
unidirectional spin Hall magnetoresistance (USMR) - has been reported in a
ferromagnetic/heavy metallic (FM/HM) bilayer structure [42, 165, 166]. Being
different from the ordinary SMR, the resistance changes by reversing the
magnetization or the current direction, which could be potentially utilized for
reading operation. Based on a drift-diffusion-relaxation theory [167], this
nonlinear behavior is attributed to the dependence of electron mobility on spin-
polarization, which is tuned by the spin Hall effect induced spin accumulation.
This spin accumulation is limited to a thin region at the FM/HM interface due to
a finite spin diffusion length in both layers, leading to a non-trivial FM and HM
layer thickness dependence of the USMR. So far, this particular dependence on
thickness is not evidenced by any experiments. Thus, a systematic investigation
of how USMR depends on the layer thickness is urgently needed not only for
a better understanding of the origin of USMR, but also for the enhancement of
USMR in practical applications.

In this paper, we present the FM and HM layer thickness dependence of USMR
in Pt/Co/AlOx trilayers at room temperature. The experimental results are fitted
by using the aforementioned drift-diffusion-relaxation theory, with parameters
extracted from an analysis of the longitudinal resistivity of the Co layer within
the framework of the Fuchs-Sondheimer model [161]. Furthermore, second
harmonic Hall measurements enable us to disentangle spin Hall and thermal
gradient contributions to the non-linear magnetoresistance, allowing for a more
precise fitting. Good agreement with the theory is found, demonstrating that the
USMR depends on both the spin Hall effect in the HM layer and the electron spin
diffusion and relaxation in the FM layer.

6.2 Sample preparation and experimental methods

For the measurement of magnetoresistance, the multilayer structures are Pt(1-
8 nm)/Co(4 nm)/AlOx(1.15 nm) and Pt(4 nm)/Co(1-50 nm)/AlOx(1.15 nm),
where we either vary the Pt or the Co thickness as indicated by the thickness
range in the parenthesis. These multilayer are then patterned in a form of a Hall
bar, shown in Fig. 6.1(a), by using electron-beam lithography and lift-off. The
length of the Hall bar is 100 µm, the lateral width 5 µm and the spacing between
two Hall bars 20 µm. The samples are deposited on thermally oxidized Si by dc
magnetron sputtering. Pt was deposited at a rate of 0.08 nm/s, Co was sputtered
at a rate of 0.05 nm/s. After deposition, a 1.15 nm thick Al capping layer was
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Figure 6.1: (a) A schematic illustration of the Hall bar used in the experiment.
The measurement scheme of longitudinal resistances is shown. (b) Angle dependence
measurements of R2 f in the sample Pt(4 nm)/Co(1 nm)/AlOx(1.15 nm) (black dots) and
Pt(4 nm)/Co(2 nm)/AlOx(1.15 nm) (red dots). Solid lines represent the fitting results.
(c) y (red line) and x (black line) field dependence measurements of R2 f in the sample
Pt(4 nm)/Co(2 nm)/AlOx(1.15 nm). (d) USMR as a function of current density.

finally deposited and further oxidized (by using plasma oxidation during 90 sec
at 1×101 mbar) on top of the Pt/Co stack, to prevent oxidation of the Co layer in
air.

The magnetoresistance measurements presented in this work were performed
at room temperature by using an AC current source with a current density of
1×107 A/cm2 modulated at f = 801 Hz. The second harmonics component of
the longitudinal resistance R2 f is recorded during sample rotation or sweeps of
an external magnetic field.

6.3 Measurement of the USMR

For the measurement of USMR, first an angle dependence measurement of R2 f

is performed. An external magnetic field Bext = 2 T, which is high enough to
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saturate the magnetization in every configuration, is rotating in the y z plane
while R2 f being recorded at the same time. The results for two types of
samples are plotted in Fig. 6.1(b). The black dots show the results for a
Pt(4nm)/Co(1nm)/AlOx(1.15nm) stack with perpendicular anisotropy (PMA)
while the red dots show the results for a Pt(4nm)/Co(2nm)/AlOx(1.15nm) stack
with in-plane anisotropy. Starting from the +z direction, R2 f gradually decreases
and reaches a minimum when the field is along the +y direction. After that, R2 f

starts to rise and reaches a peak at −y . Finally, it returns to its original value
after a full rotation. The measurement evidences a resistance contribution that
depends on the sign of My , and the difference of R2 f between the +y and −y
direction is defined as the USMR. This is further confirmed by a good agreement
between the data and a fitted line with respect to My (obtained by an anomalous
Hall effect measurement), plotted as a solid line in Fig. 6.1(b). Note that the
transition for the PMA stack is significantly sharper than the in-plane sample,
since a high field is needed to pull the magnetization in the plane for a stack with
PMA.

To further investigate the USMR, we have measured R2 f while sweeping
the external magnetic field along transverse (y) and longitudinal (x) direction.
Fig. 6.1(c) shows that R2 f is constant as a function of y field and reverses
sign upon sweeping the field from y direction to −y direction. Two spikes
are observed near zero field due to the formation of magnetic domains during
magnetization switching. In contrast to a field in the y direction, no difference is
measured between the x and −x direction, indicating that, as expected, the USMR
only exists in the transverse direction. Compared with the angle dependent
measurement, where one have to ensure that the field is strong enough to
saturate the sample in the z direction, the field dependent measurement serves
as an more efficient way of quantifying the USMR. Thus, in the following, USMR
will be obtained by sweeping the field. As a further test, Fig. 6.1(d) shows
the current dependence of USMR measured in this way, which is linear with the
injected current density and converges to zero for decreasing current, since the
spin accumulation at the interface scales with the current density.

To verify the role of the interfacial spin accumulation due to spin Hall effect
(SHE) we examined the dependence of the USMR on the thickness of the NM
and FM layers. Fig. 6.2(a) and (b) show the absolute change of second harmonic
resistance USMR = R2 f (+M)−R2 f (−M) measured at constant current density as
a function of the Co and Pt thickness. Both curves exhibit qualitatively similar
behavior: an initial sharp increase and a gradual decrease as the layer becomes
thicker. Apart from the USMR, thermal effects could also contribute to the R2 f .
Thus, exclusion of these thermal effects are required before further analysis,
which will be discussed in the following part.

Fig. 6.2(c) shows the temperature profile T (z) in a line along the thickness di-
rection of the nanowire by using simulation software suites Comsol multiphysics
5.2. The maximum temperature is found at the top owing to the fact the heat
dissipation is faster through the bottom substrate than through the top ambient
air. A temperature gradient in the z direction will generate an electric current
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Figure 6.2: (a) USMR as a function of the Co thickness and a resistance contribution
originated from the thermal effect for Pt(4 nm)/Co(1-50 nm)/AlOx(1.15 nm). (b)
USMR as a function of the Pt thickness for Pt(1-8 nm)/Co(4 nm)/AlOx(1.15 nm). (c)
Temperature profile in the sample Pt(4 nm)/Co(2 nm)/AlOx(1.15 nm) simulated by using
finite element method.

in the same direction, which interacts with the FM layer through the anomalous
Hall effect and generates an electric field (∝∆T ×Msat) in x direction [168]. This
will cause a resistance change in x direction and possesses the same symmetry
as that of the USMR. In order to separate the thermal contribution from the
USMR, we measure the second harmonic Hall resistance to quantify the thermal
resistance [169] (see supplementary information for details). As plotted in the
same figure of USMR, see the red dots in Fig. 6.2(a), the thermal contributions
are found to be increased with the thickness. The maximal thermal resistance is
observed at Co thickness of 50 nm, which accounts for about 50% of the USMR
and the ratio is smaller for thinner Co. In following part, the thermal resistance
will be subtracted from the USMR to achieve an accurate analysis.
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In order to compare the experimental measurement of USMR with the model,
we first convert the absolute USMR into normalized USMR, i.e. USMR divided by
normal longitudinal resistance. For this purpose, the longitudinal resistance Rxx

is measured and plotted versus Pt and Co thickness in Fig. 6.3(a)(b). The plot
reveals that the resistance monotonically decreases with thicknesses. The solid
line represents the fit which utilizes the Fuchs-Sondheimer approach to extend
the conventional t−1 resistance model by considering the scattering at the two
Co/Pt interfaces [161]. The fit describes the experimental data well and gives the
bulk resistivity ρPt = 37.5 µΩ cm and ρCo = 31.1 µΩ cm, which are comparable
to the values in the literature [170,171].

6.4 Pt/Co thickness dependence measurements

Next, we examine the dependence of USMR on the Pt and Co thickness in
Pt/Co/AlOx samples. As shown in Fig. 6.3(c), the normalized USMR is the
largest for a Pt thickness of about 5 nm and is reduced for a thicker or thinner
Pt layer. Its strong thickness dependence shows that USMR in the structures is
mainly influenced by the SHE in Pt. USMR decreases when the Pt layer is thinner
than the spin diffusion length due to the reduced spin current caused by back
refection at the interface. On the other hand, for a thicker Pt layer, USMR is also
reduced by current shunting. A similar behavior is found for USMR upon varying
the Co thickness, as shown in Fig. 6.3(d), although the maximal USMR is now
reached at a Co thickness of 10 nm. Above all, the qualitative behavior matches
the prediction of the drift-diffusion-relaxation model. In addition, we also make
a quantitative comparison of the experimentally observed values with the model,
which describes the USMR as [167]:

ρ(E)−ρ(−E)

ρ(E)
=

6θLF LH (pσ−pN )σFϵ tanh
(

dF
LF

)
tanh

(
dH

2LH

)
ϵF(dFσF +dHσH)

(
LH(1−pσ

2)σF tanh
(

dF
LF

)
coth

(
dH
LH

)
LFσH

+1

) , (6.1)

where dF (dH ) is the thickness of the FM (HM), LF (LH ) is the spin diffusion
length of the FM (HM), σF (σH ) is the conductivity of the FM (HM), θ is the
spin Hall angle of the HM, ϵ is the electric field in FM, ϵF is the Fermi energy, pσ

is the conductivity spin asymmetry, and pN is the difference of density of states
at Fermi energy. In our sample, the Fermi energy ϵF = 5 eV and spin asymmetry
pσ−pN = 0.5 [167].

By fitting the thickness dependence of the normalized USMR to Eq. 6.1 (red
line in Fig. 6.3), it can be seen that the specific behavior of the data is in line with
the drift-diffusion-relaxation model based on the spin Hall effect, and a spin Hall
angle of 0.3 for Pt, and a spin diffusion length of 18 nm and 2.2 nm for Co and
Pt, respectively, can be extracted. The spin diffusion lengths are similar to the
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Figure 6.3: (a)(b) Longitudinal resistance as a function of the Co and Pt thickness
together with a theoretical fitting curve. (c)(d) Normalized USMR as a function of the
Co and Pt thickness together with a theoretical fitting curve.

literature values [172, 173]. This implies that the USMR in the Pt/Co system is
governed by 1) spin Hall effect in the Pt layer and 2) electron spin diffusion and
relaxation in the Co layer. In a recent work [174] which uses a similar structure
(Py/Co), a unidirectional contribution was found in the first harmonic resistance
by applying a high current density (J ∼ 108 A/cm2). In this experiment, magnon
excitation, instead of an electronic diffusion-relaxation process, is claimed to
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attribute to this first harmonic USMR. It is also found that the magnon-induced
USMR increases with increasing temperature. We do not intend to conduct a
temperature dependence measurement here, due to the complex variation of all
transport parameters with temperature [175–177] (polarization, spin diffusion
length, spin Hall angle and conductivity) in the drift-diffusion-relaxation model
(Eq. 6.1), which will make it extremely difficult to draw pertinent conclusions.
Moreover, in the magnon experiment [174], a much higher current density is
used compared to ours, and only addressed the first harmonic in the resistance,
which further complicates a meaningful comparison.

The extracted room-temperature spin Hall angle in Pt appears to be higher
than the value ∼0.1 measured in other work [178,179]. We still think this model
captures the essential physics of the observed effect, although full quantitative
agreement cannot be reached due to various reasons. One reason is the
simplifications of the model by assuming a spherical Fermi surfaces and constant
density of states at the Fermi energy [167], which underestimates the magnitude
of USMR. Moreover, the model [167] includes only spin-dependent scattering
in the bulk of the ferromagnetic layer. Like in the giant magnetoresistance
effect, however, both bulk and interface scattering can contribute to the USMR
[165]. The underestimation would be more if the spin-mixing conductance is
incorporated, since the Pt/Co interface is regarded as fully transparent in the
model, i.e., the spin-mixing conductance is infinite. Finally, additional charge-
spin conversion can take place at either the Pt/Co or Co/AlOx interface, that
may lead to a larger spin Hall effect [180,181].

6.5 Conclusions and outlook

In conclusion, we present the FM and HM layer thickness dependence of USMR in
Pt/Co/AlOx trilayer at room temperature. The experimental results are fitted by
the Zhang-Vignale theory based on electron spin drift-diffusion-relaxation model,
with parameters extracted from an analysis of longitudinal resistivity of the Co
layer within the framework of the Fuchs-Sondheimer model. Furthermore, finite
element simulations enable us to disentangle spin-Hall and thermal gradient
contributions to the non-linear magnetoresistance, allowing for a more precise
fitting process. A good agreement with the theory is found, demonstrating
that the USMR depends on both the spin-Hall effect in the HM layer and the
metallic diffusion process in the FM layer. We believe this result provides a better
understanding of the physical origin of the USMR and is of importance for its
possible applications in spintronic devices.

As mentioned in the early section, a magnon excitation might also be the
cause of the USMR. In order to give clearer picture, it is crucial to disentangle
electronic and magnonic contribution. For this purpose, a measurement of the
temperature dependent of the USMR needs to be performed. For the electron
contribution described before (Eq. 6.1), taking into account the temperature
variation of all transport parameters (polarization, spin diffusion length, spin
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(a) (b) (c)

Figure 6.4: (a) Second harmonic Hall resistance for a Pt/Co(20 nm) structure, measured
at Bext = 547.5 mT. The red line is a fit using Equation 6.4. (b) cosφ contribution to
the second harmonic Hall resistance of the 2 nm sample. (c) FL-SOT contribution to the
second harmonic Hall resistance. In all three figures, the error bars for each data point
are too small to be seen.

Hall angle and conductivity) predicts that the USMR decreases with increasing
temperature [175–177], whereas the magnon-induced USMR behaves oppositely
[174].

6.6 Supplementary information

The USMR is not the only effect that can change the longitudinal resistance of the
bilayer structure. If thermal gradients are present in the sample, thermoelectric
effects could also contribute to the modulation of the resistance. To measure
the thermal contributions separately from the USMR, the second harmonic Hall
voltage, RH

2ω , will be measured instead.
The effects that contribute to the second harmonic Hall resistance are the

anomalous Nernst effect (ANE), spin Seebeck effect (SSE), field-like spin-orbit
torque (FL-SOT), and anti-damping like spin-orbit torque (AD-SOT) [169].

RH
2ω = RH,FL

2ω (2cosϕ3 −cosϕ)+ (RH,ANE+SSE
2ω +RH,AD

2ω )cosϕ, (6.2)

where RH,FL
2ω and RH,AD

2ω are two coefficients related to the strength of the field-like
torque and anti-damping like torque, respectively. RH,ANE+SSE

2ω is the thermal Hall
resistance induced by the ANE and SSE. ϕ is the angle between x and y axis.

Since the symmetry of the three terms that make up Equation 6.2 are
different, the magnitude of RH,FL

2ω and RH,ANE+SSE
2ω + RH,AD

2ω can be determined
directly from fitting. The process will be demonstrated in the following part,
as exampled by the measurements of a Pt(4)/Co(2)/AlOx(1.15) structure.

The in-plane angular dependence of the second harmonic Hall resistances on
the Pt(4)/Co(2)/AlOx(1.15) structures is shown in Figure 6.4(a), the resulting
signals is a combination of all the effects discussed before. The red line in Figure
6.4(a) represent a fit to the data using Equation 6.2. For this structure, the fit
and data are in excellent agreement.
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Figure 6.5: Field dependence of the cosφ contribution to the second harmonic Hall
resistance of a Pt/Co(2 nm) bilayer structure.

Using the magnitudes gathered from the fit, the second harmonic Hall
resistance can be separated into the individual components. In Figure 6.4(b)
the FL-SOT contribution has been removed from R H

2ω, resulting in the cosφ
contribution. The red line is a fit with a pure cosine function, that shows excellent
agreement with the data. In Figure 6.4(c), the cosφ contribution has been
removed from R H

2ω. The red line represent a 2cosϕ3 − cosϕ fit to the data; the
data fits the theoretically predicted signal well.

The magnitude of the FL-SOT contribution is now known, although the ANE
and SSE effects are still mixed together with the AD-SOT signal. To further
separate the ANE, SSE and AD-SOT the second harmonic Hall resistance is
measured as a function of the external field. The thermoelectric effects are
expected to be constant with respect to changes in the external field magnitude,
whereas the AD-SOT contribution should decrease for increasing field4. To
this end, the measurement discussed above is repeated for different field
magnitudes between 490 and 660 mT. These fields are chosen to ensure that the
magnetization is saturated along the external field. The resulting measurement
points can be plotted versus the inverse external field 1

Beff
and linearly fitted in

Figure 6.5.. The slope of the resulting linear function scales with RH,AD
2ω and

the intercept with the y-axis is equal to RH,ANE+SSE
2ω . The ANE and SSE cannot

be separated further, since the symmetries of their signal are the same, but the
magnitude of the thermal contributions to the second harmonic Hall resistance
can be determined using this method.

Using the fit, the magnitude of the ANE and SSE contributions can be
calculated. The combined contribution from the ANE and SSE is found to be,
RH,ANE+SSE

2ω = 17±2 µΩ. Avci et al. [169] found a ANE and SSE contribution of 20
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µΩ, which is very close to the one found here.
As the objective is to determine the contributions of the thermoelectric

effects to the USMR signal, the thermal contributions to the longitudinal second
harmonic resistance have to be calculated. Since the origin of the ANE and SSE
is microscopic, the signals are proportional to the distance over which they are
measured. Therefore the ratio between the longitudinal and Hall contributions
is equal to the length ratio of the Hall bar (l = 20 µm, w = 5 µm):

RANE+SSE
2ω = l

w
RH,ANE+SSE

2ω = 68±8 µΩ. (6.3)

The measured USMR signal for the Pt(4 nm)/Co(2 nm) structure to be around
2.19 mΩ. Thus, the thermal contribution to the USMR is approximately 3%,
which is negligibly small. To determine if the thickness dependence of the
thermal contributions, the measurements described above have been repeated
for more cobalt layer thicknesses. The final result is shown in Fig. 6.2(a) in
section 6.3.





Summary

SPIN-ORBITRONICS
Novel interactions and magnetoresistances in ultrathin

magnetic films
Spin-orbit coupling (SOC) plays a crucial role in various basic magnetic

phenomena such as magnetic crystalline anisotropies, magnetostriction effects,
magneto-optical Kerr effects (MOKEs), anomalous Hall effects, anisotropic
magnetoresistances, and magnetic damping processes. Recently, the SOC has
been of growing interest due to novel physics and emerging technologies of “spin-
orbitronics" such as the spin Hall effect, the Rashba effect, the Dzyaloshinskii-
Moriya interaction (DMI), and spin pumping effects. Therefore, an understand-
ing of the SOC is of great importance for an investigation of the underlying
physics of these exotic phenomena. Accordingly, the research themes of this
thesis are both the fundamental exploration in the basic physics on spin-
orbitronics and searching for new building blocks for future nanoelectronics.

To investigate the properties of the DMI, we demonstrate an experimental
technique to straightforwardly observe the interfacial DMI, namely Brillouin light
scattering. The non-reciprocal spin wave dispersion, systematically measured by
Brillouin light scattering, allow not only the determination of the DMI constant
beyond the regime of perpendicular magnetization but also the revelation of the
inverse proportionality with the thickness of the magnetic layer, which is a clear
signature of the interfacial nature. Moreover, with the same method, we test the
DMI of more materials. the DMI sign of Pt/Co, Ta/Co and Ir/Co is proved to be
the same, which is distinct from the theoretical prediction. Finally, by adding a
dusting layer between a bottom Pt/Co interface and a top Pt/Co/AlOx interface,
the Brillouin light scattering measurement shows that the DMI is dominated
by the bottom Pt/Co interface. Altogether, our experimental results on the
various properties of the DMI open up possibilities for exploring magnetic hybrid
structures for engineering the DMI.

To explore the correlation between the DMI and Rashba-type SOC, we exper-
imentally demonstrate a novel, so-called “chiral" magnetoresistance, uniquely
linking the chiral nature of localized and itinerant spins in ferromagnetic
materials. By introducing a dedicated “zigzag" ferromagnetic microstructure
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combined with an in-plane magnetic field and Ga-ion irradiation for anisotropy
engineering, we were able to tune the chirality of magnetic domain walls. We
found a significant difference in resistance of electrons passing through Néel-type
chiral magnetic domain walls of opposite chirality. Furthermore, we developed
a theoretical model for the chiral magnetoresistance on the basis of a Rashba-
type Hamiltonian and a chiral derivative operator. A comparison between the
theoretical model and the experimental data suggests a hitherto unexplored
correlation between the Rashba effect and the interfacial DMI. This findings
will help to understand fundamentals behind chiral phenomena in ultrathin
ferromagnetic films and also provides further insights in engineering magnetic
thin film systems with specifically desired chiral entities for future applications in
nanoelectronics.

To study the newly discovered unidirectional spin-Hall magnetoresistance
(USMR), we presented the ferromagnetic and heavy metallic layer thickness
dependence of USMR in a Pt/Co/AlOx trilayer at room temperature. The
experimental results is fitted by the Zhang-Vignale theory, with parameters
extracted from an analysis of longitudinal resistivity of the Co layer within the
framework of the Fuchs-Sondheimer model. Furthermore, a second harmonic
measurement enable us to disentangle spin-Hall and thermal gradient contribu-
tions to the non-linear magnetoresistance, allowing for a more precise fitting
process. A good agreement with the theory is found, demonstrating that the
USMR depends on both the spin-Hall effect in the HM layer and the metallic
diffusion process in the FM layer. This help us to understand fundamentals
behind magnetoresistive phenomena in ultrathin ferromagnetic films and also
provides further insights in engineering magnetic memory device with simplified
layout for future applications in nanoelectronics.
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