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Abstract 

 

 

The advent of the information age contributed to the creation of Very Large-Scale 

Integrated Circuits (VLSI), and has made the evolution of VLSI based on semiconductors 

even more significant. The popularity of computers, mobile phones, and smart wearable 

devices reflect people’s heavy demand for highly integrated and low-power electronic 

products. As predicted by Moore's law, the characteristic sizes of semiconductor 

processes have been shrinking to fit the development of integrated circuits. Within this 

Ph.D. Thesis, specific aspects of spintronics – a novel class of electronics exploiting the 

electron spin – are explored. 

To integrate more devices in a specific zone, the size of spintronic devices keeps being 

minimized. With the decreasing thickness of the magnetic thin films that are used in 

spintronic devices, the functionality, reliability and power consumption of nanoscale 

devices are more and more governed by interfacial effects. In this Thesis, we explored 

the role of interfacial effects on several phenomena relevant, trying to understand the 

basic mechanism and aiming to manipulate the interfacial effects for future spintronic 

solutions. More specifically, we address 

(i) the Gilbert damping parameter, which is proportionally related to the critical 

current of Spin-Transfer Torque Magnetic Random-Access Memory (STT-MRAM); 

(ii) the interfacial Dzyaloshinskii–Moriya interaction (DMI), which stabilizes a 

Néel-type domain-wall (DW) configuration in thin films, needed for fast and efficient 

motion of magnetic domain walls, as relevant for future magnetic racetrack memory; 

(iii) single-pulse all-optical switching (AOS) of magnetization, a candidate for 

ultrafast hybrid spintronic-photonic memory. 

In this Thesis we explore the physical mechanism of these interfacial effects, in an attempt 

to improve future device behavior. 
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 Introduction 

 

 

This chapter aims to provide the reader with the motivation and background of the work 

presented in this Thesis. Some basics of spintronics are introduced first, followed by the state 

of the art on Gilbert damping, interfacial Dzyaloshinskii-Moriya interaction (DMI), and all-

optical switching (AOS). Then, the possible applications of the three spintronic effects at 

interfaces are presented. Finally, an outline of this Thesis is provided.  

1
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 General introduction 

In 1926, George E. Uhlenbeck and Sam A. Goudsmit proposed the concept of spin based on a 

quantum mechanical phenomenon1. They introduced the idea of an electron with a spin angular 

momentum of half a quantum and a magnetic moment of one Bohr magneton. This momentous 

proposal facilitated a quantitative theory of the Zeeman effect. In view of classical physics, spin 

can be regarded as a rotational motion of electrons. Later in 1928, P. A. M. Dirac deduced a 

spinning electron model using the theory of relativity2. This model confirmed the existence of 

the spin and laid the foundation for modern magnetism. In the following years, the development 

of quantum physics experienced a revolutionary period, during which the full behavior of 

electron spin was unveiled. However, it was not before the late 1980’s that its application 

potential for microelectronics started to be realized. 

Professor Albert Fert3 and professor Peter Grünberg4 shared the Nobel prize in Physics on the 

discovery of giant magnetoresistance (GMR) effect in 1988, in which the electron spin is an 

essential ingredient. As shown in Figure 1.1, the well-known GMR effect describes a difference 

of resistance when the two magnetic layers in a sandwich structure are changed from a parallel 

(P) to an anti-parallel (AP) state. It built a relationship between the switching of magnetism and 

the change of resistance value, and opened the door to “spin-electronics”, nowadays referred to 

as “spintronics”. Thanks to the discovery of the GMR effect, spintronics could be applied in a 

wide range of novel electrical devices. 

 

Figure 1.1: An illustration of the GMR effect. For a non-spin-polarized current, electrons with spin-up (or spin-
down) are easier passing through the layer magnetized up (or down). When the two layers are parallelly magnetized, 
at least 50% of electrons can be easily going through the structure resulting in low resistance. On the contrary, for 
the anti-parallel state, both of the spin-up and spin-down electrons will be scattered, which directly leads to high 
resistance. In short, the P state corresponds to low resistance and the AP state corresponds to high resistance. 
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Predicted by Moore’s Law, the number of transistors on an integrated circuit (IC) will double 

every 18 months. With the decreasing size of spintronic devices and the decreasing thickness 

of the magnetic thin films that are used in it, the functionality, reliability, and power 

consumption of nanoscale devices are becoming governed by interfacial effects. Hence, we will 

explore various interfacial effects in this Thesis, aiming to improve the behavior of advanced 

spintronic devices. 

 

 State of the art 

 Magnetization Dynamics and Gilbert damping 

Within classical physics, the torque on an object can be written as: 

𝝉 𝑰 𝝎 𝑳
,                                                        (1.1) 

where 𝑰 represents the inertia tensor, 𝝎 the angular velocity, and 𝑳 the angular momentum. The 

torque in this classical system can be exerted by a force 𝑭, according to 

𝝉 𝒓 𝑭,                                                           (1.2) 

where 𝒓 is the vector from the origin to the position where the force is exerted. 

In a magnetic system, the magnetic torque can be exerted by an effective magnetic field 𝑯  

as 𝝉 𝒎 𝜇 𝑯 , the cross product of magnetization 𝒎 and effective field 𝑯 , and 𝜇  is the 

vacuum permeability. Combining with Equation (1.1), we have 

𝑳 𝒎 𝜇 𝑯.                                                     (1.3) 

The relationship between the magnetic moment and angular momentum is 𝒎 |𝛾|𝑳, where 

𝛾 is the gyromagnetic ratio. Adding a term to describe the power dissipation is always relevant 

in practical situations and writing the equation of motion in terms of the magnetization rather 

than the magnetic moment, the time evolution of the magnetic state can be described by the 

Landau-Lifshitz-Gilbert (LLG) equation5: 

𝒎 |𝛾|𝜇 𝒎 𝑯 𝒎 𝒎
.                                (1.4) 

Here, 𝑀  is the saturation magnetization, 𝜇  is the vacuum permeability and 𝛼  is the 

dimensionless phenomenological Gilbert damping parameter. Another related equation, which 

in more easy to solve and therefore frequently used in the magnetization dynamics of a 

ferromagnet is called the Landau-Lifshitz (LL) equation6: 
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𝒎 |𝛾|𝜇 𝒎 𝑯 𝒎 𝒎 𝑯 .                        (1.5) 

The damping torque in the LL equation is perpendicular to 𝑯  but isn’t perpendicular to the 

trajectory, while the damping torque in the LLG equation is, as shown in Figure 1.2. Typically, 

the LLG and the LL equation are interchangeable and equivalent in the limit of small 𝛼 (𝛼 ≪

1). In the case of infinite damping, the LL equation gives 
𝒎 → ∞, and the LLG equation results 

in 
𝒎 → 0 . According to the physical meaning of damping, larger 𝛼  shouldn’t permit an 

infinitely fast motion. For this reason, the LLG equation is more appropriate for a system with 

large 𝛼7.  

 

Figure 1.2: A comparison of damping directions for LLG (blue) and LL (green) equations. 

 
The damping parameter has a crucial relevance for the performance of advanced spintronic 

devices, such as the critical current for a spin-transfer torque magnetic random-access memory 

(STT-MRAM, introduced in more detail in Section 1.3.1), and the thermal magnetic noise of 

the read heads in hard-disk drives based on the tunneling magnetoresistance (TMR) effect. 

Although lower damping is favored for most of the spintronic applications, large damping is 

preferred for GMR memory with the current perpendicular to the plane (CPP-GMR) which 

improves the thermal stability8. To modulate the damping parameter, different capping 

materials9, and different material structures10 have been explored. For ultrathin magnetic films 

adjacent to heavy metal layers, the Gilbert damping is often dominated by so-called spin-

pumping11. In this case the Gilbert damping is observed to be inversely proportional to the 

thickness of the ferromagnetic layer12. Although the damping factor can be reduced by using a 

thicker ferromagnetic layer, the perpendicular magnetic anisotropy (PMA, discussed in more 

detail in Section 1.2.2) will disappear when the thickness of the ferromagnetic layer grows. 
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Over the past decades, the physical origin of damping has been explored. On the one side, 

intrinsic contributions include magnon-electron scattering13–15, eddy currents16,17, magnon-

phonon scattering18,19, radiation damping20, itinerant electrons21–23, etc. On the other side, 

extrinsic contributions such as the afore-mentioned spin-pumping22,24, and two-magnon 

scattering25–27, are proved to be closely related to the interface of the ultrathin films. The spin-

pumping concept was used to describe the enhancement of the Gilbert damping by spin-

polarized currents at an interface between a normal metal and a ferromagnetic film28. Two-

magnon scattering is active at the interface with defects in the shape of islands. Inhomogeneous 

broadening can be strongly affected by thickness fluctuations. It should also be mentioned that 

inhomogeneous broadening contributes to the Gilbert damping, but is not a result of energy 

dissipation. 

There are several experimental methods to measure the damping factor. One can distinguish 

measurements in the time domain, such as the time-resolved pump-probe technique, and 

approaches in the frequency domain, such ferromagnetic resonance (FMR). The former one 

will be introduced in Chapter 3. Both of them are applicable for thin-film samples, and either 

of them can be implemented using optical and/or electrical methods. When the time resolved 

pump-probe method is implemented using the magneto optical Kerr effect (TR-MOKE), a clear 

advantage over the FMR method is gained in the ability to operate at very high fields and 

frequencies29,30. On the other hand, the FMR method allows operation over a wider range of 

geometrical configurations.31 

The experimental damping values of ultrathin films can be different due to the sample structure, 

deposition method, growth condition, and the characterization method, etc. Normally, the 

damping parameter for ferrimagnetic materials is relatively small. In particular, yttrium iron 

garnet (YIG) is known to have an extremely low damping value (10-5) for bulk materials, but 

nowadays even thin films with reasonably low damping have been reported. Characterized by 

FMR, the damping factor of 11 nm YIG grown by pulsed laser deposition has be shown to be 

(3.2±0.3)10-4 and decreases to (2.3±0.3)×10-4 when YIG is 19 nm32,33. For permalloy, 𝛼  = 

4.3×10-2 when the thickness is 2.5 nm34, when the thickness increases, the contribution of spin 

pumping will decrease, damping can be as low as 0.008 for decent films. A common layer stack 

used in spintronic memory applications making use of a so-called magnetic tunnel junction 

(MTJ) is CoFeB/MgO/CoFeB. The effective damping of Co40Fe40B20(1 nm)/MgO is 8.2×10-3 

and the intrinsic damping is only 4×10-3 measured by FMR8. Employing TR-MOKE, 𝛼  = 



6  ●  1.2.  State of the art 

 

1.5×10-2 for Ta/CoFeB (1 nm)/MgO, which is larger than the damping parameter of 

MgO/CoFeB/Ta and smaller than 𝛼  of Ta/CoFeB/Ta structure35. In Pt/Co/Pt multilayers 

exhibiting strong PMA, S. Mizukami et al. compared the experimental 𝛼 values obtained from 

TR-MOKE and FMR36. For samples with thicker Co, the 𝛼 values from FMR show quite good 

agreements with those from TR-MOKE, but the results tend to deviate slightly from those from 

TR-MOKE when Co thickness smaller than 1 nm (for 1 nm Co, 𝛼 is 0.17 obtained by TR-

MOKE and 0.20 obtained by FMR36). Considering that with decreasing ferromagnetic layer 

thickness, the FMR signal would largely decay, so the error of the FMR result will increase 

when the thickness of the ferromagnetic layer decreases. As will be clear from the foregoing 

analysis on four highly relevant materials systems, damping of ultrathin films is not trivial and 

depends on many factors. 

 

 Interfacial magnetism and Dzyaloshinskii-Moriya interaction 

In the 1960s, Dresselhaus37 and Rashba38 realized the existence of spin-orbit coupling (SOC) 

which describes the electronic energy band splitting between spin-up and spin-down states in 

crystals without inversion center. The principal characteristic of SOC is that electrons moving 

in an electric field experience a magnetic spin-orbit field, and the spin-orbit field couples to the 

electron’s magnetic moment39. With the decreasing size of spintronic devices and the 

decreasing thickness of magnetic thin films, the interfacial effects induced by SOC become 

prominent. The exploration of the interfacial magnetism is crucial for improving the reliability 

and power consumption of nanoscale spintronic devices.  

Specifically, SOC in the case of a system with inversion symmetry breaking is defined as 

Rashba SOC. The exploration of the Rashba effect is quickly expanding and is growing to a 

branch of spintronics itself. Vas’ko, Bychkov40, and Rashba41 proposed that the Rashba SOC 

caused by an interfacial electric field can be expressed as  

𝐻 𝛼 /ћ 𝒛 𝒑 ∙ 𝝈,                                             (1.6) 

where 𝛼  is the Rashba parameter, 𝒛 is the unit vector perpendicular to the interface,  𝒑 is the 

momentum, and 𝝈 is the vector of the Pauli spin matrices. Since the strength of the Rashba 

parameter is directly related to the interfacial potential drop, applying a gate voltage modifies 

the quantum well asymmetry and electron occupation, which in turn controls the magnitude of 

the DMI induced by the Rashba effect. More details can be found in Chapter 5. 
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The magnetic proximity effect is another interesting phenomenon. It can exist at a 

superconductor/ferromagnet interface, topological insulator/magnetic insulator interface, or 

heavy metal/ferromagnet interface42–44, leading to an induced magnetization of the nonmagnetic 

material at the interface. The proximity effect underlies many potential applications in devices 

with novel quantum functionality. 

Moreover, in nanoscale multilayers, the main contribution to PMA is also a significant 

interfacial effect related to SOC. The effective anisotropy energy can be expressed as 𝐾

𝐾 𝜇 𝑀 𝐾 𝑡⁄ , where 𝑡  is the thickness of the ferromagnetic layer, 𝜇 𝑀  is the 

demagnetization energy, and 𝐾  and 𝐾  are the interface and bulk anisotropy, resp.45. Typically, 

when 𝑡  equals to several nanometers or less, 𝐾  may become dominate. Comparing with 𝐾 , 

𝐾  is neglected which means, in this case, the perpendicular anisotropy is mainly determined 

by the difference of the interfacial anisotropy and the demagnetization field. 

Another interface related magnetic phenomenon induced by SOC, the Dzyaloshinskii-Moriya 

interaction (DMI), is one of the key points in this Thesis. Since it was discovered by 

Dzyaloshinskii and Moriya in 195846 and 196047, DMI in structures with broken inversion 

symmetry has attracted significant interest from the scientific community. Different spin states 

will be formed as a competition between DMI, Heisenberg interaction, dipolar interactions, and 

Zeeman energy. The region formed between two neighboring domains with oppositely 

magnetized directions, is called domain wall (DW). The interfacial DMI (iDMI) is intimately 

related to the prospect of superior DW dynamics and the formation of a magnetic skyrmion 

while the bulk DMI leads to Bloch type texture in bulk materials. A polarized spin current from 

the heavy metal layer due to the spin-Hall effect together with a DMI-stabilized Néel-type DW 

configuration can accelerate the DW motion close to 1000 m/s 48. As an emerging topologically 

protected swirling spin configuration shown in Figure 1.3 (a), skyrmions are promising for non-

volatile data storage with high-density and low-power. With the contribution of DMI, a large 

number of works on magnetic skyrmions have been reported in recent years49–52. Combining 

the skyrmion with MTJs for skyrmion-based racetrack memory has been proposed as a potential 

candidate for magnetic random-access memory (MRAM). The DMI plays an important role in 

inducing and stabilizing isolated chiral skyrmions. As one of the key ingredients in the creation 

of chiral DWs and magnetic skyrmions, research on DMI is considered of significant 

importance for the next generation of high-speed magnetic storage devices. 
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The DMI energy between two normalized spins can be written as53,54 𝐸 𝑺 𝑺 ∙ 𝒅 . 

The 𝑺  and 𝑺  are neighboring spins at site 1 and site 2, and 𝒅  is the corresponding 

Dzyaloshinskii–Moriya vector. Except for bulk DMI in the bulk chiral magnets, the existence 

of SOC and inversion symmetry breaking at materials interfaces will induce a DMI. For 

example, in a heavy metal (HM) and ferromagnetic (FM) layer interface, as shown in Figure 

1.3 (b), the DMI vector 𝒅  can be written as 𝒅 𝑑 ∙ 𝒛 𝒖 , where both 𝒛 and 𝒖  are 

unit vectors, 𝒛 is the symmetry breaking direction (interface normal, points from substrate to 

the film surface) and 𝒖  points from site 1 to site 2. For 𝑑 0, the DMI favors anticlockwise 

rotations from  𝑺  to 𝑺 . On the contrary, lower energy for clockwise magnetization rotation 

corresponds to 𝑑 0. The sign of DMI will directly influence the chirality of a skyrmion. By 

using ab initio calculations, the DMI energy can be theoretically computed; more details will 

be discussed in Section 4.5. Some experimental publications define 𝐸 ∑ 𝒅 ∙〈 , 〉

𝑺 𝑺  and the measured DMI energy will have an inverse sign compared with the calculated 

value. But the spatial chirality in the same material system will be consistent. In our Pt/Co/X 

(X = heavy metal or MgO) system, the spin configuration the Co layer tend to be anticlockwise. 

 

Figure 1.3: (a) Magnetic texture of a Néel-type skyrmion and a Bloch-type skyrmion with the magnetization 
rotating from the down direction at the skyrmion’s center to the up direction of the external uniform magnetization 
at the skyrmion’s edge, as in a Néel or in a Bloch domain wall53. (b) A schematic graph of DMI induce at HM/FM 
interface. 

 
The role of DMI can also be embodied in the LLG equation. When we study the spin dynamics 

of interfaces in the presence of the DMI, especially when spin waves serve as spin-current 

carriers, the DMI energy density of a sample is phenomenologically given by55–57 



Chapter 1.  Introduction  ●  9 

 

𝐸 𝑀 𝑀 𝑀 𝑀 ,                       (1.7) 

where 𝐷 is the DMI constant, and 𝑀  the i-component of the magnetization. For spin waves 

traveling along the 𝑥-axis, the effective field related to DMI can be written as57,58 

𝑯
𝑴

𝒆 𝒆 ,                             (1.8) 

where 𝒆  is the unit vector codirectional with the 𝑖-axis. With this, DMI can be connected with 

the LLG equation, the total effective field in Equation (1.4) can be expressed as59 

𝑯 𝐻 𝒆 𝛻 𝑚 𝑯 𝑯 𝑯 ,                      (1.9) 

with 𝐻  the in-plane external magnetic field, 𝐴 the exchange stiffness, 𝑯  the dipolar field, 

𝑯  the anisotropy field. 

 

 Femtomagnetism and all-optical switching 

In the mid-1980s, explorations on the laser-induced magnetization dynamics were performed 

by Agranat et al. Through varying the duration of pump pulses used to demagnetize a 

ferromagnetic sample, the magnetization was found to disappear on a typical time scale of 1-

40 ns60. Vaterlaus et al. carried out the first real-time experiments in the early 1990s by means 

of spin-polarized time-resolved photoemission61. They estimated that spin relaxation in 

gadolinium takes place within ~ 100 ± 80 ps. Beaurepaire et al. demonstrated ultrafast 

demagnetization in a ferromagnetic thin film using ultrafast laser pulses, which raised the 

interest of the research community. They observed ultrafast demagnetization of Ni thin films 

within 1 picosecond (ps) by using ~ 50 femtosecond (fs) laser pulses to pump (heat) the film as 

well as to probe the time evolution of the magnetization by the magneto-optical Kerr effect, and 

they also proposed a well-known three temperatures model (3TM)62. As the demagnetization 

time is much smaller than the spin precession time of around 100 ps, the performance of 

magnetic memory may be greatly improved by using optical schemes exploiting fs laser pulses. 

In this respect, an important discovery that followed about ten years later, is that fs laser pulses 

not only demagnetize a thin ferromagnetic film, but can also be used for complete 

magnetization reversal, so-called all-optical switching (AOS) of magnetization. After the 

observation of helicity-dependent switching in ferrimagnetic GdFeCo alloys in 200763,64, AOS 

attracted a growing amount of interest as an ultrafast and energy-saving writing process for 

spintronic devices. This helicity-dependent switching description has been found appropriate 
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for various other magnetic materials65–68, however, for most of them with a disadvantage that 

hundreds of pulses are required for the switch68. At the same time, based on another mechanism, 

purely thermal toggle switching was demonstrated in rare-earth - transition-metal (RE-TM) 

alloys, governed by the large difference in demagnetization rates and anti-ferromagnetic 

exchange69–72, shown in the X-ray magnetic circular dichroism (XMCD) result in Figure 1.4. 

Later, it was predicted and proved that synthetic-ferrimagnetic systems can also be thermally 

toggle-switched by a single laser pulse73–76. More specifically this was experimentally 

demonstrated in Pt/Co/Gd systems. 

 

Figure 1.4: Element-resolved dynamics of the Fe and Gd magnetic moments measured by time-resolved XMCD 
with femtosecond time-resolution. Transient dynamics of the Fe (open circles) and Gd (filled circles) magnetic 
moments measured within the first 3 ps.69 

 
For an antiferromagnetically coupled system, whether an alloy with oppositely magnetized sub-

lattices or synthetic ferrimagnetic multilayers, the distinct demagnetization rates of each 

constituting elements have been suggested as the main driving mechanism72,77,78, although the 

theoretical explanation of the thermally driven AOS process is still under debate. In one of the 

models for AOS, the dynamics of atomistic spins interacting with a heat bath are described by 

the LLG equation with Langevin dynamics78,79, given by: 

𝑺 𝑺 𝑯 , 𝜆 𝑺 𝑺 𝑯 , .                      (1.10) 

Here, 𝛾  is the gyromagnetic ratio, and 𝜆  is a dimensionless Gilbert damping constant 

describing the microscopic thermal bath coupling parameter of the spin i. The effective field of 

a spin on lattice site i is  

𝐻 , ϛ 𝑡 ,                                               (1.11) 
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where ϛ 𝑡  is a stochastic term describing the coupling between spin and external thermal bath, 

𝐸  is the Hamiltonian for the energetics of any spin in the system. Another model assigns the 

AOS in ferrimagnetic alloys and synthetic-ferrimagnetic multilayers to the exchange scattering 

induced by the s-d and/or d-f exchange interaction80,81. More visually, taking the Co/Gd bilayers 

as an example, the reversal of Co magnetization would start from the nucleation near the Co/Gd 

interface and propagates through the Co layer driven by exchange scattering. 

The discovery of AOS came entirely unexpected and gained much attention since the optical 

switch is both fast (picosecond time scale as shown in Figure 1.4) and energy-efficient (around 

12 nJ per pulse with a radius of ≈ 20μm82). Therefore, it shows high potential to be used in 

future magnetic memory devices. With the downscaling of memory devices’ size, the minimum 

width of the domains written by laser pulses is worth to be explored. When combining AOS 

with spintronic materials with large DMI, the question arises whether DMI could affect the 

AOS process, or the domains written by AOS. In Chapter 6, we will discuss the role of DMI in 

the AOS process in detail. 

 

 Application perspective 

In this section, we discuss three novel spintronic applications in which the interfacial effects 

introduced in Section 1.2 play a major role, namely the STT-MRAM, racetrack memory and 

hybrid spintronic-photonic devices. 

 STT-MRAM 

MRAM is a typical example of a spintronic memory solution that takes advantage of the 

electronic spin degree of freedom for information storage. It has attracted extensive attention 

from academics and industry. The memory cells of MRAM are aligned in an array like Figure 

1.5 (a) shows. The information is stored in the magnetized state of each magnetic multilayer 

structure, which is called an MTJ, shown in Figure 1.5 (b). The address of each MTJ is defined 

through bit lines and word lines. Usually a transistor has to be added to a specific memory cell 

based on the simplified scheme shown in Figure 1.5 (a), avoiding shunting effects during the 

working process.  
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Figure 1.5: (a) A schematic diagram of the storage array in an MRAM. The intersection between bit lines and 
word lines is called the address, which indicates where information is stored. By measuring and changing the 
storage bits at a specific address, the writing and reading process can be realized in an MRAM.  (b) The general 
structure of an MTJ. Normally, there are two magnetic layers in an MTJ, one is called the reference layer which 
magnetization is pinned, another is called the free layer showing that the magnetization can be changed. 

 
According to the GMR effect, the resistance of MTJ is lower when the reference layer and the 

free layer possess parallel magnetization direction (P state), on the contrary, it is higher when 

the reference layer and the free layer show anti-parallel magnetization (AP state). By replacing 

the metal layer for GMR with insulating material between reference and free layers, the reading 

efficiency can be greatly improved based on the TMR effect. During the last decades, several 

generations of MRAM have been proposed depending on the writing schemes, including toggle 

MRAM controlled by a magnetic field, STT-MRAMs that are currently on the market for 

embedded memory applications and the latest generation of spin-orbit torque magnetic random-

access memories (SOT-MRAMs) that are the most promising in terms of low current density 

and high speed. In this Thesis, we will address the interfacial effect reflected in Gilbert damping, 

which is directly related to STT-MRAM, as will be shown below. 

In 1996, J. Slonezewski and L. Berger theoretically predicted that, instead of using a magnetic 

field, the magnetization switching of magnetic materials can be induced by the spin-transfer 

torque (STT) effect as can be induced through a spin-polarized current83–85. Compared to the 

1st generation of MRAM that employed switching by Oersted fields, the magnetic moment of 

MTJ in STT-MRAM can be switched through a current, thus STT-MRAM has a simpler 

structure, lower writing energy, and higher scalability. The latter can be easily understood by 

the notion that STT switching is governed by the current density, rather than the current itself. 

The STT writing process of MRAM is schematically shown in Figure 1.6. 
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Figure 1.6: The writing mechanism from AP to P (up) and P to AP (down) of STT-MRAM. 

 
The magnetization dynamics induced by STT can be described by adding an additional term to 

the LLG equation as 

𝒎 𝛾𝜇 𝒎 𝑯 𝛼𝒎 𝒎 ℏ 𝒎 𝒎 𝒎 ,                (1.12) 

where  ℏ is the Planck’s constant, 𝐽  is the critical current density, 𝑃 is the spin polarization, 

𝑒 is the electron charge, 𝑡  is the free layer thickness, and 𝒎 and 𝒎  are the magnetization 

vector of the free layer and the reference layer, respectively. The critical current 𝐼  for an 

STT-MRAM can be calculated as12: 

𝐼 𝛼 𝑀 𝐻 𝑉 .                                               (1.13) 

Here, 𝛾
ℏ

, 𝑔 is the Lande 𝑔 factor, 𝜇  is the constant Bohr magnetron, 𝐻  is the anisotropy 

field and 𝑉  is the volume of MTJ. The optimization of 𝐽  is meaningful in decreasing the 

power consumption of the device and avoiding barrier breakdown. According to Equation 

(1.13), the required 𝐽  is proportional to the damping parameter 𝛼. Thereby, understanding 

how to tune the Gilbert damping in ultrathin magnetic films is highly relevant for advancing 

STT-MRAM. 

 

 Racetrack memory 

In contrast to the uniform magnetization in MRAM, memory architectures with non-uniform 

magnetization unit have been proposed, such as the racetrack memory. The prototype of 

racetrack memory proposed by S. Parkin86,87 is shown in Figure 1.7. It stores information using 

DWs in magnetic nanowires, through which the DWs can be driven by electrical current. This 
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new memory concept has triggered a sustained boom of the research on DW motion in 

nanowires. Although DWs can be driven by an electrical current using STT, it has been shown 

that spin-orbit torque (SOT), which is introduced in detailed in Section 2.3.2, provides a more 

efficient scheme in PMA nanowires where the ferromagnet is adjacent to a heavy metal88,89. In 

such SOT-driven DW motion, the DMI is of major importance. We explain this type of DW 

motion in the following. 

 

Figure 1.7: Schematic of a racetrack memory86 with (a) vertical and (b) horizontal configurations. In contrast to 
the uniform magnetization in MRAM, the magnetization unit of racetrack memory is non-uniform. In a 
ferromagnetic nanowire, data can be encoded as a pattern of magnetic domains along a portion of the wire. Pulses 
of highly spin-polarized current move the entire pattern of DWs coherently along the length of the wire past (c) 
read and (d) write elements. The reading process can be done by measuring the tunnel magnetoresistance of an 
MTJ connected to the racetrack, while the writing process can be accomplished by another vertically placed 
ferromagnetic nanowire. The storage nanowire is approximately twice as long as the stored DW pattern, so the 
DWs may be moved in either direction. (e) Arrays of racetracks are built on a chip to enable high-density storage. 

 
For a racetrack memory, the movement of DW is directly related to the reading and writing 

velocity. In a magnetic material, the configuration of a DW is determined by the equilibrium 

state of different energy terms. For example, in an infinite ferromagnetic film with PMA and 

neglecting DMI, a DW tends to stay in a Bloch configuration, shown in Figure 1.8 (a), due to 

the minimization of the demagnetizing energy. In contrast, the Néel wall, shown in 1.8 (b), can 

be stabilized by a strong DMI in the system. The DW can be moved through a variety of 

mechanisms, such as an external magnetic field, STT, spin-Hall effect (SHE) current, electric 

field90,91, spin-wave92, polarized light93, and thermal gradient94. Normally, in a ferromagnetic 
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material system with PMA, the Néel wall, moves faster than the Bloch wall with the same 

external driving field. Besides, the coherent current-driven motion of domains based on the 

SHE effect has been shown to be only possible Néel-type configuration DWs95, details are 

introduced in Section 2.3.2. 

 

Figure 1.8: A top view of Bloch-type DW and Néel-type DW in a PMA sample with the magnetization of the 
left and right domain pointing out of and into the plane respectively. The direction of the 𝑧-axis is parallel to the 
normal of the sample surface. 

 

 Hybrid spintronic-photonic applications 

In addition to memory applications, spintronic devices can also be used as sensors, oscillators, 

and logic devices for a variety of computing and communications applications. Apart from the 

smaller size, faster speed is another main demand of the modern electronic market. The 

mechanism of traditional photoelectric devices, such as photo-resistors, photosensitive diodes, 

and charge-coupled devices (CCD), are normally based on the transformation between photons 

and electrons. With the joining of magnetic materials, energy transmission becomes more 

complicated. The research progress on AOS, as well as magneto-optics, provides the possibility 

for the information transfer between the optical form and magnetic form, which could also 

accelerate the development of spintronic-photonic devices. 

Specifically, AOS of the magnetization is regarded as a promising writing mechanism for 

racetrack memory63, shown in Figure 1.9 (a). Taking advantage of the ultrafast speed and low 

energy consumption, manipulating the magnetic moment through optical methods in racetrack 

memory seems to be a prospective strategy. The interest in AOS of magnetization with and 

without helicity dependence burst in the past two decades63,69. At TU/e, another type of 

spintronic-photonic device96 has been proposed, shown in Figure 1.9 (b), in which information 

is copied from an optical waveguide into a magnetic racetrack using AOS, and the reading 
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process of the magnetic state can be realized through the magneto-optical effect (details are 

introduced in Section 2.2.2). Besides, with the assistance of a laser, heat-assisted magnetic 

recording (HAMR) provides write temperature as a new degree of freedom, and is promising 

for extending the area density of magnetic data storage97. Moreover, optical generation of THz 

spin waves98 became another hot research topic of spintronic-photonic research. 

 

Figure 1.9: (a) Demonstration of magnetic storage based on all-optical switching63. (b) A further spintronic-
photonic device integrating photonics, spintronics and magnetism. Structuring magnetic thin film on the top of a 
photonic waveguide, the information would be transferred from the photonic waveguide to the upper magnetic 
racetrack through AOS, and be read according to the magneto-optical effect. Similar to the concept of racetrack 
memory, an electrical current can be used to move each magnetic bit in such device. 

 

 Outline of the Thesis 

This Thesis is organized into eight chapters, including the introduction (Chapter 1) and the 

Summary. An outline of the Thesis is given in Figure 1.10. 

 

Figure 1.10: The outline of this Thesis. 
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Chapter 1 includes the general background of this Thesis and the theoretical basis of the Gilbert 

damping, Dzyaloshinskii–Moriya interaction as well as the all-optical switching. 

In Chapter 2, we describe the experimental methods involved in our work, specifically, the 

film deposition and characterization techniques. 

Chapter 3 addresses a study of the Gilbert damping in Pt/Co/HM multilayers. The damping 

parameter was measured using a TR-MOKE set-up. 

Next, in Chapter 4, we explored how DMI in the Pt/Co/MgO system can be tuned by varying 

the MgO thickness, inserting additional ultra-thin dusting layers at the interface and by thermal 

annealing. Asymmetric field-driven DW motion was measured by a Kerr microscope to 

characterize the strength of the DMI. The experimental results were also compared with 

theoretical DMI energy values obtained from ab initio calculations.  

In Chapter 5, we report a study on the tuning of DMI by electrical fields. Characterization of 

DMI was carried out in a Brillouin light scattering (BLS) system under application of a gate 

voltage.  

In Chapter 6, an exploration of the role of DMI on magnetic domains written by single laser-

pulses in Pt/Co/Gd synthetic ferrimagnetic films was carried out. We look into the AOS 

properties and the potential role of the DMI on the AOS process and the stability of optically 

written micro-magnetic domains. The shrinkage and the expansion of domains are compared to 

simple analytical models and micromagnetic simulations. 

Chapter 7 represents a novel magnetic field sensor based on the DW (de)pinning effect. We 

use Mumax3 to simulate the feasibility of this sensor and derive a criterion for the field to be 

measured. 

Finally, we summarize the main contributions of this Thesis and leave some open questions for 

further research in the Summary. 
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 Sample preparation and characterization techniques  

 

 

In this chapter, the main methods involved in this study are introduced, including the 

preparation of nanoscale multilayers as well as the characterization tools for magnetic 

properties and the interfacial effects. 

2
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 Ultra-thin film preparation 

Controlling the thickness and quality of the ultrathin film accurately is a primary condition to 

improve the behavior of spintronic devices. Different deposition techniques have different 

advantages to meet the requirements of specific thin films. For example, electron beam (E-

beam) evaporation is usually used for growing the electrode layer, and molecular beam epitaxy 

(MBE) for growing stacks with a perfect crystalline structure. All of the samples involved in 

my Ph.D. Thesis are grown by magnetron sputtering, since the reproducibility and thickness 

control of magnetron sputtering are favorable, and it is widely used in industry. To acquire a 

compact oxide layer as the insulating layer for applying a gate-voltage (in Chapter 5), atomic 

layer deposition (ALD) is also involved. 

 

 Magnetron sputtering 

Magnetron sputtering is one of the physical vapor deposition (PVD) techniques to produce high 

quality magnetic thin films with high efficiency. Figure 2.1 (a) shows one of the sputtering 

systems used during my Ph.D. Two main chambers are connected with an inter-lock, containing 

15 targets in total. The base pressure of the main chambers is around 10-8 mbar. The substrates 

are firstly placed in the load-lock until the pressure of the load-lock is pumped down to 10-6 

mbar, after which they can be transferred into one of the main chambers. 

A schematic diagram is given in Figure 2.1 (b) to demonstrate the principle of magnetron 

sputtering. During the deposition process, the main chamber is filled with an inert gas, usually 

argon at a typical pressure of 2.67×10-3 mbar. The Ar gas is ionized to form an Ar+ plasma. The 

Ar+ ions are accelerated under the electric field induced by anode and cathode, meanwhile, 

moving toward the target. The material is sputtered as emitted atoms from the surface of the 

target, as a result of the Ar+ ion bombardment. Then the sputtered target atoms move toward 

the substrate and form a film with strong adhesion. For a conductive target, the power supply 

can be a direct current (DC) source, while for an insulating material, a radio frequency (RF) 

source should be supplied. To increase the efficiency of plasma production, a magnetic field is 

applied in the cathode to trap the electrons and increase the collision possibility between 

electrons and the inert gas. Magnetron sputtering can promote the ionization of the gas at low 

pressure, which is helpful for reducing the collision between Ar+ ions and target atoms and 

improving the quality of the thin film. 
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Figure 2.1: (a) A picture of the magnetron sputtering system. (b) An illustration of the deposition principle in 
the main chamber. Here we present the chamber with a single target, whereas typical equipment includes 6-8 
targets. 

 

 Atomic Layer Deposition 

ALD, as a subclass of chemical vapor deposition (CVD), is a method of depositing material on 

the surface of a substrate layer-by-layer in the form of a single atomic membrane. The 

homogeneity and uniformity of the ALD deposited layer are improved by sacrificing the 

deposition velocity. Moreover, for strongly textured substrates, the films deposited by ALD is 

conformal. Therefore, ALD is considered as a key technique in the fabrication of 

semiconductors and a perfect choice for growing the insulating layer of our sample. 

During the ALD process, the substrate is exposed to two precursors A and B in a sequential, 

non-overlapping way. In contrast to normal CVD, where the growth of a thin-film proceeds in 

a steady-state fashion, for ALD, each precursor reacts with the surface in a self-limited manner: 

A molecule can only react with a finite number of reactive sites and the remaining A is flushed 

away before B is inserted into the chamber. By alternating exposures of A and B, the thin film 

is deposited99.  

 

 Thermal annealing 

Thermal annealing is the process of keeping a desired material at elevated temperature for a 

certain period, in order to release intrinsic stress, promote migration of atoms, or provoke other 

changes in the material’s structure, electronic or magnetic properties. Often, annealing needs to 

be performed in a vacuum chamber to avoid oxidation or other (surface) reactions. Annealing 

is an essential process in optimizing the functionality of magnetic multilayers for spintronic 

applications. Different annealing procedures can be followed. In this Thesis, we apply a 
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constant temperature for a certain time, after which the system is cooled down naturally. It was 

believed that imperceptible displacements of the atoms are remarkable on tuning the interfacial 

effects. It has also been proved in our research that, for Pt/Co/MgO system, the O atoms will 

move away from Co to MgO at the Co/MgO interface, meanwhile the crystallinity of the Pt/Co 

interface will be rectified after annealing with the appropriate condition. 

For annealing of ferromagnetic materials, application of an external magnetic field is optional 

to regulate the direction of the magnetic easy axis or enhancing the anisotropy. Sometimes when 

one of the materials used in the multilayers cannot sustain such a high temperature, in situ 

annealing during the deposition can be considered to anneal only part of the structure, before 

depositing the additional layers. 

 

 Characterization of magnetic properties 

To testify the properties of the multilayers we grow, basic magnetic parameters, such as 𝑀 , 

𝐻 , and 𝐻 , are concerned. Employing VSM, normal MOKE, and TR-MOKE (abbreviations 

will be explained in the respective sections), not only the static magnetic parameters but also 

the magnetic dynamic processes can be acquired. 

 

 Vibrating Sample Magnetometer 

A vibrating Sample Magnetometer (VSM) is a highly sensitive instrument for measuring a 

magnetic moment. Normally, the accuracy is around 10-8 ~ 10-9 Am2. Figure 2.2 exhibits an 

8600 VSM from Lake Shore©. The main components of VSM include an electromagnet, a 

sample holder connecting with a vibrating motor, and probe coils in the tips of the magnet poles. 

Sometimes, a rotation stage can be replenished to characterize an angle-dependent magnetic 

moment.  
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Figure 2.2: A photo of 8600 VSM purchased from Lake Shore. 

 
The principle of VSM is electromagnetic induction. The sample to be measured is pasted on 

the end of the sample holder and vibrated with a fixed frequency. A set of probe coils is settled 

at the center of vibrating amplitude, shown in Figure 2.3 as “pick-up” coils. For a small piece 

of the sample (around 3×5 cm2 in our case), the vibrating magnetic sample will induce a voltage, 

which is proportional to the magnetic moment, vibrating amplitude and frequency of the sample, 

in the “pick-up” coils. The induced voltage will be compared with a reference signal by a lock-

in amplifier so that the magnetic moment information of the sample can be obtained. 

 

Figure 2.3: A schematic diagram for VSM detection. Image adapted from the manual of 8600 VSM. 

 
The alternating gradient field magnetometer (AGFM or AGM) is also used for measuring the 

magnetic moment, the accuracy of which can reach to 10-11 Am2. Compared with VSM, AGFM 
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directly characterizes the force generated by a magnetic sample placed in a non-uniform 

magnetic field. The force is transferred from a quartz sample holder to a compact transducer, 

which is then converted into a voltage signal so that the magnetic moment of the sample can be 

measured. 

Both in VSM and in AGFM, the external field can be scanned over a certain range, and thereby 

a hysteresis loops of the magnetic moment as a function of field can be measured. Normally the 

magnetic field and the coil sensing the change of magnetization are fixed, so we have to rotate 

the sample to be able to apply a perpendicular or in-plane field, separately. Notice that in general 

the sensitivity of measuring 𝑀  between perpendicular field loops and in-plane field loops can 

be different, which is mainly attributed to the specific structure of the equipment. More 

specifically, the relative positions will be different for the two placements of the sample. 

Consequently, the total signal sensed by the coil will be different. Just like for the VSM, a 

similar problem could also appear during the measurements using AGFM. A solution to 

decrease such a systematic error is to correct the measured moment value by a geometrical 

factor, which is obtained with the help of measuring a standard sample. 

 

 Magneto-Optic Kerr Effect and Kerr microscope 

The magneto-optic Kerr effect (MOKE) was discovered in 1877 by John Kerr100. He noticed 

that the plane of light polarization reflected from a polished iron pole face of an electromagnet 

was rotated by less than 1˚. Moreover, the rotation switched together with the magnetization 

reversal. Before the discovery of MOKE, Michael Faraday found that the polarization plane of 

light rotated when it transmitted through a magnetic material. Both Faraday and Kerr effects 

are related to spin-orbit coupling and describe the change of polarization, but the Faraday effect 

measures the transmission of light, while the Kerr effect measures the reflection of light, shown 

as Figure 2.4. Thereby they will be enhanced by incorporating heavy elements such as platinum 

or bismuth into the crystal lattice or at interfaces. 
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Figure 2.4: Schematic of (a) Faraday effect, and (b) Kerr effect with three different configurations.101 

 
Figure 2.4 (b) shows the Kerr effect for three different configurations. In the polar configuration, 

the magnetization of the sample is perpendicular to the sample surface and parallel to the plane 

of the incidence. For the transverse configuration, the direction of the magnetization is parallel 

to the sample surface and perpendicular to the incidence plane. For the longitudinal 

configuration, the magnetization lies in the plane of both the sample surface and the incidence 

plane. In the longitudinal configuration, the rotation is typically just a few tens of millidegree, 

together with a slight ellipticity of the reflected beam; in the polar configuration the effects are 

usually somewhat larger. In contrast to the longitudinal and polar configuration, in the 

transverse configuration the polarization of the reflected light does not depend on the 

magnetization, but the reflected intensity changes upon reversal of the magnetization of the 

sample.  

The Kerr effect provides an easy way to measure the hysteresis of thin films, and to image 

domains, but can also be used for applications such as magneto-optic recording96. In all these 

cases, the polar Kerr effect results in superior performance, but clearly only for thin films with 

a perpendicular magnetization. Measuring a magnetic hysteresis loop of a sample is typically 

done using a normal MOKE set-up. To realize the imaging function of the sample’s magnetic 

state, a polarization microscope combined with MOKE, referred to as Kerr microscope, is 

necessary. 

One can distinguish Kerr microscopes built up from discrete optical components and Kerr 

microscopes integrated within a normal wide-field optical microscope, as shown in Figure 2.5 

(a) and (b), respectively. Typically, a light source, a convex lens, a polarizer, a light splitter, an 



26  ●  2.2.  Characterization of magnetic properties 

 

objective, an analyzer, and a camera are required. The incident light provided by the source is 

firstly converged by a convex lens, and polarized after passing a polarizer. Then, the incident 

beam is reflected by the light splitter and transmitted through the objective. From the normal 

direction of the sample surface, the incident light illuminates the field of view on the sample 

and is reflected. The reflected beam returns to the objective and passes the light splitter, after 

being filtered by the analyzer according to the polarization, and is finally captured by the camera. 

Seeing that the rotation of the light polarization is directly related to the magnetization of the 

sample, different magnetization states can be presented as intensity contrast in the optical image. 

 

Figure 2.5: Two of the Kerr microscopes I have used during my Ph.D. (a) A discrete and (b) an integrated Kerr 
microscope designed by Dr. Xueying Zhang of Zhizhen Kerr Corporation. (c) 300 nm width domains observed by 
their Kerr microscope. 

 

 TR-MOKE setup 

Employing the normal MOKE setup, as well as the Kerr microscope, discussed above, samples’ 

quasi-static magnetization can be measured. TR-MOKE setup, as another main tool used in this 

Thesis, realizes the observation of magnetization dynamics in nanosecond (or even sub-

picoseconds) timescale. Such a time-resolved measurement is performed by using MOKE in a 

pump-probe approach. It is essential that the length of the laser pulse should be shorter than the 

time scale of the dynamics to be explored. Firstly, the laser pulse is split into two beams: i) a 

pump pulse with higher energy density, and ii) a weaker probe pulse. In the path of the probe, 

there is an adjustable delay line which introduces a time delay ∆𝑡 of the probe with respect to 

the pump. To measure the magnetization at each specific ∆𝑡, the probe pulse is polarized by a 

polarizer. Both the pump and probe beams are focused to exactly the same spot by the same 
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lens. The reflected probe beam is guided through an analyzing polarizer, and then, collected by 

a photodiode detector. The basic concept of TR-MOKE setup is depicted in Figure 2.6. Various 

methods can be used to enhance the time-resolved magneto-optical contrast, such as high-

frequency modulation of the probe’s polarization, chopping the pump beam, or using polarizing 

beam splitting cubes in combination with a balanced photo detector. More details are given in 

ref. [102].  

 

Figure 2.6: Basics of the TR-MOKE setup with crossed polarizer configuration. Image adapted from ref. [102]. 

 
In our case, the laser used for time-resolved measurements is a Spectra-Physics TsunamiV with 

780 nm central wavelength, ~100 fs pulse length and 80 MHz repetition rate. More details on 

the measurement of precessional dynamics and the determination of the Gilbert damping 

parameter can be found in Chapter 3. There is another fs-laser setup involved in this Thesis, 

which is used for single pulse switching of magnetization. The laser of this setup is a Spirit-

NOPA set to 700 nm central wavelength, and producing ~100 fs pulses at 500 kHz. The probe 

beam is blocked while the intense pump pulse is shined at the surface of the sample. With the 

assistance of a pulse picker, the interval between the successive pulses arriving at the sample 

can be tuned. The research on AOS using this laser setup is discussed in Chapter 6. 

 

 Characterization of DMI 

Various experimental methods can be used to characterize the DMI. Here, we mainly discuss 

three different physical mechanisms for the determination of DMI: i) asymmetric domain 
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expansion, ii) SOT-modified hysteresis loops, and iii) asymmetric propagation of spin waves. 

For each mechanism, we introduce a specific experimental method: (A) observation of 

asymmetric DW velocity through a Kerr microscope; (B) electric detection of Hall bar device 

for SOT efficiency; and (C) detecting the spin wave frequency by a BLS setup. After assessment 

of these three methods, the most appropriate one is chosen for the corresponding research in 

the latter chapters. For the second method introduced in Section 2.3.2, the current-dependent 

spin torques possess different components (such as adiabatic, nonadiabatic, spin-Hall-like, and 

Rashba-like fields), which could have some collective effect on the motion of domain wall 

motion, so we hold a doubtful attitude. There have been some comparisons between the 

methods of DW motion and spin wave propagation103. For most cases, the qualitative results 

measured by these two methods are consistent, while the cause of inconsistencies is still 

indistinct. 

 

 Asymmetric domain wall motions measured by Kerr microscopy 

As we introduced in Section 1.2.2, the effect of DMI on of the magnetization inside a DW can 

be presented by an in-plane magnetic field 𝐻 . With the existence of the effective DMI field 

𝐻 , the magnetization direction in the middle area of a DW is shown in Figure 1.8, thereof, 

we can deduce that 𝐻  is parallel to the sample’s interface and perpendicular to the DW’s 

edge.  

Taking an example of a multilayer stack with strong PMA and a uniform distribution of pinning 

sites, the process starts by nucleating a circular domain by an external perpendicular field 𝐻 . 

An isotropic domain expansion can be driven by a pulsed field 𝐻 , as sketched by the gray 

scales in Figure 2.7 (a). The magnetization in the middle area of the DW is fixed in a chiral 

direction by the effective DMI field 𝐻 , i.e., the DW configuration tends to be Néel-type. As 

we discussed above, 𝐻  is perpendicular to the DW, lies in-plane, and points to the center of 

the circular domain or to the outside. When an in-plane field 𝐻  is applied uniaxially, the force 

(resultant of 𝐻  and 𝐻 ) around the circular domain becomes nonuniform, so does the 

surface energy of the DW at each position. With the increment of 𝐻  along a specific direction, 

at the rightmost (or leftmost) point of the circular domain, the resultant of 𝐻  and 𝐻  will 

keep increasing, and the configuration of the DW at this point will remain Néel-type; at the 

other (leftmost or rightmost) point, the resultant of 𝐻  and 𝐻  will first decrease to zero, then 
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increase reversely, and the configuration of DW at this point will transform into Bloch-type, 

and finally reconvert to the Néel-type. The DW velocity of the latter case would first decrease 

and then increase. Therefore, an asymmetric DW motion will be observed as seen in Figure 2.7 

(b). Je et al. measured the DW velocity enclosed by the blue box shown in Figure 2.7 (b), and 

found that the dependence of DW velocities on the in-plane field is roughly quadratic104, as 

seen from the fitting lines in Figure 2.7 (c). The minimum occurs at a non-zero value of 𝐻 , 

which is consistent with the definition of the effective DMI field 𝐻 . 

 

Figure 2.7: (a) The expansion (gray areas) of a circular domain (white area) driven by an external field 𝐻  in 
PMA sample with uniform pinning sites. The magnetization direction of the domain is parallel to the perpendicular 
field 𝐻 . (b) With the application of both a perpendicular field 𝐻  and an in-plane field 𝐻 , the expansion (gray 
areas) exhibits asymmetry. (c) The DMI-induced asymmetry in DW velocity with respect to 𝐻  depending on the 
thickness of bottom Pt  in Ta (5.0 nm)/Pt (x nm)/Co (0.3 nm)/Pt (1.5 nm) stack.104. 

 
The process we introduced above can be visually observed employing a Kerr microscope.  The 

optical characterization of 𝐻  with the application of 𝐻  and 𝐻  is a relatively easy way to 

acquire the DMI information of thin-film samples with PMA104,105. Using this method, 

investigations of interfacial DMI are introduced in Chapter 4 and Chapter 6. Optionally, based 

on the same mechanism, the evaluation of 𝐻  can also be carried out in fabricated stripes, 

details can be found in ref. [106] and ref. [107]. 
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Once 𝐻  is experimentally determined, the DMI energy can be calculated according to108–110 

 𝐷 𝜇 𝐻 𝑀 𝐴/𝐾 .                                              (2.1) 

Often, the measurement will be carried out within the creep regime, in order to avoid the need 

for ultrashort magnetic field pulses. Based on the creep scaling law, we have 

𝑣 ~ 𝑣 exp 𝜑𝐻 , where 𝑣  is the characteristic speed, and 𝜑 is a scaling constant104. Note 

that the direction of the magnetic fields should be carefully calibrated before each measurement, 

since the perpendicular component of 𝐻  on the drive field 𝐻  would strongly influence the 

DW velocity. Practically, we check that when 𝐻  is removed, no DW motion can be seen even 

when increasing 𝜇 𝐻  to a relatively high value (~300mT in our setup). Although this method 

of determining DMI has become popular because of its simplicity, in recent years, it has become 

clear that utmost care has to be taken when applying it. E.g., in specific cases, the DMI values 

measured in the creep regime have been proved to deviate from the DMI measured by BLS, 

indicating that the experimental procedure introduced above might be too simplified to estimate 

an effective DMI field for some samples. In the creep regime, DW motion can also be 

influenced by other accompanying effects, such as chiral damping, while the measurement 

conducted in the flow regime seems to be more reliable111. A more detailed model to describe 

the chiral DW motion in the creep regime has been proposed in ref. [112], in which the non-

parabolic anomalies in 𝑣 𝜇 𝐻  measurements are explicitly derived. In this advanced 

approach the DMI field does not exactly correspond with the in-plane field at minimum velocity, 

but can be fitted by using the complete model. Since for material stacks similar to the ones we 

used in Chapter 6 of this Thesis the difference between the two methods was reported to be 

relatively small, we decided not to use the more complex analysis from ref. [112]. 

 

 Asymmetric SOT-modified hysteresis loops measured by the AHE 

In FM/HM heterostructures with PMA, an in-plane current will induce spin accumulation on 

the top/bottom interface of the FM layer, which is called spin-Hall effect. The definition of the 

spin-Hall angle 𝜃  describes the efficiency of the process in which a DC charge current 𝐽  is 

transformed into a spin current  𝐽 . The vector relation between these parameters can be written 

as: 

𝑱 𝜃 𝝈 𝑱 ,                                                  (2.2) 
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where 𝝈 stands for the vector of spin polarization. Assuming that 𝐽  is along the 𝑥-axis, for a 

sample with infinite aspect ratio, 𝐽  is along the 𝑧-axis. The torque generated by 𝐽  is a main 

contribution of Slonczewski-like (or damping-like) torque, which is one type of SOT. The effect 

of this Slonczewski-like torque on the magnetic moment 𝒎 can be represented by a magnetic 

field. For the middle state of a Néel-type DW, the effective field is parallel to the 𝑧-axis and 

proportional to the cross product of 𝒎 and 𝝈, namely 𝑯  ~ 𝑘 𝒎 𝝈 , where 𝑘 is a constant 

related to the amplitude and direction of 𝐽 . The effective field induced by 𝐽  can also be 

expressed as113 

𝐻 𝜒𝐽 ,                                                        (2.3) 

where the Slonczewski-like SOT efficiency 𝜒 ℏ cos𝛷. Here, 𝜉  is a constant for 

a specific material system, representing the effective spin-Hall-induced Slonczewski-like 

torque efficiency, and 𝛷 is the angle between the DW moment and the 𝑥-axis. 

In the case of homochiral Néel DWs, as shown in Figure 2.8 (a), when a DC source 𝐽  is exerted 

along the 𝑥-direction, the 𝐽  will be parallel to the 𝑧-axis, and 𝝈 || 𝑦-axis, the SHE induced 

effective field 𝐻  at the left DW (cos𝛷 = 1) points to 𝑧, while 𝐻  points to 𝑧 at the right 

DW (cos𝛷 = -1). Consequently, both the left and right DW will both move to the right, as the 

black arrows presenting the DW velocity 𝑣  indicate. The total effective field, as well as the 

average 𝜒, are close to zero. However, with the application of an in-plane magnetic field 𝐻 , 

the magnetization inside the DW on one side of the domain would turn into the Bloch-type 

configuration when 𝐻 𝐻 . Meanwhile, 𝐻  at this side almost disappears. With a further 

increment of 𝐻 , the magnetization inside the DWs on both sides of the domains can be aligned 

with the applied 𝐻 , shown in Figure 2.8 (b). In this sense, both the left and the right DW will 

move in opposite directions, resulting in domain expansion or shrinkage. When considering 

DWs of arbitrary orientation, there will be a tendency to cant their magnetization towards the 

applied field. The resulting gradual alignment of the magnetization within the DWs by the in-

plane field collinear with the direction of the DC current, will cause a net SOT-induced  𝐻  

when averaged over all domain walls in the sample. 
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Figure 2.8: (a)Schematic of current-induced domain wall motion in a magnetic heterostructure with PMA in the 
absence of in-plane external magnetic field 𝐻 . (b) Schematic of current-induced domain-wall motion (domain 
expansion) with an in-plane external field 𝐻 . Image adapted from ref. [95]. 

 
There is more than one method to experimentally demonstrate the mechanism we introduced 

above, and further deduce the value of 𝐻 95,114. Here below, we only discuss one of them, an 

electrical measurement based on the anomalous Hall effect (AHE), for the characterization of 

DMI strength. 

In 1879, Edwin H. Hall found that, when a conductor carrying a current is placed in a magnetic 

field, the Lorentz force will deflect the electrons to one side of the conductor. Later, he reported 

that his “pressing electricity” effect was ten times larger in ferromagnetic iron than in non-

magnetic conductors. The stronger effect in ferromagnetic conductors came to be known as the 

Anomalous Hall effect (AHE)115. Thereafter, Pugh and Lippert et al. experimentally established 

an empirical relation. In brief, the Hall resistivity is linearly proportional to the perpendicular 

component of magnetization116. 

Taking advantage of the AHE, an electrical method has been proposed to characterize DMI95, 

which we adopted in the following experimental study. We grow a series of samples by 

magnetron sputtering at room-temperature. The full structure is Si/SiO2/Ta (3 nm)/Pt (4 nm)/Co 

(1.1 nm)/X (0.2 nm)/MgO (2 nm)/Pt (5 nm), with X = Ta, Mg and W. After the micro-nano 

fabrication, the samples are patterned as Hall bar devices with 10 μm width (of the longer bar). 

Figure 2.9 (a) and (b) demonstrate the experimental configuration according to the mechanism 

shown in Figure 2.8. The variance of the Hall resistance can be measured by the voltage-change 

over the Hall cross with the application of a weak AC source together with the DC source 𝐽 . 

As we can see from the hysteresis loops in Figure 2.9 (c), the switching field decreases when 

we increase the amplitude of DC, which proves that SHE induced Slonczewski-like SOT can 
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influence the switching of the magnetic moment. As we mentioned above, in the case of 

arbitrarily oriented DWs with net SOT-induced 𝐻 , the hysteresis loop becomes asymmetric, 

as seen in Figure 2.9 (d). Thus, we obtain “shifted” hysteresis loops by changing the amplitude 

of the DC source. The effect saturates when the applied field reaches the DMI field, after which 

the magnetization in all domain walls has become fully aligned and the SOT-induced effective 

field is at its maximum. Thus, measuring this saturation field can be used to estimate the DMI 

strength, as indeed reported in ref. [96]. In the following, we will describe the required analysis 

more quantitatively. 

 

Figure 2.9: Illustrations of the electrical measurements on Hall bar device (a) without 𝐻  and (b) with  𝐻 . (c) 
and (d) show the hysteresis loops of Pt/Co/X/MgO sample with X = Ta, corresponding to the configuration (a) 
without 𝐻  and (b) with  𝐻 . 

 
The switching field 𝐻  for magnetization switching from up to down and  𝐻  for 

magnetization switching from down to up can be expressed as95: 

𝐻 𝐻 𝐼 𝐻 𝐼 ,                                  (2.4) 

and 

                                         𝐻 𝐻 𝐼 𝐻 𝐼 .                                  (2.5) 

Here, 𝐻 𝐼  stands for the linear tilting contribution of Slonczewski-like SOT, and 

𝐻 𝐼  stands for the reduction of coercivity due to current-induced thermal effects. By 

adding Equation (2.4) and (2.5), we have 𝐻 𝐼 𝐻 𝐻 /2 . The trends of 

𝐻  (green dots), 𝐻  (blue dots), and 𝐻  (orange dots) for our sample with various 𝐼  

are shown in Figure 2.10 (a). Taking the Hall bar width 𝑤 = 20 μm, and the FM layer thickness 

𝑡  = 1.1 nm, the current density 𝐽  can be calculated by 𝐼 𝑤𝑡⁄ . As shown in Figure 2.10 
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(b), when 𝐻  is increased, 𝜒 will increase as well, until it finally saturates. The in-plane field 

corresponding to the saturated 𝜒 is defined as the effective DMI field 𝐻  as we mentioned 

above. We thus obtain a DMI field of 600 mT for this specific case. Furthermore, the DMI 

energy can be calculated through Equation (2.1), as we introduced in Section 2.3.1. 

 

Figure 2.10: (a) The trends of switching field as a function of 𝐼  and 𝜇 𝐻  = 500 mT for a Pt/Co/X/MgO 
sample with X = Ta. (b) Calculated SOT efficiency 𝜒 with different amplitudes of 𝜇 𝐻 . The DMI is obtained 
from the value of 𝜇 𝐻  at which the efficiency saturates. 

 
Employing the method introduced above, we measured a series of samples structured as sub./Ta 

(3 nm)/Pt (4 nm)/Co (1.1 nm)/X (0.2 nm)/MgO (2 nm)/Pt (5 nm), with X = Ta, Mg and W. 

Also, we fabricated Hall crosses of different sizes. However, we did not succeed in obtaining 

consistent and meaningful results. In many cases, we obtained efficiency versus in-plane field 

curves strongly deviating from the ideal behavior as depicted in Figure 2.10 (b), which did not 

allow to extract an unambiguous value of the DMI field. Many experimental factors that are 

difficult to control may play a role, including pinning of domain walls at specific points in the 

Hall crosses, which would hinder a free expansion or contraction of domains. Another key point 

for the success of this method is to make sure the switching fields of the hysteresis loops in 

Figure 2.9 (c) and (d) were obtained from the DW propagation rather than the nucleation 

process, which is also influenced by the application of 𝐻 . Overall, we concluded that this 

method is difficult to implement for a reliable characterization of DMI.  

 

 Asymmetric spin-wave propagation measured by BLS 

In 2013, Cortés-Ortuño and Landeros117 reported that the DMI would influence the dispersion 

of spin-wave for various crystal symmetries. Later in the same year, Moon et al.58 deduced a 

quantitative measurement of DMI energy by comparing the analytical equation with the 

micromagnetic simulation of the asymmetric spin-wave propagation in a 
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ferromagnetic/nonmagnet bilayer. These theoretical studies laid the foundation for 

experimental works to quantify DMI in such a magnetic nanostructure using the Brillouin light 

spectroscopy (BLS), which is regarded as the most reliable method for DMI measurement. 

Other methods to measure DMI through the propagation of spin-wave are fully electrical; 

approaches in which spin waves are excited and detected by RF antennas on top of a magnetic 

strip118, spin-polarized electron energy loss spectroscopy119, as well as inelastic neutron 

scattering120. But these are not as widely used because they are not suitable for multilayers with 

top capping layer121. For this reason, we have chosen BLS for the research in this Thesis. 

Brillouin scattering (BS) is a form of inelastically light scattering similar to Raman scattering 

(RS), but the frequency of the scattered particle for BS is lower than RS. It is ideally suited for 

studying the DMI of Pt/FM multilayers thanks to its sub-GHz resolution and few nm surface 

sensitivity59. Moon et al. carried out measurements on samples with different SiO2 substrate 

thickness, which can be used as a guideline to choose an appropriate substrate to enhance the 

BLS signal122. The mechanism is illustrated in Figure 2.11. Light is incident on the surface of 

the sample and excites a Damon-Eshbach spin-wave propagation at the FM/HM interface. The 

propagation along 𝒌 or 𝒌 corresponds to the anti-Stokes process annihilating a magnon or 

the Stokes process creating a magnon, respectively. In the absence of DMI, the anti-Stokes and 

Stokes component in scattered light should be symmetric, i.e., should display exactly an 

opposite frequency shift. Since the chirality of a spin-wave is determined by 𝒏 𝑯 ∙ 𝒌, for 

an external field 𝑯 and wave vector 𝒌 123, the symmetry-breaking interface will influence the 

dissipation frequency of the spin-wave with opposite chirality. 

 

Figure 2.11: An illustration of the incident light and scattered light of BLS measurement of an FM/HM bilayer 

under the application of an external field 𝑯. 

 
To physically explain the measurement process, we take an example from Nembach et al.124. 

The DMI field is defined as 𝐻 𝑫 ∙ 𝑺 𝑺  and 𝑫 𝐷 𝒏 𝒆 , where 𝒏 is the 
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interface normal (𝒏|| 𝒚), and 𝒆 𝒓 / 𝒓 , as shown in Figure 2.12 (a) and (b). With the 

external field pointing along the positive z direction (towards the observer), the spin-wave 

propagating to the left (Figure 2.12 (a)) has an anti-clockwise chirality while the spin-wave 

propagates to right (Figure 2.12 (b)) has a clockwise chirality. The experimental value of the 

DMI energy (with the same sign as 𝐷 ) in Ni80Fe20 is negative, so, the direction of D points in 

the positive 𝑧-direction and favors anti-clockwise spatial chirality, see the purple arrows. The 

left and right panels of Figure 2.12 (c) correspondingly show the frequency shift of dispersion 

for the anti-Stokes and the Stokes process due to DMI. For 𝒌 || 𝒙, the preferred chirality of 

the antisymmetric exchange indicated by the purple arrow circulating around the DMI vector 

is identical to the spatial spin-wave chirality, which will result in a reduced frequency. 

Conversely, the spatial chirality of the spin-wave is opposite to that favored by the DMI when 

𝒌 || 𝒙 , so the frequency will be increased. When the direction of 𝑯  changes, then the 

chirality of the spin-wave, as well as the shift of frequency, will also change, as described by 

the central panel of Figure 2.12 (c). The dashed curve is the spin-wave dispersion curve without 

DMI. 

 

Figure 2.12: Modification of spin-wave propagation in the presence of interfacial DMI. Spin wave propagation 
along wave vector (a) 𝒌 || 𝒙 and (b) 𝒌 || 𝒙. (c) Schematics of spin-wave dispersion curves.124 See text for 
details. 

 
Next, we discuss a BLS measurement on our samples to demonstrate the detailed analysis 

process. We grow a Ta (3 nm)/Pt (4 nm)/Co (1.8 nm)/MgO (2 nm)/Pt (5 nm) stack on Si/SiO2 

substrate by magnetron sputtering at room-temperature. With a fixed external field 𝑯, DMI will 

induce an opposite frequency shift for the Stokes and anti-Stokes process. The frequencies of 

the Stokes peak and anti-Stokes peak are detected by a Fabry-Pérot interferometer, as shown in 
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Figure 2.13 (a). We fit the two peaks by a Lorentzian peak function and calculate the frequency 

difference ∆𝑓 of the Stokes and anti-Stokes peak. By varying the incident angle (𝜃 in Figure 

2.11), the wave vector 𝑘 (Figure 2.13 (b)) changes according to 

𝑘 4𝜋 sin 𝜃 /𝜆.                                                     (2.6) 

Here, 𝜆 is the wavelength of the incident light. Finally, the DMI energy can be obtained by 

fitting the slope of the ∆𝑓- 𝑘 line based on 

∆𝑓 𝑘.                                                         (2.7) 

This procedure is explained in Figure 2.13 (c), and has been used in our experiments as 

described in Chapter 5. 

 

Figure 2.13: The data analysis process of BLS measurement for our Pt/Co (1.8 nm)/MgO sample. (a) BLS 
signals measured with different 𝜃 corresponding to different 𝑘. (b) Taking 𝜃 = 10˚ as an example, ∆𝑓 between 
Stokes peak and anti-Stokes peak can be calculated. The DMI energy is obtained from the linear fit of ∆𝑓 - 𝑘 
shown in (c).
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 Study of Gilbert damping in Pt/Co/heavy metal multilayers  

 

 

In this chapter, we experimentally explore the damping constant for Pt/Co/heavy metal (HM) 

structures through TR-MOKE measurements, where the capping HM materials are W, Ta, and 

Pd. We found that the Co/HM interface plays an important role in the magnetic properties. In 

particular, the magnetic multilayers with a W capping layer feature the lowest effective 

damping value, which may be attributed to the different spin-orbit coupling and interfacial 

hybridization between Co and HM materials. Our findings allow a deep understanding of the 

Pt/Co/HM tri-layered structures, which could lead to a better era of data storage and 

processing devices. 

 

                                                 

 This chapter has been published in Applied Physics Letters141. 

3
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 Motivation and introduction 

Perpendicularly magnetized materials have attracted significant interest owing to their high 

anisotropy, low switching current, and high scalability. These features could enable a leading 

class of memory and logic devices12,125. Pt in contact with Co is well known to generate an 

interfacial PMA with a (111) texture126, and the Pt/Co/ HM tri-layered structures are under 

intense investigation to explore several emerging spin-related effects, such as SOT127,128, 

domain wall motion129,130, and room temperature skyrmions131,132. For instance, Co/Pt-based 

multilayers with large PMA were applied as bottom pinned layers in perpendicular magnetic 

tunnel junctions133. Moreover, Pt/Co/Ta and Pt/Co/Ir structures were found to exhibit strong 

DMI for their asymmetric stack structures131,132. The damping constant is an important magnetic 

parameter in Pt/Co/HM tri-layered structures as it determines the magnetization dynamics, such 

as the speed of magnetization reversal134 and domain-wall motion135. A series of studies have 

focused on the physical origin of the damping constant28,136,137 as well as its correlation with 

PMA138,139, and the damping constant was mostly investigated by the thickness variation in the 

Co thin film structures with a strong PMA. However, the dependence of Gilbert damping on 

different capping materials, especially HM materials, has not been systematically studied. 

In this chapter, we experimentally investigated the interfacial PMA and damping constant in 

Pt/Co/HM tri-layered structures, and analyze the influence of capping HM materials on 

magnetic properties. The origins of magnetic properties are elucidated by examining the 

physical contributions of different capping materials. Our findings will provide helpful 

information for the design of magnetic multilayers with desired magnetic properties, and may 

lead to a better era of data storage and processing devices. 

 

 Sample preparation 

Employing magnetron sputtering, we prepared stacks of Pt/Co/HM. The samples are composed 

of a 0.8-nm-thick Co layer sandwiched between a 3-nm-thick Pt layer and a 2-nm-thick HM, 

where the capping HM materials are W, Ta, and Pd.  

Thin film magnetic characteristics were studied by using AGFM at room temperature to obtain 

the interfacial PMA index 𝐾 ∗ 𝑡 . Here, the effective magnetic anisotropy energy 𝐾
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𝐻 𝑀 , where 𝐻  and 𝑀  represent the effective anisotropy field and the saturation 

magnetization, respectively. The interfacial PMA constant 𝐾  is determined by the relation140: 

𝐾 𝐾 𝜇 𝑀 ,                                           (3.1) 

where 𝐾  is the bulk anisotropy, and the term of μ 𝑀  represents the demagnetizing 

energy of the shape anisotropy. The effective Co thickness 𝑡  is estimated from the 

magnetization as a function of the Co thickness, details are introduced in Section 5.2.2. After 

characterizing the hysteresis loops of Ta (2 nm)/Pt (3 nm)/Co (0.8 nm)/HM (2 nm)/Pt (3 nm), 

where HM = Ta, W, and Pd, we extract the coercivity field 𝐻 , the saturation magnetization 𝑀 , 

the effective anisotropy field, and other magnetic parameters, shown in Table 3.1. More details 

about the extraction can be found in our published work141. 

Table 3.1: Experimental magnetic properties of Ta (2 nm)/Pt (3 nm)/Co (0.8 nm)/HM (2 nm)/Pt (3 nm) thin film 
structures. 

Capping 

materials 

𝜇 𝐻  𝑀  𝜇 𝐻  𝐾  𝐾  𝑡  𝛼  

(mT) (A/m) (mT) (J/m3) (J/m2) (nm)  

W 3.8 2.09×106 112.0 1.2×105 5.2×10-4 0.43 0.033 

Ta 15.5 2.03×106 726.5 7.4×105 5.9×10-4 0.37 0.063 

Pd 7.2 1.93×106 152.0 1.5×105 5.5×10-4 0.64 0.054 

 

 

 TR-MOKE measurements of Gilbert damping 

We carried out TR-MOKE experiments to measure the dynamic precession signals for all 

samples, and to explore the role of capping materials on the damping parameter. Figure 3.1 

schematically shows how the magnetization vector and the effective field 𝑯  respond to a fs 

laser pulse in the presence of an applied external magnetic field 𝑯. Before the excitation of the 

ultrafast precession by the (pump) laser pulse, the orientation of the magnetization 𝑴  is 

determined by a balance of the effective anisotropy field 𝑯  and the applied field 𝑯, shown 

in Figure 3.1 (a). Then, the fast demagnetization process occurs due to the pulsed (pump) laser 

excitation. The magnitude, the direction of the magnetization 𝑴, and the effective anisotropy 

field 𝑯  change since the lattice is changed by the laser heat, thereby altering the equilibrium 

orientation. 𝑴 starts to precess around its reestablished equilibrium as the electronic thermal 
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bath equilibrates with lattice, seen as Figure 3.1 (b). After the heat diffuses away, a slower 

relaxation follows and 𝑯  is restored gradually, but the precession continues because of the 

initial displacement of 𝑴 (Figure 3.1 (c)). These relaxation processes are related to the specific 

heats and the coupling between different energy systems. In our time-resolved measurements, 

the beam wavelength and the pump beam fluence were set to 800nm and 4 mJ/cm2, respectively. 

The probe beam, whose intensity is much less than that of the pump beam, was almost normally 

incident on the film surface. TR-MOKE measurements were obtained with an applied field 𝑯 

varying from 500 mT to 1500 mT. The angle 𝜃  between the applied field and the film normal 

direction was set to 71˚.  

 

Figure 3.1: Magnetic dynamic process for a ferromagnetic atom during TR-MOKE measurements. (a) The time 
delay ∆𝑡 < 0, (b) 0 < ∆𝑡 < 10 ps, and (c) ∆𝑡 > 10 ps. See text for details. 

 
The time-domain TR-MOKE signals (section of ∆𝑡 > 100 ps) were fitted by the following 

equation142: 

𝜃 𝑎 𝑏𝑒 𝑐sin 2𝜋𝑓𝑡 𝜑 𝑒 ,                                  (3.2) 

where 𝑎 𝑏𝑒  represents an exponential decay background, 𝑐 and 𝑓 are the amplitude and 

the frequency of the magnetization precession, respectively, φ donates the initial phase of the 

oscillation, and τ stands for the relaxation time related to the field-dependent damping 𝛼 by the 

relation 𝛼 1 2𝜋𝑓𝜏⁄ . The experimental data of the Pt/Co/Pd thin film structure are shown in 

Figure 3.2 (a). Moreover, Figure 3.2 (b) exhibits a monotonic decrease in the precession 

frequency 𝑓 with decreasing applied field 𝐻, and the data are obtained from the fast Fourier 

transform (FFT) of the time-domain signals.  
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Figure 3.2: (a) Time-resolved Kerr signals of Pt/Co/Pd thin film structure at different applied fields, (b) The 
corresponding FFT spectra, where the precession frequencies corresponding to each field value are indicated. 

 
The field-dependent damping 𝛼 of each sample with the applied field varying from 500 mT to 

1500 mT is shown in Figure 3.3. It can be estimated that 0.8 nm Co contains less than four 

monolayers of Co atoms, indicating that the abnormal points may be attributed to the non-

uniformity of multilayers. In comparison with the Pd-capped sample, the W-capped sample has 

a lower damping value, around 0.03 - 0.04, while the Ta-capped sample shows a higher 

damping value, 0.06 - 0.08. Notice that these field-dependent damping values include extrinsic 

contributions from two-magnon scattering (TMS)143 and inhomogeneous line broadening 

(ILB)144. They are both associated with the spatial inhomogeneity of the properties of the thin-

film samples. 

 

Figure 3.3: The field-dependent damping a as a function of the applied field for Ta (2 nm)/Pt (3 nm)/Co (0.8 

nm)/capping layer (2 nm)/Pt (3 nm) stacks with capping HM materials W, Ta, and Pd. 
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To derive the field-independent damping parameter 𝛼 , we did the following analysis. 

According to the energy conservation, the equilibrium condition of the magnetization (shown 

in Figure 3.1) can be described as: 

𝐻sin 𝜃 𝜃 𝐻 sin𝜃cos𝜃.                                           (3.3) 

Deduced from the LLG formula, the effective damping 𝛼  can be obtained from the equation 

as follows145: 

𝜏 |𝛾|𝛼 ,                                                     (3.4) 

𝐻 𝐻cos 𝜃 𝜃 𝐻 cos2𝜃,                                       (3.5) 

𝐻 𝐻cos 𝜃 𝜃 𝐻 cos 𝜃,                                       (3.6) 

where 𝜃 is the angle between the magnetization vector and the film normal direction. It can be 

seen from Figure 3.4 that the precession frequency of the TR-MOKE signals have the 

consistency with the Kittel fitting curves. Heavy metal material with lower damping value 

shows higher precession frequency, which also agrees with the trend in Figure 3.3. 

 

Figure 3.4: Precession frequencies as a function of the applied field for different heavy metal materials. 

 
Based on the field-dependent experimental data, 𝛼  could be obtained as 0.033, 0.063, and 

0.054 for W, Ta, and Pd, respectively (Table 3.1). Although it has been reported in other 

material systems that Pd and Pt contribute more to the damping in contrast with Ta28, the Ta-

capped stack presents a relatively large 𝛼  compared with Pd and W in our Pt/Co/HM tri-

layered structure, which we will discuss in Section 3.4. The existence of spin pumping and 

intermixing contribution implies that the 𝛼  presents an upper limit of the intrinsic damping 

𝛼 145,146. However, contributions of spin pumping effect and intermixing effect can be 

evaluated to be not dominant in our samples. Details can be found in the supplementary material 

of our publication141. In magnetic multilayer samples, there can also be some extrinsic 
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contributions because of TMS143 and ILB144, which could be the main origin of the field-

dependent feature shown in Figure 3.3. However, TMS and ILB are relatively small in our 

samples for the following reasons. First, the TMS contribution usually shows a peak response 

in the field or frequency dependent damping results, which originates from the dependence of 

the spin-wave manifold on the magnetic field. The absence of obvious peaks in our results 

(Figure 3.3) thus suggests that the TMS contribution is relatively small. Second, the ILB 

contribution to the field-dependent damping usually decreases as the magnetic field increases31. 

The effective damping values presented in our work are close to the high-field data (1500 mT, 

see Figure 3.3), so the ILB contribution should be relatively weak. 

 

 Discussion 

The interfacial PMA originates from the adjustment of orbital momentum due to the orbital 

hybridization at interfaces. For instance, the hybridization of Co-3d and Pt-5d orbitals at Co/Pt 

interface induces the PMA. The variation of the interfacial PMA with different capping 

materials may be attributed to the different orbital hybridizations via spin-orbit coupling, which 

is between the magnetic field created by electron’s orbital motion around the nucleus and its 

spin. For our uniaxial thin film structures, an estimate of the effective magnetic anisotropy 

energy 𝐾  ~ ,147 where 𝜉 is the spin-orbit constant and 𝑊 is the d bandwidth. We consider 

𝜉 as the spin-orbit coupling influence of Pt and capping materials on Co at the two interfaces 

of Pt/Co/HM stacks148 and 𝑊 as the spread of density of states (DOS) projected onto the d 

orbital in this structure from the first-principles calculations based on the Vienna ab initio 

simulation package (VASP). More details are introduced in our publication141. The first-

principles calculation results can be found in Table 3.2. Both the calculated  and the 

experimental results 𝐾  show the largest interfacial PMA in the sample with Ta capping layer 

and the smallest in the W-capped stack. The influence of HM materials on the interfacial PMA 

may be explained by the different spin-orbit coupling and the hybridization of Co/HM interface, 

which change the spin-orbit constant147,148 and the d bandwidth36,138. 
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Table 3.2: The first-principles calculation results of Ta (2 nm)/Pt (3 nm)/Co (0.8 nm)/HM (2 nm)/Pt (3 nm) 
thin film structures. 

Capping 

materials 

𝜉 𝑊 𝜉 𝑊⁄  |γ| 𝐷 𝐸  𝐷 𝐸 𝜉
|𝛾|𝑀 𝑊

 
(eV) (eV) (meV) (GHz/T) (states/eV) 

W 0.95 18.5 49.0 30.41 32.6 0.040 

Ta 0.90 11.0 73.3 28.66 28.9 0.065 

Pd 0.79 12.0 51.9 29.46 34.1 0.052 

 

According to ref. [149], the intrinsic damping parameter 𝛼  can be characterized as 

| |
𝜇 𝐷 𝐸 , where 𝑔 2  is the deviation of the 𝑔 factor from the free-electron 

value,  is the ordinary electron orbital scattering frequency, 𝐷 𝐸  is the total DOS at the 

Fermi energy projected onto the d orbital in the Pt/Co/HM stacks according to the first-

principles calculations. As the last term  is proportional to ,15 we can obtain: 

𝛼 ~
| |

𝜇 𝐷 𝐸 ,                                                (3.7) 

Our calculation results are shown in Table 3.2, which proved the validity of Equation (3.7) for 

Pt/Co stacks with different capping materials. 

As a main influence on the intrinsic damping, the magnon-electron scattering (MES) facilitates 

an energy transfer from magnetic sub-systems to nonmagnetic sub-systems, resulting in a 

capping-material dependent contribution to the effective damping 𝛼 . Many theories have 

been put forth to explain damping as the result of MES, such as the s-d exchange model13, the 

breathing Fermi surface (BFS) model14, and Kamberský’s torque correlation model (TCM)15. 

MES depends on not only the spin-orbit coupling which relates to 𝜉 but also can be influenced 

by the hybridization of Co/HM interface which changes 𝐷 𝐸  and 𝑊. In general, the measured 

𝛼  include the contribution of intrinsic damping and those from the spin pumping effect and 

interfacial intermixing146. Our as-calculated results (Table 3.2), which provide theoretical 

estimations of the intrinsic damping, suggest a lowest damping value for magnetic multilayers 

with a W capping layer and follow the same trend of the as-measured effective damping. 
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 Conclusion 

In summary, we experimentally present the Gilbert damping dependence on the capping HM 

materials of Pt/Co/HM tri-layered structures. Three HM materials have been investigated 

through measurements performed by the all-optical pump-probe techniques. The damping 

constant is sensitive to the Co/HM interface. The magnetic multilayer with a W capping layer 

features the lowest effective damping value, which may be attributed to the different spin-orbit 

coupling and interfacial hybridization between Co and HM materials. Our findings suggest that 

the use of PMA thin films with different capping HM materials can offer another degree of 

freedom for spintronic memory and logic device design.

 



 

 

  



 

49 

 

 

 

 

 

 

 

 Structural modification of the interfacial DMI in Pt/Co/X 

 

 

Interfacial DMI was firstly found in FM/HM interfaces with strong SOC. A three-sites model 

was proposed to explain this RKKY-type interaction150, describing an interaction between two 

neighboring FM atoms mediated by a central HM atom. Later, DMI was also found in 

FM/Oxide as well as FM/graphene interfaces, attributed to the Rashba effect. With the 

existence of a large interfacial electric field, Rashba-type SOC was speculated to compensate 

the SOC of materials and to induce strong DMI at these interfaces39. In this chapter, we address 

the tuning of DMI in FM/HM and FM/oxide systems. Interfacial DMI was experimentally 

observed to be influenced by deposition pressure, oxide layer thickness, inserted materials, 

and thermal annealing process. 

 

                                                 

 This section has been published in Nanoscale122. 
 This section has been published in Nanotechnology172. 
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 Motivation and introduction 

In the past few years, DMI attracted significant interests151 because it is one of the key 

ingredients to create magnetic skyrmions and chiral DWs, which are promising for the next 

generation of high-speed magnetic storage devices. After more than two decades of theoretical 

studies152–154, magnetic skyrmions were first observed at a low temperature in hexagonal lattices 

in non-centrosymmetric crystals49,50,155 and magnetic multilayers51,52,156. On the other hand, the 

interfacial DMI induced by symmetry breaking at the interface appears to be particularly 

important. In addition, DW motion closed to 1000 m/s has been observed48. The polarized spin 

current from the heavy metal layer due to the spin-Hall effect combined with a Néel-type DW 

configuration89,157,158 stabilized by the strong DMI can be used to explain such a fast motion. 

Although some experimental efforts have been recently devoted to quantifying the DMI and 

the underlying physics, the mechanism of interfacial DMI is still elusive. Nevertheless, 

enhancement of DMI can be achieved by fine-tuning of the interface configuration159–161. 

Therefore, effective control of DMI is essential in developing advanced storage class memory 

devices86. 

FM/HM interface is one of the most typical structures which performs strong interfacial DMI 

due to the strong SOC between heavy metal and ferromagnetic layer. The relative position of 

the 3d states in the magnetic transition metal and the 5d states in the heavy metal is of great 

importance, as they control the interfacial hybridization and the charge transfer between the 3d 

and the 5d states. The Pt/Co interface has been intensively investigated in recent years. In 2013, 

Je et al. showed that the DMI strength in Pt/Co/Pt system is deduced by the symmetric 

interfaces. Although the thickness difference between the top and bottom Pt layers leads to the 

structural asymmetry which enhances DMI, it is still not determined whether this is the 

complete explanation. Other metals like Ir and Pb inducing opposite chirality of DMI with Co 

comparing to Pt have been considered as well. It has been calculated that inserting Co between 

Pt (below) and Ir (above) in a tri-layer Ir/Co/Pt leads to a 15% increment of DMI with respect 

to Co/Pt bilayers162. As the degree of interfacial inversion asymmetry changes, the strength of 

the interfacial DMI is also expected to the strengthen. 

In this chapter, we propose three methods to control DMI in a Pt/Co/oxide system. At first, the 

thickness of MgO of samples was tuned via a wedge structure, as we introduced in Section 

4.2.1. Samples with 0.2 nm Mg inserted between Co and MgO have also been prepared. We 

found that the variation of the effective DMI field can be attributed to the details of the Co/MgO 
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interface, as well as the Pt/Co interface. Then, we use Mg and Ta as the inserted materials to 

explore the role of inserted materials and thermal annealing on the DMI. Details of these 

samples with uniform thickness are introduced in Section 4.2.2 and Section 4.2.3. Experimental 

results with the first-principles calculations are compared to explain why Ta, as the inserted 

layer, gives rise to a slightly higher DMI energy than Mg does. We also experimentally unveiled 

a relationship between the DMI and thermal annealing. The effective DMI fields of these 

samples were quantified by the asymmetric DW motions in creep regime. All of the samples 

exhibit an annealing-temperature-dependent DMI, which firstly increases and tends to decrease 

in the end. To the best of our knowledge, this is the first report of a DMI constant for Pt/Co/MgO 

multilayers of over 3 mJ/m2. 

 

 Sample preparation and primary magnetic properties 

 Wedge samples with varying MgO thickness 

Samples with the structure of Ta (3 nm)/Pt (3 nm)/Co (1 nm)/MgO (𝑡 )/Pt (5 nm) and Ta (3 

nm)/Pt (3 nm)/Co (1 nm)/Mg (0.2 nm)/MgO (𝑡 )/Pt (5 nm) were firstly deposited on a 500 

μm Si wafer with a 300-nm thermal oxide layer by magnetron sputtering at room temperature, 

as shown in Figure 4.1. The (111) texture of the bottom Pt was ensured by a Ta seed layer163, 

while the top Pt performed as a protective layer preventing the film oxidation. The base pressure 

of our ultrahigh vacuum deposition system is around 3×10-8 mbar. To exclude the influence of 

variable growth conditions on the MgO quality, and thus to make the MgO thickness be the 

only variable in our system, the MgO layer was designed in a wedge structure. The thickness 

of MgO (𝑡 ), which has been calibrated by an atomic force microscope (AFM), varies from 

0.40 nm to 1.26 nm in 8 cm length for the samples without the Mg layer, while 𝑡  varies 

from 0.20 nm to 2.00 nm in samples with an Mg insertion layer. Besides, a sample of the same 

structure without MgO layer was prepared as a reference. A sectional view by Cs-corrected 

Transmission Electron Microscopy (TEM) and x-ray energy dispersive spectroscopy (EDS) 

curves are exhibited in Figure 4.1 (a) and (b) for samples without and with the ultrathin Mg 

layer. As shown in Figure 4.1 (a), except for the amorphous Co and MgO, each layer can be 

distinguished clearly. In contrast, Figure 4.1 (b) shows a much better resolution, as particularly 

clear in the inset which shows the Pt/Co/Mg/MgO/Pt part of the structure with a larger scale. 

The crystalline structure of the Pt/Co interface for samples with Mg is superior as compared to 
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the other. Since the peaks of the EDS curves are indicative for the center of each layer, we can 

deduce that oxygen and magnesium permeated into the Co layer till some extend for both 

samples, but the insertion of an Mg layer separates cobalt and oxygen most effectively. 

 
Figure 4.1: Cross profile of the samples (a) without Mg layer at 𝑡  ≈ 0.60 nm and (b) with Mg layer at 𝑡  

≈ 0.80 nm as measured by Transmission Electron Microscopy. 

 
The wedge samples were cut into small squares with the lengths of the sides equal to 2.5 mm 

for VSM measurements. Figure 4.2 (a) and (b) show the hysteresis loops of two groups of 

samples with perpendicular magnetic fields at room temperature. It can be seen that all samples 

exhibit obvious perpendicular anisotropy. We can see that the saturation magnetization 𝑀  and 

the coercive field 𝐻  decrease with the increase of MgO thickness for the samples without Mg 

protection as shown in Figure 4.2 (c), while this decrease is avoided in samples with an inserted 

Mg layer (Figure 4.2 (d)). The largest variation appears in the loops with the thinnest MgO and 

without MgO. The interfacial PMA can be calculated as 𝐾 𝜇 𝐻 𝑀 . Here, 𝐻  is 

obtained by extracting the field corresponding to 90% of 𝑀  in curves with the in-plane field. 

As shown in Figure 4.2 (c), the saturation magnetization M  decreases by 75% as the MgO 

thickness increases from 0 to 1.26 nm, which is due to the partial oxidation of Co. Also, the 

proximity induced magnetic moment in the Pt will be quenched after inserting the MgO barrier. 

As shown in Figure 4.2 (d), this significant shrinkage disappears when the Mg is inserted 

between Co and MgO. After insertion, the reduction of 𝑀  is only about 20%. The effective 

anisotropy field 𝐻  seems not to vary remarkably in both Figure 4.2 (c) and (d), so the trends 

of the effective magnetic anisotropy energy 𝐾  are attributed to the variations of 𝑀  to some 

extent. 
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Figure 4.2: Hysteresis loops with perpendicular magnetic field for (a) the Ta/Pt/Co/MgO (𝑡 )/Pt stacks and 

(b) the Ta/Pt/Co/Mg (0.2 nm)/MgO (𝑡 )/Pt stacks with different MgO thicknesses. Magnetic properties obtained 

from the hysteresis loops for samples (c) without and (d) with Mg insertion layer. 

 

 Uniform samples with different inserted layers 

Similarly, we use magnetron sputtering at room temperature to deposit another group of 

multilayers with composition Ta (3 nm)/Pt (4 nm)/Co (1 nm)/X (0.2 nm)/MgO (𝑡 )/Pt (5 

nm), as shown in Figure 4.3 (a). The inserted layer X is designed to be Ta or Mg, while the 

MgO thickness 𝑡  varies from 0 to 2.0 nm. The inserted layer X was used for protecting Co 

from excessive oxidation. Moreover, we hope to strengthen DMI through this layer. Samples 

with different MgO thicknesses were also prepared to examine the variance of DMI. The top Pt 

performed as a protective layer preventing the film oxidation. A sectional view by spherical 

aberration-corrected TEM is shown in the insertion of Figure 4.3 (b) for the Pt/Co/Ta/MgO (1.2 

nm) sample. Referring to the nominal thickness, we indicate the approximate borders of each 

layer by red dashed lines. The clear Pt lattice proves the success of milling by focused ion beam 

(FIB) and the high quality of our multilayers. 
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Figure 4.3: (a) Schematic of the Ta/Pt/Co/X/MgO stack structure. (b) The inserted sub-figure is a cross profile 
of the as-deposited Pt/Co/Ta/MgO sample with 𝑡  = 1.2 nm as measured by transmission electron microscopy. 

 
We use an AGFM to confirm the perpendicular magnetization and characterize the magnetic 

properties of the samples with the two different inserted layers at room temperature. The 

hysteresis loops with a perpendicular applied field are depicted in Figure 4.4. The saturation 

magnetizations of samples with Ta inserted are slightly higher than the group of samples 

inserted with Mg. We think the reason could be that the deposited Ta layer is more compact 

than the Mg layer as well as the Ta atom’s mass is larger than that of the Mg atom. The quality 

of the inserted layer directly influences the intermixing between the Co and MgO layer. 

 
Figure 4.4: Hysteresis loops with perpendicular applied field for samples with Pt/Co/Mg/MgO (𝑡 ) and 

Pt/Co/Ta/MgO (𝑡 ) structure. 

 

 Uniform samples with different annealing states 

The second group of samples was annealed for half an hour at temperatures ranging up to 380 ℃, 

after which hysteresis loops were measured at room temperature. We controlled the rising rate 

and the duration of annealing temperatures to be the same and applied a 50 mT perpendicular 

field while annealing. Hysteresis loops with perpendicular and in-plane magnetic field for 

annealed samples with Ta inserted are shown in Figure 4.5 (a) and (b), for MgO thickness equal 
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to 0.8, 1.2, and 1.5 nm. Figure 4.5 (c) shows magnetic properties extracted from the hysteresis 

loops for samples with different annealing temperatures. We observe that the saturation 

magnetization 𝑀  of the sample with the thickest MgO shows hardly any dependence on 

annealing, whereas for the thinnest oxide sample there is a trend of an initial increase followed 

by a decrease. As annealing temperature rises from 200 ℃ to 380 ℃, 𝐻  shrinks to 60% upon 

annealing. The effective magnetic anisotropy energy 𝐾  shows similar trends as 𝑀 . With the 

increase of annealing temperature, the coercive field 𝐻  exhibits a 3 - 4 times growth compared 

with as-deposited samples, which is consistent with former studies164. Overall, we find quite 

similar trends in the magnetic properties upon annealing Pt/Co/Ta/MgO samples with different 

MgO thickness. 

 

Figure  4.5: Hysteresis loops applied with (a) perpendicular field and (b) in-plane field of annealed 
Pt/Co/Ta/MgO (𝑡 ) structures while 𝑡  = 0.8 nm, 1.2 nm and 1.5 nm. Different annealing temperatures of the 

samples with the same structure are distinguished by different colors in each subfigure. (c) Magnetic properties 
obtained from the hysteresis loops for samples with different annealing temperatures. Subfigures in (a) - (c) share 
the common scales and the 𝑦-axis’ legends at left. 
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 Characterization of the interfacial DMI 

To quantify the DMI in the various samples, we studied the asymmetric DW motion in the creep 

regime when an in-plane field was applied, as introduced in Section 2.3.1. A Kerr microscope 

was used to measure the DW velocity, in our experiments.  After saturating the sample, when 

an out of plane field 𝜇 𝐻  (~ 10 mT) pulse was applied in the opposite direction, bubble 

domains will be nucleated and continuously expand. In the creep mode, the DW expansion is 

not so fast (10-4 ~ 10-5 m/s) so that we can capture Kerr images after each field pulse. Then the 

DW velocity can be calculated by analyzing this dynamic process. At the same time, an in-

plane field 𝐻  could be applied and the DW velocity variation caused by 𝐻  could be probed, 

as shown in Figure 4.6. 

 
Figure 4.6: DW expansion of Pt/Co/Mg/MgO (0.6 nm) wedge sample driven by out-of-plane magnetic field 
𝜇 |𝐻 | = 8 mT. (a) (b) with in-plane field 𝜇 𝐻  approximate to 0, (c) - (f) with 𝜇 |𝐻 | = 3270 mT. Field directions 
have been marked in each image. Images in (a) - (f) were obtained by subtracting four images with specific time 
interval from a background with no DW. All images of DW were captured by a Kerr microscope. 

 
As Section 2.3.1 introduces, the determination of DMI by the asymmetry of DW velocity is 

based on the creep mode DW motion. So, we measured the DW velocity 𝑣  with different 

driving field value 𝐻  to improve the feasibility of the measurement, according to the 

characterization of the creep mode motion which could be described as 𝑣 ~ exp 𝜑𝐻  

with a constant 𝜑. The results of samples without and with the Mg insertion layer are shown 

below. All the driving fields we use to measure the 𝐻  circled by the red-dotted lines in 

Figure 4.7 and Figure 4.8 are well within the linear regime. 
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Figure 4.7: Fitting lines of 𝜇 𝐻  - ln 𝑣  for wedge samples with different MgO thickness when there is no 
Mg inserted.  

 

 

Figure 4.8: Fitting lines of 𝜇 𝐻  - ln 𝑣  for wedge samples with different MgO thickness when there is 0.2 
nm Mg inserted. 
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 Wedge samples with varying MgO thickness 

A selection of our DW velocity measurements on the wedge samples introduced in Section 

4.2.1 is shown in Figure 4.9. The dependence of the velocity on the in-plane field is found to 

be roughly quadratic, where the minimum occurs at a non-zero value of 𝐻 . Reversing 𝐻 , a 

very similar quadratic 𝐻  - 𝑣 dependence if found, however, with a minimum occurring at the 

opposite value of 𝐻 , as shown by black and red data points respectively. For similar 𝐻  - 𝑣 

measurements performed at different 𝐻  values, the equi-speed contour maps of 𝑡  = 0.40, 

0.52 and 0.77 nm samples with 1.00 nm Co layer are shown in the Figure 4.10. As we can see, 

the driving field 𝐻  does not affect the effective DMI field 𝐻  as it should be. We also 

estimated the influence of the inhomogeneity of the demagnetizing field and the stray field in 

different zones of the sample and found that this influence is negligible, see Section 4.4. To 

exclude the direct influence of the thickness gradient on the DW motion velocity, we scaled the 

velocity at the same rightmost place of the same domain and measured the same DW motion 

direction. Moreover, all measurements were focused on a zone of about 1.6×1.6 mm2. In such 

a small zone, the variation of the MgO thickness is less than 2×10-4 nm. So, the velocity 

asymmetry caused by the structural gradient could be neglected. Therefore, we conclude that 

the velocity asymmetry shown in Figure 4.9 is mainly induced by DMI. Following the 

procedure in ref. [104], 𝐻  is obtained from the in-plane field value corresponding to the 

lowest 𝑣, although we are aware of the problems of this method in certain cases111,113. 

 

Figure 4.9: (a) - (d) Rightmost DW velocities of Pt/Co/MgO wedge samples with 𝜇 𝐻  varying from -60 to 60 
mT, (e) - (h) Right-hand-edge DW velocities of Pt/Co/Mg/MgO samples with 𝜇 𝐻  varying from -350 to 350 mT. 
The amplitudes of 𝜇 𝐻  and 𝑡  are marked on each panel. Black squares and red dots stand for the velocities 

measured with 𝜇 𝐻 ) and 𝜇 𝐻 , respectively. The blue vertical dashed lines stand for the place we got 𝜇 𝐻 . 
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Figure  4.10: Two-dimensional equi-speed contour map of 𝑣  as a function of 𝜇 𝐻  and 𝜇 𝐻 . The color 
corresponds to the magnitude of 𝑣 with the scale on the right. (a) and (b) results of wedged samples without Mg 
inserted layer, (c) and (d) results of samples with Mg inserted layer. 

 
The trends of the effective DMI field are depicted in Figure 4.11 with solid symbols. Since the 

|𝐻 | of all samples with the MgO layer in our experiments are stronger than the samples 

without MgO, the insertion of MgO enhances the DMI, especially for those samples with the 

Mg inserted between Co and MgO. It is also found that, for the samples without the Mg layer, 

the 𝐻  first increases as a function of MgO thickness, and after an optimum around 0.7 nm 

it decreases again. In contrast, 𝐻  for the samples with Mg layer grows and saturates at a 

relatively high level. By assuming an exchange stiffness constant 𝐴  = 15 pJ/m95,135 and 

substituting the experimental results into Equation (2.1), the absolute value of the DMI constant 

|𝐷| exhibits a similar trend as |𝐻 | to both groups of samples. The maximum |𝐷| value of 

0.77 mJ/m2 occurs at the MgO thickness of 0.65 nm for samples without monatomic Mg. 

Surprisingly, the |𝐷| reaches up to 2.32 mJ/m2 after the Mg inserted between the Co/MgO 

interface. The saturated |𝐷| value of samples with Mg is comparable to the published result of 

𝐷 = 2.05 mJ/m2 in the same structure165. 
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Figure 4.11: Trends of the effective DMI field and DMI constant as a function of 𝑡 . Square symbols stand 

for Pt/Co/MgO (𝑡 ) wedge samples while circular symbols stand for Pt/Co/Mg/MgO (𝑡 ). Closed symbols 

stand for 𝜇 |𝐻 | and open symbols stand for |𝐷|. 

 
In addition, the highest values of both 𝐻  and |𝐷| for samples with Mg are almost 3 times 

larger than the peak value for samples without Mg. However, here it is unexpected that when 

MgO thickness is larger than a critical thickness, the DMI starts to decrease. Comparing the 

experimental results of samples with the Mg insertion layer, it can be inferred that excessive 

oxidation is the main reason for the DMI reduction. When MgO grows thicker, the stabilization 

of DMI for samples with Mg is more likely to reveal that the tuning of DMI is an interfacial 

effect. 

 

 Samples with different inserted layers 

Using the same method, we carried out measurements of 𝐻  on samples with different 

inserted layers. Figure 4.12 exhibits experimental results of DMI for as-deposited samples 

inserted by Mg and Ta, with various MgO thickness. It can be deduced that DMI almost remains 

unchanged with the increment of MgO thickness beyond a certain saturation level (1.2 - 2.0 nm 

here). By assuming the exchange stiffness constant 𝐴 = 15 pJ/m95,135, we found samples with 

Pt/Co/Ta/MgO structure and those with Pt/Co/Mg/MgO to have approximately the same 

saturation value of the DMI constant |𝐷|, as shown in Figure 4.12. First-principle calculations 

were adopted to judge the performance of Ta and Mg on DMI and to give a reasonable physical 

explanation, details are introduced in Section 4.5. 
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Figure 4.12: Experimental trends of the effective DMI field 𝜇 |𝐻 | and DMI constant |𝐷| as a function of 
MgO thickness 𝑡  with different inserted layer X. Symbols with a dot represent 𝜇 |𝐻 |  and solid symbols 

represent |𝐷|. 

 

 Samples with different annealing states 

In order to investigate the role of annealing, we performed measurements of 𝐻  for samples 

with a Ta insertion layer as a function of annealing temperature. We found that by assuming 

the exchange stiffness constant 𝐴 = 15 pJ/m95,135, |𝐷| of the annealed sample can reach as high 

as 3.3 mJ/m2. We are aware that the assessment of the exchange stiffness 𝐴 is not trivial since 

the annealing process is quite possible to affect it. Although its temperature dependence was 

directly ignored in some literature164,166, other work has suggested an increasing exchange 

stiffness with the increase of annealing temperature in similar thin films167,168. The latter 

suggestion might mean that our estimate of DMI would be conservative, and its actual value 

would be higher. The effective DMI fields 𝜇 |𝐻 | and DMI energy |𝐷| for three components 

Pt/Co/Ta/MgO (0.8 nm, 1.2 nm, and 1.5 nm) assuming a constant 𝐴 are depicted in Figure 4.13. 

We thus found that the strength of DMI manifests differences for different MgO thicknesses, 

but they all exhibit a trend of an initial increase followed by a decrease. Within the investigated 

range, the DMI values display an optimum at an annealing temperature of around 300 ℃, 

independent of MgO thickness. 
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Figure 4.13: Trends of the effective DMI field and DMI constant as a function of annealing temperature. Square 
symbols, circular symbols and triangle symbols stand for the MgO thickness 𝑡  = 0.8 nm, 1.2 nm and 1.5 nm 

separately. Symbols with a dot stand for 𝜇 |𝐻 | while those solid ones stand for |𝐷|. 

 
To prove that the driving field 𝐻  does not affect the effective DMI field 𝐻 , the equi-speed 

contour maps of annealed Pt/Co/Ta/MgO sample with 1.2 nm MgO layer are shown in Figure 

4.14. The places of dashed lines indicate the value of 𝐻 . 

 

Figure 4.14 Two-dimensional equi-speed contour map of 𝑣 as a function of 𝜇 𝐻  and 𝜇 𝐻  for 300 ℃ 
annealed Pt/Co/Ta/MgO (1.2 nm). The upper subfigure exhibits leftmost DW velocities 𝑣  while the following 
one shows rightmost DW velocities 𝑣 . The color corresponds to the magnitude of velocities with the scale on 

the right. 

 

We also verified that domain-wall motion is in the creep regime, the ln 𝑣  -  𝜇 𝐻  results 

of samples with MgO thickness 𝑡  = 0.8, 1.2, and 1.5 nm, annealed in different temperature 

are shown below. All the driving fields we use to measure the 𝜇 𝐻  are circled by grey-

dotted circles. The fitting lines for the linear regions can be seen in Figure 4.15. 
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Figure 4.15: Fitting lines of 𝜇 𝐻  - ln 𝑣  for (a) Pt/Co/Ta/MgO (0.8 nm), (b) Pt/Co/Ta/MgO (1.2 nm) and 
(c) Pt/Co/Ta/MgO (1.5 nm) with different annealing temperatures. 

 

 Exclusion of side effects for DMI measurements 

Characterization of DMI through asymmetric DW motion requires samples with uniform 

homogeneity, and carefully calibrated external magnetic field. Some side effects might 

influence the movement of DW, especially in wedge-shape samples. In the following, we will 

discuss the demagnetizing field, stray field, and extra depinning potential in case of our wedge 

sample, to explain that the impact due to these side effects during our measurements can be 

neglected. 

 

 Demagnetizing field and the stray field 

Using the concept of magnetization current169,170, we numerically calculated the demagnetizing 

field by infinitely dividing magnetic domains into small magnetic elements. Each element is 

equivalent to a ring current element, with a current per unit area 𝐼 𝑡 ∗ 𝑀 , where 𝑡 is the 

thickness of the magnetic layer and 𝑀  is the saturated magnetization per volume. For a 

uniformly magnetized out-of-plane domain, the current of one magnetic element can always be 

cancelled out by the current of the neighboring ones, except for elements in the boundary of 

domains and the edge of the sample. Namely, the magnetization currents are zero inside or 

outside the domain. The only non-zero contributions are on the boundary of the domain and the 

edge of the sample which are defined as demagnetizing field and stray field together noted as a 

demagnetizing field in the following. 

The contribution of the domain boundary is equal to the Oersted field produced by the effective 

current at the edge of domains. For a magnetic bubble with radius 𝑟 in a magnetic thin film, the 

electrical circuit is plotted in Figure 4.16 (a). In addition, the DW width in PMA samples171 
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could be estimated as 10 nm, and we have testified the width wouldn’t strongly influence the 

results. This width is considered as the distance between two domains with opposite 

magnetization, i.e. the distance between the two circular current circuits. Similarly, the 

contribution of the sample edge is closely related to the distance 𝑑 between DWs and the edge 

of the sample, as showed in Figure 4.16 (b). 

 

Figure 4.16: Magnetization current of the magnetic structure. (a) Sketch to show the concept of magnetization 
current. (b) Electrical circuit identical to the current created by the magnetization at the edges of the structure and 
along the DW. Then, the demagnetizing field and the stray field can be calculated using the Biot-Savart’s law. 

 
Using MATLAB, we respectively calculated the demagnetizing field 𝜇 𝐻 𝜇 𝐻

𝜇 𝐻  at point x shown in Figure 4.16, with 𝑟 varying from 100 μm to 250 μm (the size 

range of DW we observed) and d varying from 120 μm (the minimum distance of our photo 

results) to 5×106 μm (the measured sample size). The results are plotted in Figure 4.17. It can 

be seen that with the growth of bubble domains the demagnetizing field 𝜇 𝐻  is lower than 

0.023 mT, and as the distance to sample edge increases, the variation of 𝜇 𝐻  is always less 

than 0.002 mT which can be neglected. 

 

Figure 4.17: Numerically calculated demagnetizing field at point x as a function of the inverse of bubble radius, 
(a) the Oersted field of the effective current at the boundary of the observed DW 𝜇 𝐻 , (b) the Oersted field of 
the effective current at the sample edge 𝜇 𝐻 . 
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 Extra pinning potential 

As one of the main characterization methods of DMI, observing the asymmetric DW motion 

has been widely used and discussed in recent years. There are complications of this method, so 

one must keep cautiously when carrying out this measurement. It has been reported by Vaňatka 

et al.111 that in Pt/Co/ GdOx system, CoO at the Co/GdOx interface acted as an extra pinning 

potential on the DWs when an in-plane field was applied, therefore some ‘anomalous’ behaviors 

showed up in the creep regime 𝑣 𝜇 𝐻  curves. Since our Pt/Co/X/MgO samples are similar to 

the structure used in ref. [111], we carefully verified our sample according to the discussion 

part of this paper. As shown in Figure 4.18, the authors of ref. [111] carried out VSM 

measurements with varying temperatures, and indicated that “the shift of the cycle at low 

temperature is an indication of the presence of CoO at the top Co/GdOx interface”. We did the 

same measurements on the Pt/Co/MgO sample with MgO thickness around 1.2 nm and showed 

the results in Figure 4.18 (b). 

 

Figure 4.18: (a)The time-dependent VSM measurements result in ref. [111]. (b) VSM measurements carried out 
from 80K to 300K with a perpendicular field on sample Ta/Pt/Co/MgO (1.2 nm)/Pt. 

 
It is important to note that no shift appears in the low-temperature loops. With the absence of 

the inserted layer X, CoO is more likely to react in Pt/Co/MgO than Pt/Co/X/MgO as we 

discussed above. If the Pt/Co/MgO sample can be proved to be free from extra pinning effect, 

also did Pt/Co/X/MgO structure. Thereof, we can draw the conclusion that the influence of CoO 

with the in-plane field on the DWs (extra pinning potential) can be neglected in our DMI 

measurements. 

 



66  ●  4.5.  Theoretical calculation for samples with different inserted layers 

 

 Theoretical calculation for samples with different inserted layers 

We use ab initio calculations to compare the DMI of the Pt/Co/MgO structure after inserting 

Mg and Ta. More details and the method we applied can be found in our journal paper172. 

One has to realize that the total DMI is a sum of contributions due to the Pt/Co and Co/X/MgO 

interface, whereas we only calculated the latter part. It has been calculated in ref. [165] that the 

DMI energies at Pt/Co and Co/MgO interfaces are comparable, and we assume that the DMI 

energy at the Pt/Co interface is not affected by changing the inserted layer X. Considering the 

interfacial structure for multilayers grown by magnetron sputtering, the inserted monolayer is 

more likely not to be a closed layer but formed by a distribution of “islands” between Co and 

MgO. 

The ideal interfacial atomic structures used for the DMI constant calculation, Co/MgO, Co/Mg, 

and Co/Ta, are shown in Figure 4.19 (a) - (c).  

In Figure 4.19 (d), the total DMI coefficients 𝑑 , and the micro-magnetic DMI energy 𝐷  

for the three structures are compared. The values of Co/Mg (0.30 meV) and Co/Ta (-0.14 meV) 

are found to be much smaller than those of Co/MgO (1.86 meV). To some extent, this indicates 

that bringing additional DMI is not the dominant function of the inserted layer. Rather, since 

the ab initio calculations predict that DMI should reduce at atomic locations where a closed 

layer of X forms, this means that at places where the interface can be considered as Co/MgO-

like (without X), i.e. at places where Co-O bonds dominate, the DMI should have increased. 

Therefore, we conjecture that the insertion of Ta and Mg makes the pristine interface better, i.e., 

it overcompensates the loss of DMI by the presence of Ta or Mg. Based on the opposite sign of 

𝐷  for Ta and Mg, this effect should be stronger for Ta than for Mg, since the calculated 

reduction of DMI for Ta is larger than for Mg. In this way, Ta is slightly better than Mg in 

enhancing the DMI energy of the Pt/Co/MgO system. A valance state analysis of Co with 

different insertion layers could be another interesting method to explain the role of the inserted 

layer quantitatively, but we are not going to involve this subtle issue in this section. 
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Figure 4.19: The ideal interfacial array of atoms used for the first principle calculation, (a) Co/MgO, (b) Co/Mg 
and (c) Co/Ta. (d) The total DMI strength 𝑑  and the micro-magnetic DMI energy 𝐷  of the three kinds of 
interfaces, as calculated by an ab-initio method172. 

 

 Discussion and conclusion 

Considering the nuance between two groups of samples, the wedge-shape group, and the normal 

group, to be cautious, we separately discuss the results for them in two sections below. 

 

 Tuning DMI through MgO thickness in wedge samples 

Firstly, as a primary dominant mechanism, upon inserting MgO, the structure is effectively 

changed from Pt/Co/Pt, which is nearly inversion symmetric and has a relatively weak DMI, 

towards Pt/Co/MgO, which is a prototype asymmetric structure with large DMI. As a 

consequence, the DMI shoots up after the insertion of MgO. Secondly, further changes may be 

assigned to the interface between Co and Pt and could involve several mechanisms. On the one 

hand, the oxidation of Co mentioned above decreases the effective Co thickness introducing 

DMI with the Pt layer106. On the other hand, the lattice mismatch between Co and MgO may 

induce strain effect to the Pt/Co interface173,174 although the MgO layer is sputtered after the Co 

layer, MgO modifies the Pt/Co interface and influences the spin-orbit coupling (SOC) between 

the bottom Pt and Co. Last but the most important, as for the Co/MgO interface, according to 

density functional theory calculations, interfacial oxidation is related to a large charge transfer 

and to the large interfacial electric field that compensates the small spin-orbital coupling of the 

atoms at the interface, directly increasing the DMI165,175. It has been calculated that different 
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from the Pt/Co interface, the DMI and SOC energy source of the Co/MgO interface is localized 

in the interfacial Co layer162,165, which indicates a diverse mechanism governed by the Rashba 

effect176–178. 

Note that the influence of DMI on the free layer and the performance of the device has been 

intensively studied in recent years179. In addition, some devices based on the skyrmionic state 

in the free layer of an MTJ were proposed180. The TMR was also a critical factor when we 

detect skyrmions using an effective electrical method181,182. As the HM/FM/MgO structure we 

studied is very similar to the configuration of the tunnel barrier layer/free layer/capping layer 

of the most popular MTJ structure183, our study could be therefore very useful to investigate the 

properties and effects of DMI for the electrical nucleation and detection of magnetic skyrmions 

through MTJ. Not only Co but also the influence of MgO on adjacent interfaces could be used 

to fine-tune the DMI in Pt/Co/MgO samples which is valuable for the induction of chiral 

magnetic order. 

In conclusion, varying the thickness of MgO in a Pt/Co/MgO material system can significantly 

affect the Dzyaloshinskii-Moriya interaction. The DW motion was measured to characterize 

the strength of DMI, which is caused by the structural asymmetry between the top interface and 

bottom interface. We found that indeed it is possible to tune DMI by varying the MgO thickness, 

especially when Co is protected by an ultrathin Mg insertion layer. Not only the Co/MgO 

interface but also the Pt/Co interfaces were changed. This study will be very helpful for thin-

film design to obtain large DMI and stabilize the magnetic skyrmions with the expected size 

for memory and logic devices. 

 

 Tuning DMI through inserted layer and thermal annealing 

As we mentioned above, in the Pt/Co/MgO system, the large interfacial DMI of the whole 

structure DMI / /  does not only come from the strong SOC between the Pt and Co but 

also has a significant contribution from the large charge transfer and the large interfacial electric 

field at the Co/MgO interface, following the expression DMI / / DMI /

DMI / . The DFT calculations have proven that DMI /  and DMI /  have the same 

sign162. The inserted X layer efficiently protects the Co layer from degradation, and a proper 
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material could strengthen the asymmetry of the whole structure and consequently enhance the 

DMI.  

It was reported that the annealing process would homogenize the oxide layer184,185, and 

improved the Co/MgO interface, though there is not a layer X between Co and MgO in former 

studies. To confirm this, another TEM image is given in Figure 4.20 (a). Firstly, compared with 

Figure 4.3 (b), the degrees of crystallinity for Co and MgO layers is appreciably improved. We 

also exhibit a comparison of X-ray EDS curves for the Pt/Co/Ta/MgO (1.2 nm) sample before 

and after the 300 ℃ thermal annealing in Figure 4.20 (b), where the curves are shifted such that 

the Co peak positions defined the zero position of the scan. The O atoms’ peak position shows 

a small, but finite 5% shift for the annealed sample, which would be consistent with the slight 

growth of 𝑀  for the 300 ℃ annealed sample (seen as the middle subfigure of Figure 4.5 (b)). 

Secondly, an improved ordering of the atoms at the Pt/Co interface, which is brought about by 

annealing, might be another reason for the initial enhancement of the DMI, since the DMI is 

sensitive to the atomic arrangements at the interface161,186. Following the increasing trend, a 

higher temperature will prompt the formation of a CoPt alloy at the Pt/Co interface and reduces 

the number of Co-O bonds185. Furthermore, it was reported54 that annealing at higher 

temperatures leads to interfacial diffusion, being detrimental for the DMI. Therefore, a 

decreasing trend of DMI appears when the temperature goes above 300 ℃. A similar trend was 

also found in Ta/CoFeB/MgO tri-layers187. Above all, the non-monotonic trend of DMI can be 

explained rationally. 

 

Figure 4.20: (a) Cross profile of the Pt/Co/Ta/MgO (1.2 nm) sample after annealing at 300 ℃ as measured by 
transmission electron microscopy. The inserted subfigure is the result with an inverting imaging field.  (b) X-ray 
EDS curves of the as-deposited sample and the 300 ℃ annealed sample. 
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In summary, by a combined experimental and theoretical study prove that insertion of both X 

= Ta and Mg in Pt/Co/X/MgO improves DMI significantly, while the effect on the interface 

quality may be slightly better for Ta than for Mg. Furthermore, we investigated the effect of 

thermal annealing on the DMI. Benefiting from the optimization of interfaces, a significantly 

enhanced iDMI is found in our annealed Pt/Co/Ta/MgO system. The optimal condition for the 

Pt/Co/Ta/MgO structure is found to be annealing around 300 ℃, for 0.5 hours, enhancing DMI 

to the largest extent. The influence of annealing is attributed to both Pt/Co and Co/MgO 

interface transformation. Our study will significantly contribute to research that relies on strong 

DMI in thin-film systems and to stabilize magnetic skyrmions at room temperature. 

 



 

71 

 

 

 

 

 

 

 Role of E-field and annealing on the interfacial DMI 
measured by BLS 

 

 

DMI is under extensive investigation considering its crucial role for creating chiral 

magnetic ordering, such as Néel-type domain walls and skyrmions. It was reported that, 

even applying a strong electric field, the DMI energy change only slightly188,189. In this 

chapter, we look into the magnetic properties and DMI strength of Pt/Co (𝑡 )/MgO 

heterostructures with different annealing-states. BLS has been performed to measure 

DMI energy as a function of electric field. Our results confirm the weak high-field effect, 

with typical slopes from -90 to -290 fJ/(Vm). Moreover, we find some experimental hints 

for a rapid and sizable (15% - 30%) variation of the DMI strength with external electric 

field in the low-field regime (< 10-2 V/nm). We verified that this variation is larger than 

in the high-field regime, and briefly speculate on its origin. 

5
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 Motivation and introduction 

In recent years, with the booming development of spintronic devices, more efficient 

methods are required to improve storage density, reduce power consumption and enhance 

the stability. It has been realized that voltage-controlled magnetic anisotropy (VCMA) 

combined with SOT can be a promising route towards decreasing the critical switching 

current for switching MTJs in MRAM190,191. Similarly, DW motion in racetrack devices 

could also be improved using the same electric (E-) field mechanism86. DMI, as one of 

the key ingredients for magnetic skyrmions and chiral DWs53, arises from the presence 

of SOC and inversion symmetry breaking system. Although the Rashba effect, which is 

sensitive to the interfacial potential, was regarded as one of the contributions for DMI at 

the ferromagnet/oxide interface176–178, the variance of DMI with controlled E-field has 

only been investigated recently. Pieces of experimental evidence have been reported that 

the DMI energy varied linearly with applied E-field in Ta/FeCoB/TaOx stacks188 and  in 

MgO/Fe/Pt multilayers where large fields of ±1 V/nm were applied189. Meanwhile, 

research on the dynamics of skyrmions controlled using E-fields have been 

demonstrated192–194 and are suggested to be of relevance for neuromorphic 

computing195,196 as well as electrical logic devices197. However, the general trend of E-

field controlled DMI remains elusive. Without a thorough understanding of voltage-

control of DMI (VCDMI), further applications of electric field on the system of skyrmion, 

STT and SOT would be incomplete.  

It has been proved in our previous studies that a dusting HM layer between Co and MgO 

can prevent the deterioration of the Co/MgO interface during the deposition process. Here, 

we used Ta and W to improve the crystallization of both the ferromagnetic and insulating 

layer. In this chapter, we first systematically compare the magnetic anisotropy as well as 

DMI of structures with different inserted layers, different Co thicknesses and different 

annealing states. We then proceed to BLS measurements on these samples while applying 

E-fields from 10-5 to 10-1 V/nm. The extracted DMI energy was observed to vary between 

15% ~ 30% while applying a weak E-field, and exhibit linear trends when E-field increase. 
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 Magnetic properties of the Pt/Co/MgO samples 

 Sample preparation 

Using magnetron sputtering at room-temperature, we grow Ta (3 nm)/Pt (4 nm)/Co 

(𝑡 )/X (0.2 nm)/MgO (2 nm)/SiO2 (5 nm) samples shown in Figure 5.1 (a), where 𝑡  

varies from 1.5 nm to 2.3 nm. The base pressure of the deposition system is 3×10-8 mbar. 

The stacks are deposited on Si substrates coated with a 100-nm thermal SiOx. To protect 

the Co layer from excessive oxidation, the inserted layer X is designed to be Ta or W, 

another set of samples without X were also prepared as reference. The top SiO2 layer 

prevents the film from air-passivation. After the deposition, we employed ion-beam 

etching (IBE) to structure the multilayers into three 5 mm-width strips within a 5×7 cm2 

chip. Then, 100 nm Al2O3 was deposited by ALD protecting the ends of the strips with 

Kapton tape. Next, assisted by a mask, we grow four 5 mm-wide ITO strips on the top of 

the chip by electron beam evaporation as the top-electrodes. Finally, we etched the area 

which were originally covered by Kapton tape until Pt it is bare. This area is used as 

bottom-electrode. The finished device is shown in Figure 5.1 (b). By applying a potential 

difference between a top electrode (tip of ITO strip) and a bottom electrode (bare Pt), an 

electrical field is applied on the overlapping region. 

 

Figure 5.1: A schematic of (a) the film and (b) the fabricated devices applying with a gate-voltage.  

 

 Characterization of magnetic properties 

We measured the hysteresis loops of our samples using VSM. As shown in Figure 5.2 (a) 

- (c), except for Pt/Co (2.0 and 2.3 nm)/Ta/MgO, all samples exhibit clear PMA. Loops 
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with in-plane field can be found in Figure 5.2 (d) - (f). The thicker the Co layer, the larger 

the saturated moment per unit area (𝑀 ∗ 𝑡 ) is measured, which follows 

𝑀 𝑡 𝑡 .                                         (5.1) 

Here,  is the magnetic moment per unit area, corresponding to 𝑀 ∗ 𝑡 , the nominal 

thickness of ferromagnetic layer is 𝑡  which we take equal to 𝑡 , and 𝑡  is the 

magnetic dead layer thickness.  

 

Figure 5.2: Hysteresis loops with perpendicular magnetic field of as-deposited (a) Pt/Co (𝑡 )/MgO, (b) 
Pt/Co (𝑡 )/Ta/MgO and (c) Pt/Co (𝑡 )/W/MgO. Hysteresis loops applied with in-plane field of as-
deposited (d) Pt/Co (𝑡 )/MgO, (e) Pt/Co (𝑡 )/Ta/MgO, and (f) Pt/Co (𝑡 )/W/MgO. 𝑡  varies from 1.5 
to 2.3 nm. 

 
All of the structures were annealed for half an hour at 300 ℃ or 350 ℃. We controlled 

the ramp and the duration of the anneal were constant, a field of 50 mT perpendicular to 

the sample plane was applied during the annealing process. Figure 5.3 shows the magnetic 

properties obtained from the hysteresis loops for samples in different states. As we can 

see, the coercive field 𝐻  increases with increasing anneal temperature for all samples 

without inserted layer, but remains constant for structures with X inserted. The effective 

magnetic anisotropy energy 𝐾  is calculated by 𝐾 𝜇 𝐻 𝑀 45, which 
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corresponds to the field value when 90% of the saturated magnetization in the hysteresis 

loops along the hard-axis is obtained. We define positive 𝐻  for PMA samples and 

negative 𝐻  for samples with an in-plane magnetic anisotropy. The annealing process 

increases 𝐾 , but this effect is not obvious for structures where Ta and W are inserted. 

Absolute value of 𝐻  increased after annealing for structures without X and inserted by 

Ta, but decreased for structure inserted by W. We can also see that the measured 𝑀 ∗ 𝑡  

increases with the increasing of annealing temperature. This is probably related to a 

reduced 𝑡  or an increased 𝑀  of the samples after annealing. 

 

Figure 5.3: A collection of 𝑀 ∗ 𝑡 , 𝐻 , 𝐾  and 𝐻  for (a) Pt/Co (𝑡 )/MgO, (b) Pt/Co (𝑡 )/Ta/MgO 

and (c) Pt/Co (𝑡 )/W/MgO with 𝑡  varies from 1.5 nm to 2.3 nm. Subfigures share a common scale and 
a 𝑦-axis’ label at left side of (a). 

 
According to Equation (5.1), the thickness of magnetic dead layer can be quantitatively 

calculated. The measured  of different structures with varying 𝑡  in different states are 

plotted in Figure 5.4 (a) as 𝑀 ∗ 𝑡 . The data of Pt/Co (2.3 nm)/MgO were excluded for 

the fitting since the measured moment of all of the three states are smaller than the same 

structure with thinner Co. The 𝑥 -axis intercept and the slope of the dashed lines 

correspond to the fitted 𝑡  and 𝑀 . For the fitted dead layer thickness shown in Figure 

5.4 (b), it seems that with higher annealing temperature, the O atoms at Co/MgO interface 

diffused deeper into the Co layer and directly resulting an increasing dead layer thickness. 

By contrast, the inserted atoms might move away from Co side and 𝑡  decreases with 

an increasing annealing temperature. We speculate that a negative dead layer could be 

explained by an induced magnetization in the neighboring heavy metal layers due to an 

interfacial intermixing198. Different trends of 𝑀  can be seen in Figure 5.4 (c), which 
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increases for structure without X, but decreases for structure inserted by Ta and first 

increases then decreases for structure inserted by W indicating a different interdiffusion 

processes in Ta and W. 

 

Figure 5.4: (a) Fitting lines for 𝑡  and 𝑀  of Pt/Co (𝑡 )/MgO, Pt/Co (𝑡 )/Ta/MgO, and Pt/Co 
(𝑡 )/W/MgO structures in different states, 𝑡  varies from 1.5 nm to 2.3 nm. The fitted (b) dead layer 
thickness 𝑡  and (c) saturation magnetization 𝑀  for each structure in different annealing states. 

 

 DMI strength measured by BLS 

 Samples with different annealing states 

Here, we measured the strength of DMI for our samples employing BLS. We calculate 

the DMI energy using Equation (2.7), ∆𝑓 𝑘. Figure 5.5 (a) plots the DMI-induced 

frequency shift ∆𝑓 as a function of 𝑘 for the Pt/ Co (𝑡 )/Ta/MgO thin films annealed at 

300 ℃. We extract 
∆

 by fitting the slope of the linear dependency for all the structures 

in different states, shown in Figure 5.5 (b). By taking 𝛾/2𝜋  = 31 GHz/T199 and 𝑀  

measured by VSM into Equation (2.7), the DMI energy 𝐷 can be calculated, as plotted in 

Figure 5.5 (c). Note that the chirality of Pt/Co/MgO system is opposite to that of 

Ta/CoFeB/MgO, so the obtained 𝐷 value is negative200. 
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Figure 5.5: (a) The linear dependence of ∆𝑓 on 𝑘 for 300 ℃ annealed Pt/Co (𝑡 )/Ta/MgO thin films 
with 𝑡  = 1.5 nm, 1.8 nm, 2.0 nm, and 2.3 nm. The error bars on ∆𝑓 are determined from the deviation of 

Lorentzian fitting on BLS spectra. (b) The fitted slope (
∆

) of all structures with different states. (c) The 

experimental DMI energy 𝐷 measured by BLS. (b) and (c) share the common legend written in the bottom. 

 
We found that for all structures the absolute value of DMI energy |𝐷| decreases after 

annealing. Therefore, we conclude that the DMI strength for all samples is reduced after 

annealing. As we know, the interfacial PMA and DMI are both related to the SOC at the 

interface, but the PMA doesn’t seem to be strongly related to the annealing temperatures, 

shown as the tends of 𝐾  in Figure 5.3. The influence of thermal annealing on the 

interfacial DMI could be explained by the modification of the intermixing and other 

related mechanisms at Pt/Co and Co/MgO interfaces (with or without the dusting layer), 

which leads to subtle changes of the exchange interaction between the atoms near 

interfaces. 

 

 Application of E-field 

To gain an insight into the origin of the trend of the DMI relative to the electric field, we 

firstly analyze the role of electric field on the formalism of Rashba spin-orbit coupling 
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(SOC)39,201. The SOC with broken inversion symmetry is generally represented by a 

Hamiltonian39 

𝐻 ~𝜇 𝑬 𝒑 ∙ 𝜎/𝑚𝑐 .                                        (5.2) 

Here, 𝒑 is the momentum of an electron, 𝜎 is the vector of the Pauli spin matrices, m and 

c are the mass of the electron and the speed of light, respectively, 𝑬 is given by the crystal 

field. The scalar form of the SOC Hamiltonian can be written as39 

𝐻 𝜆 �̂� 𝜎 ,                                                  (5.3) 

where 𝜆  is a coefficient specifying the amplitude of the spin-orbit field. In the 

MgO/Co/Pt structure, the crystal field can be represented by the interfacial electric field 

𝑬 𝐸 𝒛 . The corresponding SOC Hamiltonian with the formalism of Rashba SOC 

reads39 

𝐻 𝛼 /ћ 𝒛 𝒑 ∙ 𝝈,                                        (5.4) 

with 𝛼  known as the Rashba parameter. By comparing Equation (5.2) to (5.4), we have 

𝛼 ћ⁄ ~ 𝜇 𝐸 𝑚𝑐⁄ ~𝜆 , namely 𝜆 ~𝐸 . In the case of DMI, the expression within the 

framework of the Fert-Levy approach150,202,203 was developed for heavy metal impurities 

with strong SOC into magnetic alloys. In this three-site formalism, an atom with large 

SOC mediates a DM type Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction between 

two atomic spins. This additional contribution of the RKKY interaction arises from the 

strong SOC of the conduction electron gas of the nonmagnetic atoms. Based on the 

analysis above, we consider the interface between MgO layers and Co layers can produce 

a large interfacial electric field, which could be the reason why an external E-field would 

influence DMI. In the following, experimental works were carried out to demonstrate the 

role of E-filed on DMI. 

There has been some research on VCDMI with E-fields above 10-1 V/nm as we mentioned 

in Section 5.1. Considering the endurance of devices, we applied E-fields ranging from 

10-5 to 10-1 V/nm on our devices, as depicted in Figure 5.1 (b), and measured the BLS 

spectra. The linear dependences of ∆𝑓 and 𝑘 for 300 ℃ annealed Pt/Co (1.5 nm)/Ta/MgO 

sample applying with different E-fields are shown in Figure 5.6 (a). As we mentioned 

above, the error bars on ∆𝑓 are determined from the deviation of Lorentzian fitting on 

BLS spectra. Comparing with Figure 5.5 (a), we contribute the larger error bars in Figure 

5.6 (a) to the measuring set-up and the fabrication of devices. On one side, the electric 

wires connected to the sample might influence the rotation of sample holder, which could 

directly increase the system error. On the other side, the edge of each device cannot be as 
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sharp as we illustrate in Figure 5.1 (b) due to the fabrication process, when the measuring 

laser arrives at this region of a device, the signal will be different from the spectra of a 

thin film with the same structure. 

The extracted voltage-influenced DMI energies of several samples are shown in Figure 

5.6 (b) - (e). We find that the DMI energies show an approximately linear dependence on 

applied field with negative slopes from 90 to 290 fJ/(Vm) with 10-2 V/nm < 𝐸 < 10-1 

V/nm, as we indicate through the dashed fitting lines. Besides, the values of 𝐷 vary in the 

low E-field regime (𝐸 < 10-2 V/nm). For samples with different 𝑡  as well as different 

inserted layers, the variation in the obtained value 𝐷 is 0.1 to 0.2 mJ/m2, corresponding 

to 14% to 29% of its original value (with 𝐸 = 0 V/nm, circled by red dashed curves in 

Figure 5.6 (b) - (e)). All of the samples exhibit similar variation in the obtained 𝐷 

indicating a common origin. 

 

Figure 5.6: (a) The frequency difference ∆𝑓 dependence of the wave vector 𝑘 for 300 ℃ annealed Pt/Co 
(1.5 nm)/Ta/MgO stack under different voltages. The solid lines indicate the linear fittings. The extracted 
𝐷 values with the same E-fields are circled by dashed curves with corresponding colors in (b). Experimental 
results of voltage-influenced DMI energy for (b) Pt/Co (1.5 nm)/Ta/MgO, (c) Pt/Co (1.8 nm)/Ta/MgO, (d) 
Pt/Co (2.0 nm)/Ta/MgO and (e) Pt/Co (2.0 nm)/W/MgO annealed at 300 ℃. The 𝐷 values without the 
application of E-field are circled by red dashed curves in (b) - (e). 
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 Discussion and conclusion 

As we observed in Figure 5.6 (b) - (e), the linear trends and the amplitudes of the slope is 

compatible with earlier measurements introduced in ref. [188] and ref. [189] at high E-

field. For this reason, we would like to refer the linear variance as “high-field effect”. To 

confirm whether the variation of 𝐷 at low field (𝐸 < 10-2 V/nm) is caused by repetitive 

E-field cycles applied, we take Pt/Co (1.5 nm)/Ta/MgO as an example. Here we measure 

𝐷 strength up to an 𝐸 of 7.5×10-2 V/nm and vary the field steps taken. The variation of 𝐷 

within region A (-7×10-3 < 𝐸 < 7×10-3) and region B (7.5×10-2 ≤ 𝐸 < 8.2×10-2) is shown 

in Figure 5.7. The variation ranges are marked as 𝑅  and 𝑅  for region A and region B, 

respectively. The fluctuations of 𝐷 in both region A and region B could be related to the 

experimental error. As we can see, 𝑅  is significantly larger than 𝑅 , which means, on 

top of the high-field effect, the scatter in data points at low applied fields is larger than at 

higher fields. It can more or less prove that there is another contribution, most probably 

the external weak E-filed, for the fluctuation in region A. 

 

Figure 5.7: Experimental results of voltage-influenced DMI for Pt/Co (1.5 nm)/Ta/MgO sample 
annealed at 300 ℃. The 𝐷 values with 𝐸 = 0 and 0.75 V/nm are circled by red dashed curves. 

 
As we analyzed in Section 5.3.2, there will be an intrinsic potential difference ∆𝐸 at the 

interface of different materials due to the dipole interaction. Both ∆𝐸  at the 

MgO/Co interface and  ∆𝐸  at the Co/Pt interface would be influenced by the applied 

filed and further change the total DMI strength in our structure. The inserted monolayer 

(Ta or W) is more likely not to be a closed layer but formed by a distribution of “islands” 

between Co and MgO in our structures. So the distribution of the potential difference 

could be inhomogeneous at the Co/MgO interface, which is highly possible cause the 

fluctuation of DMI strength shown in Figure 5.6 and Figure 5.7. 
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For further investigations on the physical understanding of 𝐷 trends with different E-

fields, we think the first-principles calculations can be a talented method. It can 

demonstrate the change rule of voltage-influenced DMI theoretically, which is free from 

the measuring error. But one has to pay attention to the margin of electrical field during 

the simulation process, especially for the subtle changes of E-field. 

In conclusion, we experimentally demonstrated the variance of DMI on samples with 

different Co thicknesses and different annealing states. For all our samples we found a 

weak high-field effect, with slopes typically -90 ~ -290 fJ/(Vm), in reasonable agreement 

with earlier reports. Moreover, we found some indication for an enhanced variation of the 

obtained DMI values with applied E-field in our samples occurring at low field (|𝐸| < 

0.01 V/nm) which we cannot rule out as systematic errors as yet. Hence, the origin 

remains elusive and further analysis and investigation is required to make conclusive 

statement. Our work here paves the way for further investigation of E-field controlled 

DMI. 
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 Dynamics of all-optically switched magnetic domains in 
Co/Gd with DMI 

 

 

Given the development of hybrid spintronic-photonic devices and optical manipulation of 

chiral magnetic textures, a combined interest in single-pulse AOS of magnetization and 

current-induced domain wall motion in synthetic ferrimagnetic structures with strong 

DMI is emerging. In this chapter, we explore the role of the DMI on the AOS process as 

well as the stability of optically written micro-magnetic domains using specially 

engineered Co/Gd-based multilayer structures. Quantitative insight is obtained by 

measuring the interesting dynamics in moon-shaped structures written by two successive 

laser pulses. The stability of domains resulting from an interplay between the dipolar 

interaction and domain-wall energy are compared to simple analytical models and 

micromagnetic simulations. A shortening process occurring at ns time scale, and a 

stabilizing role of DMI on microscopic AOS-written domains is concluded on. 

                                                 

 This chapter is under review by Physical Review B. 
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 Motivation and introduction 

After the observation of helicity-dependent switching in ferrimagnetic GdFeCo alloys63,64 

in 2007, AOS attracted a growing amount of interest as an ultrafast and energy-saving 

writing process for spintronic devices. This helicity-dependent switching description has 

been found appropriate for various magnetic materials65–68, however for most materials 

with a disadvantage that hundreds of pulses are required for the switch68. At the same 

time, based on another mechanism, purely thermal toggle switching was demonstrated in 

rare-earth - transition-metal (RE-TM) alloys, governed by the large difference in 

demagnetization rates and anti-ferromagnetic exchange69–72. Later, it was predicted and 

proved that synthetic-ferrimagnetic systems can also be thermally toggle-switched by a 

single laser pulse73–76. More specifically this was experimentally demonstrated in 

Pt/Co/Gd systems. Meanwhile, in the field of spintronics, an antisymmetric exchange 

interaction, DMI has been intensively investigated. It appears in inversion asymmetric 

structures and participates in the competition with exchange interaction and dipolar 

interaction to influence chiral spin textures. Considering the structural-asymmetry in 

synthetic-ferrimagnetic multilayers, the built-in DMI could be expected to play a major 

role in the switching process, as well as in the stability of the toggle-pulse-switched 

domains, but this has not been explored to date. Recently, a combination of racetrack 

memory and AOS has been experimentally demonstrated in an ‘on-the-fly’ demonstration 

of optically writing information into a magnetic racetrack82. In the latter work, current-

induced domain wall motion (driven by the spin-Hall effect) was ascribed to a strong SOT 

in combination with DMI. For synthetic ferrimagnetic systems near the angular 

momentum compensation point, this scenario is known to enable high domain wall 

velocities82. Looking into the role of DMI on the AOS process is not only significant for 

improving the storage density and stability of such optically written racetrack devices, 

but also for AOS-related MRAM. 

In this chapter, we employed synthetic-ferrimagnetic Pt/Co/Gd stacks for studying the 

role of DMI on AOS, and particularly the stability of AOS written domains. The strong 

anti-ferromagnetic coupling at the Co/Gd interface82 and the large contrast in 

demagnetization times between Co and Gd204,205 ensure the optical-switching of our 

samples, in a scenario that recently was explained in more detail81,206. To manipulate the 

strength of DMI through structural (a)symmetry, structures with a single ferrimagnetic 

interface (Co/Gd) and double ferrimagnetic interface (Co/Gd/Co) are proposed. The 
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resulting DMI is measured by asymmetric domain wall motion, and the corresponding 

threshold fluence for AOS is determined by recording the written domain as a function 

of laser pulse energy. In order to quantify the role of the DMI on the stability of optically 

written magnetic domains we introduce a two-pulse approach. Two successive laser 

pulses were produced to write elongated moon-shaped magnetic domains in our 

synthetic-ferrimagnetic thin-films. We emphasize that the AOS process avoids the use of 

magnetic fields during the domain formation, whereby results are not affected by field 

driven domain-wall motion. A simple model including the competition between dipolar 

interaction and domain-wall energy is proposed, which describes the domain shrinkage 

at the sharp ends and expansion at their waist. Both the micromagnetic simulation and 

experimental observations exhibit obvious shrinkage and negligible expansion. Finally, 

we experimentally demonstrate that DMI is helpful to stabilize the AOS-written small-

size domain stripes, in agreement with our model. 

 

 Sample preparation 

To distinguish the strength of DMI through structural asymmetry, we grow samples (see 

Figure 6.1 (a)) with single and double Co layers by magnetron sputtering and marked 

them as S/Pt: Ta (4 nm)/Pt (4 nm)/Co (1 nm)/Gd (3 nm)/Pt (4 nm) and D/Pt: Ta (4 nm)/Pt 

(4 nm)/Co (1 nm)/Gd (3 nm)/Co (1 nm)/Pt (4 nm), where ‘S’ and ‘D’ refers to single and 

double. Since time-dependent intermixing (particularly at the Gd/Pt interface) over time 

scales of days to weeks were observed in a similar structure, we also prepared another 

pair of structures with different capping layers, S/Ta and D/Ta, as reference. All of the 

structures are deposited on 2 types of substrates, Si:B and silicon with a 100-nm thermal 

silicon oxide layer (Si/SiO2). The base pressure of our ultrahigh vacuum deposition 

system is around 2×10-9 mbar. The (111) texture of the bottom Pt was ensured by a Ta 

seed layer163, which promotes PMA induced by the lower Pt/Co interfaces. The PMA is 

confirmed by polar MOKE, as seen in Figure 6.1 (b). 
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Figure 6.1: (a) Samples’ structures and (b) normalized hysteresis loops with perpendicular magnetic field 
for each structure grow on Si/SiO2. 

 

 Characterization of the compensation temperature 

The Curie temperature of bulk Co is 1403 K while the Curie temperature of bulk Gd 

(289K) lies below room temperature (298K). Considering that the Curie temperature for 

nanometer-thin films is even lower, the Gd layer will be paramagnetic at room 

temperature. However, due to the strong anti-ferromagnetic exchange interaction at the 

Co/Gd interface, a layer of roughly 1-2 atomic layers will be magnetized oppositely to 

Co at room temperature. This process is possibly enhanced by thermodynamically driven 

interdiffusion207 between Co and Gd, which is expected to be of particular relevance for 

the top Gd/Co interface in the double-layer structures, leading to a composition at the 

interface close to a Gd40Co60 alloy208,209. The compensation temperature (𝑇 . ) is 

defined as the temperature for which the total magnetic moment of the whole structure 

vanishes. As a rule of thumb, the higher 𝑇 ., the more Gd is inversely magnetized at 

the Co/Gd interface at room temperature. 

We measured the magnetic moment of our samples using VSM mode of a 

superconducting quantum interference device (VSM-SQUID) to evaluate the magnetic 

moment of our stacks as a function of temperature, and, more specifically, 𝑇 .,  from 

which we can extract the amount of magnetized Gd at the synthetic-ferrimagnetic Co/Gd 

interfaces75. For each sample, we applied + 6 T external field to saturate the film at the 

start, then turn off the field, and measure the perpendicular component of the magnetic 

moment at different temperatures. The magnetic moments per unit surface area versus 

temperature are shown in Figure 6.2. While the temperature decreases, the magnetization 

of the Gd layer increases, and below 𝑇 ., the Gd, instead of the Co layer, starts to 
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dominate the total moment. Upon further decrease of the temperature, the total magnetic 

moment will rapidly increase (in the direction of the Gd moment), whereby the (in-plane) 

shape anisotropy will overcome the (perpendicular) interfacial anisotropy, and starts to 

be dominant. As a result, the easy axis will rotate from out of plane to in-plane, as seen 

in the measurements by a sharp collapse of the magnetic moment for lower temperature 

(indicated by pointers in Figure 6.2). More details about measuring 𝑇 . with a bias 

field and the corresponding temperature-dependent magnetic moments are given in 

Appendix 6A. 

 

Figure 6.2: Magnetic moment per unit area as a function of the temperature, with 𝑇 . corresponding 

to the zero-moment marked besides each curve. 

 
For a proper interpretation, it is of relevance to note that for structures with two Co layers 

and a double Co/Gd interface, one would ideally expect both a doubling of the Co moment, 

as well as the Gd moment. Thus, based on the assumption that the top (Gd/Co) and bottom 

(Co/Gd) interface are the same, one would expect that the 𝑇 .  of double Co/Gd 

interface structures will be comparable with 𝑇 . of the single (Co/Gd) interface group. 

However, as seen in Figure 6.2, S/Ta shows a lower 𝑇 . (177 K) and a higher room-

temperature moment compared with D/Ta, which means that the top and bottom 

interfaces are not identical. More specifically, the higher 𝑇 .  of D/Ta would be 

consistent with a larger induced Gd moment at the top interface. This finding agrees with 

work by T. C. Hufnagel et al., who reported that compared with the case when Co is 

deposited on Gd, less rapid intermixing is observed when Gd is deposited on Co207. The 

same trend is observed for the samples capped with Pt, albeit they display a higher 𝑇 . 

compared to their Ta counterparts, and the difference between S and D structure is larger. 

For structures with a single Co layer, the sample capped with Pt (S/Pt) exhibits less 

intermixed Gd compared with S/Ta, which might be caused by the intermixing between 

Gd and the capping layer. Furthermore, note that we did not observe 𝑇 . below room-
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temperature for D/Pt in Figure 6.2, and the inverse Kerr signal, shown in Figure 6.1 (b), 

indicates an inverse total moment of the whole structure which means the Gd moment is 

larger than the Co moment in D/Pt. Therefore, we deduce that D/Pt has a 𝑇 . above 

room-temperature indeed. 

 

 Characterization of DMI with creep mode DW motion 

We quantified the strength of DMI in our samples employing a magneto-optical Kerr 

microscope to observe asymmetric DW movement in the creep regime with an in-plane 

field 𝐻  and a perpendicular field 𝐻 . The dependence of DW velocities on the in-plane 

field is found to display a minimum occurring at a non-zero value of 𝐻 , which we use as 

an indication of the strength of DMI and mark it as 𝐻 112. A typical result of 

asymmetrical DW motion in the presence of an in-plane field 𝐻  is shown in Figure 6.3. 

The applied 𝜇 𝐻  is around tens of milli-tesla, and the in-plane field 𝜇 𝐻  is in the range 

of ± 350 mT.  

 

Figure 6.3: DW expansion of S/Ta driven by out-of-plane magnetic field 𝜇 |𝐻 | = 16.6 mT with in-plane 
field 𝜇 |𝐻 | = 280 mT. 

 
Due to strong pinning and 𝑇 . being close to room-temperature, we failed to observe 

DW motion in sample D/Pt. The other three samples displayed a very pronounced 

asymmetry in the DW velocity which indicates a sizable DMI. We employed a procedure 

using an empirical function (see Appendix 6B) by which we obtained the values of the 

effective DMI field 𝐻 , as shown in Figure 6.4. In a ferromagnetic system, the DMI 

energy can be extracted by Equation (2.1), |𝐷| 𝜇 𝑀 |𝐻 | 𝐴/𝐾 . As we mentioned 

above, in a Co/Gd system, there is a very thin layer of Gd antiferromagnetically coupled 

with Co at the Co/Gd interface. It has been reported that the thickness of the 

antiferromagnetic Gd layer is about 0.5 nm. Although extracting a quantitative value of 

the DMI parameter 𝐷  is far from trivial for this system, we performed a simplified 
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analysis to derive a rough estimate. By assuming the thickness of ferromagnetic layer 𝑡 = 

1.5 nm for a single Co structure (S/Pt and S/Ta) and 𝑡 = 3.0 nm for a double Co structure 

(D/Pt and D/Ta), 𝑀  and 𝐾  (averaged over Co and Gd per unit volume) can be 

calculated based on the VSM data. Taking 𝐴 = 16 pJ/m from literature111, we estimate 

|𝐷| ≈ 0.09±0.01, 0.24±0.01 and 0.37±0.01 mJ/m2 for D/Ta, S/Ta, and S/Pt respectively. 

We do notice that the characterization of DMI by the minimum DW velocity in the creep 

mode has been intensively debated. Nevertheless, employing the same measurement and 

a model including the most important contributions to the domain-wall energy, Hartmann 

et al. have reported a 𝐻  ~ 220 mT in Pt/Co/Gd structure112, which is close to our result 

of S/Ta as shown in Figure 6.4 (b). This correspondence may indicate that for our Co/Gd 

structures creep data provides a reasonable and trustworthy value of the DMI field. 

However, independent of such a quantitative comparison, the strong asymmetries we 

measured in the DW velocities are a clear indication of a significant DMI for all samples, 

and a reduced DMI of the double structure as compared to the single one shown in Figure 

6.4 (b) and (c). This is consistent with our expectation that the double-Co-layer structure 

should be more symmetric, i.e. have a smaller 𝐻 , because of the inversion symmetry 

of the Co/Gd and Gd/Co interface. The observation that D/Ta still has a finite 𝐻 , hints 

again at the non-equivalence of the bottom and top interface, as could be explained by 

growth-induced differences. We stress that our estimate of |𝐷| is just a rough estimate for 

several reasons, including but not limited to the uncertainty of 𝑡 and 𝐴. Hereon, we leave 

the exact value of |𝐷| in our Co/Gd system as an open question for further research. 

 

Figure 6.4: DW velocities of structure S/Pt, S/Ta and D/Ta are shown in (a), (b) and (c) respectively, 
with 𝜇 |𝐻 |  varies from -350 mT to 350 mT and corresponding 𝜇 𝐻  as well as the fitted 𝜇 |𝐻 | 
(corresponding to the gray dashed lines) are indicated. 𝑣  (blue symbols) present the domain’s velocity 
along the +𝑥-axis, 𝑣  (red symbols) present the domain’s velocity along the -𝑥-axis. 
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 Characterization of the threshold fluence 

We carried out all-optical switching experiments on these synthetic-ferrimagnetic 

multilayers. All samples were firstly saturated with an external field and then excited by 

single laser pulses without applying a magnetic field. Each structure was exposed to 

linearly polarized laser pulses with 700 nm central wavelength, ~100 fs duration, and a 

pulse energy up to 1 μJ, focused on typically a spot size of ~50 μm diameter. The all-

optically written domains were imaged after mounting the samples in a Kerr microscope. 

In this section, we will discuss experiments aimed at exploring the AOS efficiency of the 

various samples. In the following sections we will report on experimental investigations 

aimed at understanding the stability of small, optically written micro-magnetic domains, 

after first having provided some physical insight by introducing some simple models. 

As outlined above, we start by exploring the AOS efficiency. A threshold fluence 𝐹  is 

defined as the threshold pulse energy 𝑃  divided by the laser spot area 𝐴  (defined at 1/e 

intensity). Considering the thermal switching mechanism, demagnetization of the 

magnetic layer is a precondition for magnetization switching. We varied the pulse energy 

by a neutral density filter wheel and wrote circular domains by single laser pulses, shown 

in Figure 6.5 (a). It can be seen that above the threshold energy 𝑃 , the domain area 

exhibits a positive correlation with pulse energy. The areas of domains written on the four 

samples are plotted in Figure 6.5 (b) as a function of pulse energy. Supposing the energy 

of the laser pulse shows a Gaussian spatial profile, in the case of an elliptical laser spot, 

the relation between the domain area and the pulse energy has been derived to be210 

𝐴 2𝜋𝑟𝜎 ln  𝐴 ln ,                               (6.1) 

where 𝜎 is the length of the short axis for the elliptical Gaussian spot and 𝑟 the ratio 

between the long and short axis. 𝑟 and 𝜎 were determined from the Kerr images, after 

which 𝐴  and 𝐹  can be fitted using Equation (6.1). The fitted 𝐹  of the four structures 

grown on Si/SiO2 are smaller than 𝐹  for structures with Si:B substrate, due to more 

efficient optical absorption. More details are discussed in Appendix 6C. 
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Figure 6.5: Pulse-energy-dependent AOS measurement on Co/Gd stacks. (a) Kerr image of the switching 
experiments performed on S/Pt. An increasing domain area is observed upon increasing the pulse energy 
up to 450 nJ. (b) Domain size as a function of pulse energy for different structures. The minimum pulse 
energy to nucleate a domain (intercept of 𝑥-axis) corresponds to the threshold energy 𝑃 .  

 

 Theoretical model for domains’ shape-change 

To understand the stability of small domains after AOS, we will distinguish two types of 

domains, as can be simply produced by one or two laser pulses. (i) Circular bubbles are 

written by AOS and using a single pulse, such as shown in Figure 6.5 (a). Note that these 

domains are expected to form skyrmionic bubbles, i.e., Néel-type domain walls with net 

chirality at zero fields when the DMI is strong enough. (ii) Moon shape patterns are 

produced by two successive, slightly displaced laser pulses, which converge to extremely 

thin, curved stripes if the displacement of the laser pulses is much smaller than the 

diameter of the laser spot, see Figure 6.6 (a). The latter one (type (ii)) will be discussed 

in the following part. We propose that the small domains display shape changes due to 

the laser’s heating effect or the following creep processes. To describe the creep-like 

deformation of the narrow-stripe-domain, we successively address two parts: the sharp 

tip and the middle region. 
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Figure 6.6: (a) A schematic of moon-shape domain pairs writing by 2 toggle laser pulses. (b) Shortening 
process of domains on the sharp tips. 

 

 Shortening process 

For an ideal writing process, governed by an entirely local switching event with a well-

defined threshold fluence, two moon-shaped domains are formed, touching in two 

singularities at opposite sides of the laser spot, where two domain walls cross. Such a 

structure is intrinsically unstable, as we verified by micro-magnetic simulations below. 

At a time-scale of nanoseconds, the two touching domains will detach as illustrated in 

Figure 6.6 (a), ending up in two tapered domains with rounded ends. To further reduce 

their micromagnetic energy, these tapered ends will shrink like Figure 6.6 (b) illustrates. 

This shortening process is dominated by the reduction of domain wall energy to lower the 

total energy, where the domain wall energy density is defined as 𝜎 4 𝐴𝐾 𝜋𝐷 (per 

unit area)57,211. In this way, not only 𝐴 and 𝐾  but also the strength of DMI is related to 

the instability (shrinkage) of the domain at its tip end; the larger the DMI energy the larger 

its stability, so the slower the shrinkage. 

To make an order of magnitude estimate of the effective field governing the shrinkage 

process, we approximate the tip end by a sharp triangle with a semi-circular cap, where θ 

is the opening angle, 𝑤 is the diameter, and 𝑡 is the ferromagnetic layer thickness (see 
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Figure 6.6 (b)).  In the limit of 𝜃 → 0, this structure can be considered as a stripe with 

fixed-width terminated by a semi-circular cap. For this structure, the domain wall energy 

will reduce by d𝐸 2𝜎𝑡d𝑥 when the stripe contracts by d𝑥. Neglecting the change in the 

dipolar field associated with this contraction, and comparing with the difference of 

Zeeman energy in an external field (∆𝐸 𝒎 ∙ 𝑩), the effective field corresponding to 

the reduction of DW energy can be written as 𝐵 . Note that upon 

contraction, and assuming a small but finite value of θ, the value of 𝑤 will increase, 

leading to a gradually slowing down of the shrinkage process. 

However, this contraction will not continue indefinitely. When the width of the stripe 𝑤 

grows larger, dipolar energies, which strive to increase the stripe width, will increase. In 

order to obtain a simple estimate, we approximate the domain by a semi-infinite stripe 

with a straight cap. To avoid divergencies in the integral for dipolar energies, the domain 

wall width ∆ should be assumed to be finite. According to the Biot-Savart’s Law and the 

difference of energy, we derived an approximate equation for the effective field 

associated with the dipolar interaction: 𝐵 ln ∆

∆
, where ∆ is the width of 

DW (see Appendix 6D). To be noticed, 𝐵  (expressed by Equation (6.8)) has the 

opposite sign as 𝐵 . As a consequence, the total effective field of the shortening process 

can be expressed as 

𝐵 ln ∆

∆
.                             (6.2) 

Note that, as a consequence, 𝐵   will fade-out slowly with increasing 𝑤. 

 

 Expansion process 

Finally, we note that near the center of the moon-shaped domain, it can be modelled as a 

stripe of width 𝑤 with infinite length corresponding to assuming 𝜃 → 0. In this limit, the 

broadening of the stripe at its center does not cost any domain wall energy, but dipolar 

interaction would result in a lower total energy with an increasing 𝑤. As a consequence, 

in this limit, there will always be a tendency to broaden. In practice, this process stops 

because the effective field becomes too small to lead to measurable creep, or the domain 

transforms into a shape with a less pronounced aspect ratio, in which the net driving force 

to reduce the DW energy may result in a net shrinkage everywhere, ultimately leading to 
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a collapse of the complete domain. Seen in Figure 6.7, an expansion process driven by 

dipole interaction will be observed in the middle of the narrow domain. Regarding the 

infinite length of the stripe domain (compared with its width), we can obtain the effective 

field 

𝐵 .                                                (6.3) 

 

Figure 6.7: Widening process of domain strip. 

 
Thus, it is found that the larger the domain width 𝑤 , the smaller the driving field 

associated with the expansion. With a specific 𝑤  and experimental 𝑀 𝑡 , 𝐵  of each 

structure can be quantitively obtained. For our structures, with a width of at least 1 micro-

meter, and using typical parameters, this leads to effective fields of 0.4 mT or smaller. In 

order to make an estimate of the relevance of such an effective field for our samples, we 

measured the domain wall velocity as a function of perpendicular field (at zero in-plane 

field). We fitted the results for each sample using the relation between the creep velocity 

and the driving field ln 𝑣 ~ 𝜇 𝐻 , and extrapolated the trends according to these fits 

(more details can be found in Appendix 6E). Thus, our estimate of 𝐵  extrapolates to a 

maximum velocity less than 1 μm in several days for all samples, which means that in 

our case the expansion process is expected to be negligible. We note that this weak 

tendency of widening a domain at its center is related to the small magnetization of our 

films, as a consequence of the compensating Co and Gd moments, leading to small dipolar 

effects. 

 

 Simulation of domains’ shape-change by mumax3 

We simulated the shape-change process of the moon like domain pair by the 

micromagnetic package Mumax3212 without applying any magnetic field and at 𝑇 = 0. A 
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series of results can be seen in Figure 6.8, where domain pairs with different ‘step sizes’ 

(i.e. the displacement of the laser spot between firing the two successive pulses) share the 

same time scale marked at the right. The first line of Figure 6.8 (a) - (c) corresponds to 

the relaxed state of each domain pair. We found that the spontaneous shortening process 

happens at a ns time scale after the creation of the domain. The shrinking velocity damps 

rapidly, in agreement with Equation (6.2), while the smaller the step size the larger the 

shrinking velocity. Besides, there isn’t any clear expansion process during the short-term 

time scale for all of the step sizes in our simulation. Finally, we note the asymmetry in 

shrinkage at the top and bottom end of the domain, particularly for the smallest step size 

(Figure 6.8 (a)). This artefact is due to a combination of our finite mesh size and the point 

like anomaly in the initial state with crossing domain walls, but resolving it goes beyond 

the scope of this chapter. More details about the simulations are given in Appendix 6F. 

 
Figure 6.8: Time-dependent shape-change of domains simulated by Mumax3, with a step size of (a) 2 
μm, (b) 5 μm, and (c) 10 μm. 
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 Experimental results of domains’ shape-change 

After understanding the main driving forces for the creep-like modifications of the AOS-

written domains, the experimental results are discussed in this section. We generated 

moon-shaped domain-pairs by two consecutive laser pulses with a shift (step size) of 10 

μm, 5 μm, 2 μm, and 1 μm. All samples were saturated by ~ 56 mT external field before 

the optical switching. Kerr images for switching results of different samples are shown in 

Figure 6.9, sharing the scale bar shown in Figure 6.9 (d). All of the images were obtained 

within 5 min after AOS. Due to having its 𝑇 . above room-temperature, D/Pt shows 

an inverse Kerr signal and correspondingly white domain areas, as compared to the black 

domains for the other three structures. It can be seen that the sharpest parts in the top and 

bottom ends of each domain-pair have eclipsed in a similar fashion as introduced in 

Figure 6.6 and Figure 6.8. This demonstrates that an initial shortening process happened 

in the time interval between creating the domains and measuring the Kerr images. We 

also notice that the thinner domains (corresponding to largest 𝜃 and smallest 𝑤) produced 

with small step size suffer from stronger quenching processes, while more stable domains 

are produced with larger step sizes. We decreased the step sizes until the domains are 

unstable even at a time scale of minutes. For the S/Pt, D/Pt, S/Ta, and D/Ta structures, 

this led to a minimum step size of (roughly) 2 μm, 1 μm, 2 μm, and 5 μm respectively. 

According to Equation (6.2), the effective driving field of the shortening process 𝐵  has 

a contribution that is proportional to the DW energy, which is negatively correlated to the 

DMI energy 𝐷. Comparing the domain images at 2 μm step size in Figure 6.9 (c) and (d), 

the sample with larger structural asymmetry (S/Ta) still shows some small domains, 

whereas all domains were completely quenched for the D/Ta sample. This behavior hints 

at a larger stability for domains in S/Ta structures, which is consistent with Equation (6.2). 

Since D/Pt exhibit 𝑇 . higher than room temperature, other complicated mechanisms 

might be involved in the domain’s stability, we refrain from a discussion of the group 

capped by Pt (S/Pt and D/Pt) here. 
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Figure 6.9: The moon-shape domain pairs writing by 2 toggle laser pulses on the sample (a) S/Pt, (b) 
D/Pt, (c) S/Ta, and (d) D/Ta. Different step sizes result in different domains’ width, while each column 
from left to right corresponding to step size 10 μm, 5 μm, 2 μm, and 1 μm. Scale bar is shown in (d). 

 

 Analysis and discussion 

To describe the shape-change of domains more quantitatively and with specific emphasis 

on domain dynamics at a longer time scale, we analyzed the variance of the waist width 

and the opening angle, corresponding to the expansion and shrinkage respectively. The 

definitions of the width and the opening angle (𝜆  and 𝜆 ) are given in Figure 6.10 (a). In 

passing we note that the observed difference between 𝜆  and 𝜆  can be explained by an 

asymmetry of the laser spot. For that reason, we averaged 𝜆  (left domain) and 𝜆  (right 

domain) of each domain pair with the same step size. Furthermore, we averaged width of 

domains within ± 5˚ range around the 𝑥-axis. The averaged 𝜆, as well as the averaged 

width, as a function of time (after AOS) for each structure are shown in Figure 6.10 (b) - 

(d). 

We first focus on a possible widening effect. The dashed black lines in the top panels of 

Figure 6.10 (b) - (d) represent the averaged width of the ideal shape (without expansion), 

which is determined by the corresponding step sizes. Taking the error bars into account, 

the measured (averaged) width does not significantly deviate from the ideal values, i.e., 

there is not any observable expansion process in both the short-term and the long-term 

time scales after AOS. 
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Next, we address the shortening process, by inspecting the lower panels of Figure 6.10 

(b) - (d). Right after AOS, the initial value of λ (the average of 𝜆  and 𝜆 ) should be 180˚. 

The measured values are clearly smaller, corresponding to the initial shrinkage that we 

already qualitatively discussed before. Beyond this initial shrinkage that happens at a 

short time scale after AOS, the values of 𝜆 display a clear further reduction at a time scale 

of up to an hour. We fitted the trends of the averaged λ from 3 to 60 minutes by 𝜆 𝐴

𝐵𝑡. The fitted parameter 𝐵 is proportional to the shortening velocity at this longer time 

scale. Converted to domain wall velocities, values up to approximately 10-9 - 10-8 m/s are 

found. Detailed values are given in Appendix 6E. The bottom panels in Figure 6.10 (b) - 

(d) show that domains generated at smaller step size shorten faster than domains at larger 

step size, which is consistent with the simulation results shown in Figure 6.8. 

 

Figure 6.10: (a) Kerr image of a domain-pair on D/Ta stacks, including the definition of width and λ in 
the later figures. (b) - (d) the time evolution of average width (top) and average λ (bottom) for domains 
written at 2 μm, 5 μm, and 10 μm step size during tens of minutes after AOS. Comparison of (e) shortening 
velocity and (f) driving field between experimental and theoretical data. Due to the uncertainty of the 

ferromagnetic layer thickness, we take S/Ta as an example, calculate confidence intervals for 𝑣  and the 

corresponding 𝐵  shown in (e) and (f) as light blue zones. Note that at 2 μm step size all domains on 

D/Ta were quenched before the first Kerr image was taken, indicative for a large shortening velocity and 
driving field, as schematically indicated by the red arrow. (b) - (f) share a common legend shown in (b). 
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Based on the above experimental results (Figure 6.10 (b) - (d)) and physical model 

(Equation (6.2)), we quantitatively compared the theoretical shortening velocity 𝑣  with 

the experimental shortening velocity 𝑣 , as well as the corresponding driving fields (𝐵  

and 𝜇 𝐻 ). Results are shown in Figure 6.10 (e) and (f), respectively. D/Pt is omitted in 

this part due to the absence of reliable DMI measurements. First, we discuss how we 

derived the ‘experimental’ values. We use the fitted parameter 𝐵 to calculate 𝑣 . In the 

limit of 𝜑 → 0,  𝜃 tan𝜑, and thus 𝑣 ∆

∆

∆

∆
, where 𝑅 equals to the radius of a 

domain written by a single laser pulse (~ 25 μm in our case), ∆𝑆 stands for the shortening 

length within a period time ∆𝑡, and 
∆

∆
 corresponds to the fitted value of 𝐵. The definition 

of ∆𝑆, 𝑅, and 𝜑 can be found in Figure 6.6 (a). Extrapolating the measured field-induced 

DW velocities using the creep law, we also estimated the experimental driving field 

𝜇 𝐻 . The error bar of the experimental data comes from the standard error of the fitted 

𝐵 . Next, we address how we derived the ‘theoretical’ values. The driving field for 

shortening can be obtained from Equation (6.2). 𝐵  can be calculated by adopting a 

value of exchange stiffness 𝐴  = 16 pJ/m from the literature111, using the saturation 

magnetization 𝑀  and effective anisotropy 𝐾  from our experimental data (VSM data, 

assuming 𝑡  = 1.5 nm or 3.0 nm), DW width ∆ 𝐴 𝐾⁄ , DMI energy 𝐷  (as we 

introduced in the DMI section) and domain width 𝑤. To be noticed, we approximated the 

domain width 𝑤 by the step size values to simplify the calculations, but verified that the 

error range on the domain width 𝑤  does not significantly affect the order of 𝐵 . 

Similarly, the theoretical shortening velocity 𝑣  can be calculated according to 

extrapolating our DW velocity data according to the creep law. Taking S/Ta as an 

example, we change the ferromagnetic layer thickness t from 1 nm to 4 nm (2 nm to 5 

nm for D/X structure), recalculate 𝑀  (per volume), 𝐾  (per volume), 𝐷, then obtained 

confidence intervals for 𝑣  and 𝐵 , shown as the light blue zones in Figure 6.10 (e) and 

(f). Detailed values of each parameter as well as the relation between the creep velocity 

and the driving field are provided in Appendix 6E. 

Comparing the experimental and theoretical estimates in Figure 6.10 (e) and (f), a 

reasonable agreement can be concluded on. (i) Within order of magnitude the driving 

fields compare well; both the experiment and theoretical predictions yield fields of the 

order of 10 mT. Although due to the exponential behavior the theoretical velocities vary 
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over many orders of magnitude, also there some overlap can be observed. (ii) We found 

the same trend in shrinkage as a function of domain width. Both the theoretical and 

experimental results show that the shrinkage is more pronounced in narrower domains. 

(iii) As to the role of DMI, at 2 μm step size, a clear stabilizing effect of DMI is found in 

the Ta-capped set of samples. A lower DMI led to a quenching of all domains. For the 

data at larger step sizes, the experimental velocities and driving fields show a less 

systematic effect. The effect of DMI is certainly smaller than the theoretical values predict. 

As to the other discrepancies between theory and experiments, in particular the 

observation that the absolute values of 𝑣  and 𝐵  are appreciably larger than 𝑣  and 

𝜇 𝐻 , they can be attributed to several reasons. Firstly, as described by our physical 

model on the shrinkage, under the limitation of 𝜃 →  0, the length change of the 

semicircular cap ∆𝑤 (from 𝑤 to 𝑤′ shown in Figure 6.6 (b)) can be neglected. In the case 

of a specific 𝜃, the contribution of ∆𝑤  would result in a smaller  (positive 

term of Equation (6.2)) and a smaller 𝐵 . Secondly, with a specific 𝜃 , the dipole 

interaction would be larger, thus result in a larger ln ∆

∆
 (negative term of 

Equation (6.2)) and also a smaller 𝐵 . Thirdly, the estimations of the DMI energy and 

the ferromagnetic layer thickness are quite rough. Finally, taking the light blue areas 

(confidence interval) in Figure 6.10 (e) and (f), as well as the error bars into account, we 

conclude that our model is in reasonable qualitative agreement with the experiments. 

 

 Conclusion 

In conclusion, we explored the role of DMI on the dynamics of AOS-written domains in 

synthetic ferrimagnetic Pt/Co/Gd multilayers. Using stacks with single and double Co/Gd 

interfaces, which in the ideal case should correspond to asymmetric and symmetric 

structures, respectively, we distinguish between systems with large and small DMI. 

Firstly, the compensation temperature was measured to confirm the synthetic-

ferrimagnetic behavior of these stacks. Then the DMI strength was estimated by 

measuring asymmetric field-induced DW motion in the presence of an in-plane field. 

Next, we proposed a physical model for two types of shape-change in narrow domain 

stripes, i.e., a shortening and a widening process. Micromagnetic simulations and 

experimental observation on the optically written domains were also performed, which 
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qualitatively and quantitively confirmed the shrinkage process and excluded the 

expansion process of domains. More specifically, a very fast shortening is observed, 

annihilating the unstable configuration of two crossing domain walls.  Initial shortening 

occurs at a ns time scale, after which domain wall motion slows down rapidly. Only 

moon-shaped domains with an original width larger than 1 - 2 μm are not fully quenched 

within a time scale of several minutes, and a stabilizing role of DMI is resolved. Through 

the comparison between the theoretical and experimental results on the shrinkage of 

domains, we demonstrated the applicability of our model, which describes the role of 

DMI on the shortening process of optically switched domains. More specifically, we 

conclude that DMI as inherently built into the Pt/Co/Gd stacks, is helpful for stabilizing 

AOS-written small-size domain stripes. We notice that it is not trivial to scale down to 

sub-micron dimensions as would be required for large data densities but our present study 

is expected to guide follow-up research aimed at reaching that goal.  

 

Appendix 6A: Analysis on the temperature dependence of the magnetic 

moment and extraction of 𝑻𝐜𝐨𝐦𝐩. in synthetic-ferrimagnetic structures 

To obtain the compensation temperature 𝑇 ., we carried out measurements with and 

without bias magnetic fields. As an example, Figure 6.11 (a) displays the curves of 

magnetic moment per unit area as a function of temperature (𝑀-𝑇) under +1 T, 0 T and -

1 T external bias field for S/Ta. The sample was saturated before each next measurement. 

When there is no bias field, the moment will cross zero at the compensation point. Thus, 

we obtain 𝑇 . = 177.08 K. When applying a bias field, the compensation point is 

defined as the “inflection point” of the curve, which results in a slightly lower 𝑇 . = 

174.85 K. The latter procedure is insensitive to the diamagnetic moment of substrate and 

holder, because they do not affect the inflection point. The moments of both Co and Gd 

tend to be aligned with the applied magnetic field except for the interfacial spins. If the 

bias field is increased, the observed magnetic compensation temperature would be 

suppressed213. This explains the difference between 𝑇 . measuring with or without 

bias field. 

In Figure 6.11 (b), the evolution of the relative magnitude and orientation of the magnetic 

moment of Co and Gd without bias field when the temperature decreased from 300 K is 
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schematically illustrated. During the cooling down process, the moment of Gd will grow 

more strongly than the moment of Co, and thereby the relative magnitude of Co decreases. 

At the compensation point, negative (Gd) and positive (Co) moments are equal so the 

blue curve in Figure 6.11 (a) crosses zero. When the temperature keeps going down, the 

shape anisotropy (which tends to drive the moment in-plane) of the sample increases and 

may overcome the interfacial anisotropy (which prefers the moment to lie perpendicularly) 

at low temperature. This explains why the blue curve displays an absolute-value close to 

zero below the reorientation transition temperature, which is found to be just below 100 

K for this specific (S/Ta) sample. 

When we applied a magnetic field on the sample and scan for 𝑀- 𝑇 curves while cooling 

down and warming up, the two curves show hysteresis as indicated in Figure 6.11 (c). It 

has been explained in the literature, that the crossing point (instead of the inflection point) 

should be regarded as the compensation temperature214. Because of these complications, 

measuring the varying moment without bias field and decreasing the temperature from 

300 K is considered to be the most convenient and reliable method. However, the 

reasonable correspondence between results obtained with the different methods serves as 

a confirmation of the correctness of the extracted compensation temperature. 

 

Figure 6.11: (a) The moment per area as a function of temperature, cooling down from 300 K down to 5 
K, for sample S/Ta: Ta/Pt/Co/Gd/Ta. Red, blue and yellow curves correspond to +1 T, 0 T, and -1 T bias 
fields during the measurements, after having saturated the sample at +6, +6, and -6 T, respectively. The 
observed 𝑇 . values are 174.85 K with (+1 T or -1 T) bias field and 179.06 K without bias field. (b) A 

schematic of Co (blue) and Gd (red) moment under different temperature regions; see text for details. (c) 
Measuring 𝑇 . with +1 T bias field after having saturated the sample at +6 T, decreasing the temperature 

from 300 K (red) and increasing the temperature from 5 K (green). 
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Appendix 6B: Fitting function for 𝑯𝐃𝐌𝐈 

We quantified the strength of DMI in our samples employing a magneto-optical Kerr 

microscope to observe asymmetric DW movement in the creep regime with an in-plane 

field 𝐻  and a perpendicular field 𝐻 . The dependence of DW velocities on the in-plane 

field is found to display a minimum occurring at a non-zero value of 𝐻 . Here, we use a 

procedure using a phenomenological function to obtain the values of the effective DMI 

field through the asymmetric DW motions: 
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Here, 𝑣  and 𝑣  present the DW velocity along the 𝑥 and 𝑥 axis (indicated in Figure 

6.3); 𝐵 equals to the in-plane field 𝜇 𝐻 ; 𝐵  is the fitted effective DMI field 𝜇 𝐻 ; 

𝑣  is a constant, representing the velocity at 𝐵 𝐵  if 𝐵  would be set to 0; 𝐵  is a 

broadening parameter measuring how large the region is where log𝐵 is rounded; 𝐴 is a 

constant that scales with the ratio of 𝑣  and 𝑣 . The above empirical function is found to 

fit the velocity curves over the full range of the in-plane field in rather an accurate way, 

and is thereby a useful tool to extract the DMI field. We introduced the parameter n to 

optimize the fit far away from the minimum, but emphasize it does not have any specific 

physical meaning. 

 

Appendix 6C: Threshold fluence for structures with Si/SiO2 and Si:B 

substrates 

In fitting values of 𝐴  and 𝐹  from the area of the written domains as a function of pulse 

energy (Figure 6.5), we only used the experimental data for pulse energy below 400 nJ. 
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The reason for this choice is that at large pulse energy well above the threshold, the 

switched domain becomes much larger than laser spot area 𝐴 , which means that even 

the low-energy tail of the laser focus has a fluence above threshold. Since due to multiple 

effects this tail deviates from a pure Gaussian shape, Equation (6.1) will be no longer 

applicable. The fitted 𝐹  of the four structures grown on both Si:B and Si/SiO2 substrates 

are shown by vertical bars in Figure 6.12 (a). Obviously, different substrates result in 

different 𝐹  for the same structure. We comment on this striking substrate dependence 

below. It can also be noticed that structures with double Co/Gd interfaces exhibit higher 

𝐹  than single interface structures, and this discrepancy is more pronounced for structures 

capped by Ta. We have no consistent explanation for the different threshold for S and D 

structures but speculate that it may be related to a difference in intermixing at the 

interfaces206, the larger 𝑇 ., or a difference in Curie temperature (although we did not 

measure the latter). 

As to the remarkable difference of threshold fluence for the two different substrates, we 

attribute it to the different laser reflectivity and thereby different efficiency of absorbing 

the laser energy in the metallic film. In order to quantitatively understand the difference 

in threshold fluence 𝐹 , firstly we want to assure that the difference is not an artefact of 

the fitting procedure, in which both spot size 𝐴  and threshold fluence 𝐹  are 

independently fitted for each sample. In Figure 6.12 (a) it is shown that the fitted value 

of 𝐴  shows no significant systematic dependency on the type of sample; its value is 

constant within approximately 10%. This proves that the large dependency of threshold 

fluence 𝐹  is not caused by 𝐴 , but is a genuine effect. Then we calculated the light 

absorption of each structure grown on Si/SiO2 and Si:B substrates by the transfer matrix 

method215. As we can see in Figure 6.12 (b) - (e), stacks grown on Si/SiO2 exhibit higher 

absorption compared with stacks grown on Si:B substrate, although the relative difference 

depends slightly on the details of the metallic stack. Higher absorption means lower 

reflection and lower fluence (energy per unit area) required for optical switching. In fact, 

the Si/SiO2 with a SiO2 thickness of approximately 100 nm, acts as an anti-reflection 

coating. Hereof, we attributed the remarkable difference to the different laser reflectivity 

influenced by the substrates. 
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Figure 6.12: (a) Comparison of fitted spot size 𝐴  (dots) and the threshold fluence 𝐹  (vertical bars) for 
different substrate in different structures. Calculated laser absorption of stacks grown on Si/SiO2 (red lines) 
and Si:B (blue lines) substrates with structures of (b) S/Pt, (c) D/Pt, (d) S/Ta, and (e) D/Ta. 

 

Appendix 6D: Derivation of the effective field 𝑩𝐞𝐟𝐟
𝐝𝐢  corresponding to the 

dipolar interaction during the shortening process 

Shown in Figure 6.6 (c), we marked 𝜉 as the edge current which produces the same field 

as the homogeneous magnetization of the area surrounded by 𝜉 . Note that for a 

homogeneously magnetized PMA domain it can easily be derived that 

𝜉 𝑀 𝑡,                                                      (6.6) 

where 𝑀  is the saturation magnetization, 𝑡 is the thickness of the ferromagnetic layer in 

our case. Using the Biot-Savart’s Law and regarding 𝜉 as a current line with infinite 
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length, the effective magnetic field produced by 𝜉 at any point can be written as 𝐵 𝑟

 (𝐵 𝑟 , when 𝜉 is semi-infinite), where 𝑟 is the distance from the point to 𝜉. In 

order to obtain a simple estimate, we approximate the domain by a semi-infinite stripe 

with a straight cap in the limit of 𝜃 → 0, shown as Figure 6.6 (a). We introduce a finite 

width of the domain wall ∆, as we model it in a simplified fashion by assuming that inside 

the full width ∆ the magnetization is aligned in the in-plane direction, shown in Figure 

6.6 (b). Considering the inversed magnetization of the up-side and down-side region, only 

the left-side and right-side region would induce a field due to the dipole interaction. At 

each point on the top edge of the domain, the effective field produced by 𝜉 (at two sides) 

is 

𝐵 𝑦 ,                                          (6.7) 

where 𝑦 is the distance from this point to the left edge of the domain and 𝑤 is the width 

of the domain. Comparing with the difference of Zeeman energy in an external field 

(∆𝐸 𝒎 ∙ 𝑩), the domain wall energy will reduce by d𝐸 when the stripe contracts by 

d𝑥 , and d𝐸 2𝑀 𝑡d𝑥 𝐵 𝑦 d𝑦
∆

∆ . Substituting Equation (6.6) and (6.7), yields: 

d𝐸 d𝑥 d𝑦
∆

∆ 𝑀 𝑡𝑤d𝑥 ∗ 𝐵 . Thus, we find the effective field 

corresponding to the dipolar interaction: 

𝐵 ln ∆

∆
.                                        (6.8) 

 

Figure 6.13: A top-view of domains (black and white areas) in a PMA sample. (a) The tip of a domain 
stripe with a finite θ. (b) A zoom-in picture of the top area in (a). The gray regions present the width of DW 
where the magnetization is aligned in the in-plane direction, as the gray arrows indicate. (c) An illustration 
of edge current 𝜉. 
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Appendix 6E: Derivation of the effective field 𝑩𝐞𝐟𝐟
𝐝𝐢  corresponding to the 

dipolar interaction during the shortening process 

DW velocities without in-plane field 

The determination of DMI by the asymmetry of the DW velocity in the presence of an in-

plane field is based on the creep mode DW motion. We measured the DW velocity 𝑣 with 

different driving-field value 𝜇 𝐻  while the in-plane field 𝜇 𝐻  = 0 mT to prove the 

feasibility of our DMI measurement and to estimate the driving field of the domains’ 

shape-change process. According to the creep law, domain wall motion in creep mode 

can be described as ln 𝑣 ~ 𝜇 𝐻 .108 The experimental results of samples D/Ta, S/Ta 

and S/Pt are shown below in Figure 6.14. We fitted the experimental represented as ln 𝑣  

vs. 𝜇 𝐻  , by a straight line, and wrote the corresponding relation between the creep 

velocity and the driving field in the legend (y stands for ln 𝑣  and x stands for 𝜇 𝐻 ).  

 

Figure 6.14: Fitting lines of 𝜇 𝐻  - 𝑙𝑛 𝑣  for D/Ta, S/Ta and S/Pt samples when 𝜇 𝐻  = 0, where 
𝑣 in m/s, 𝜇 𝐻  in mT. 

 

Calculated velocities and driving fields for the shortening process 

The calculation of the velocity corresponding to the shortening process has been 

introduced in the main manuscript. Here we give the detailed values of each parameter in 

the following Table S1, including the fitted parameter 𝐵, the experimental shortening 

velocity 𝑣 , the experimental shortening driving field 𝜇 𝐻 , the theoretical shortening 

driving field 𝐵  and the theoretical shortening velocity 𝑣  with different step size 

values. Here, the saturation magnetization 𝑀 ∗ 𝑡 is 1.67×10-4 A, 3.01×10-4 A, -1.03×10-

4 A, and 4.62×10-4 A for D/Ta, S/Ta, D/Pt, and S/Pt, respectively, as obtained from 
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VSM-SQUID. The negative saturation magnetization stands for an inversed direction of 

the Co magnetic moment compared with the other three structures with the same direction 

of the external field. We take the ferromagnetic layer thickness 𝑡 as 1.5 nm for S/X (Pt or 

Ta) and 3.0 nm for D/X (Pt or Ta), then the effective anisotropy 𝐾  is 4.35×104 J/m3, 

1.00×105 J/m3, 1.54×104 J/m3, and 1.22×105 J/m3 for D/Ta, S/Ta, D/Pt, and S/Pt. We 

give the detailed values of each parameter in Table 6.1, including the fitted parameter 𝐵, 

the experimental shortening velocity 𝑣 , the experimental shortening driving field 

𝜇 𝐻 , the theoretical shortening driving field 𝐵  and the theoretical shortening velocity 

𝑣  with different step size values. 

 

Table 6.1: A collection of the experimental and the theoretical shortening results for each structure. 
Part 1 Step size = 2 μm 

Step size Experimental results Theoretical results 

2 μm 
𝐵 (deg/min) 

& Std. error 

𝑣  (m/s) 

& Std. error

𝜇 𝐻  (mT)

& Std. error
𝐵  (mT) 𝑣  (m/s) 

D/Ta 
-- -- -- 

5.46×101 6.13×10-4 
-- -- -- 

S/Ta 
1.2 2.18×10-9 8.89 

2.08×101 8.22×10-7 
9.76×10-2 1.77×10-10 6.51 

D/Pt 
1.33×10-1 2.41×10-10 -- 

-- -- 
8.16×10-2 1.48×10-10 -- 

S/Pt 
1.79 3.25×10-9 3.79 

1.34×101 2.18×10-4 
1.53×10-4 2.78×10-13 1.67 

 
 

Part 2 Step size = 5 μm 

Step size Experimental results Theoretical results 

5 μm 
𝐵 (deg/min) 

& Std. error 

𝑣  (m/s) 

& Std. error

𝜇 𝐻  (mT) 

& Std. error 
𝐵  (mT) 𝑣  (m/s) 

D/Ta 
2.18×10-1 3.97×10-10 7.83 

2.18×101 1.71×10-6 
6.93×10-2 1.26×10-10 6.93 

S/Ta 
2.41×10-1 4.37×10-10 7.26 

8.29 1.27×10-9 
2.58×10-2 4.69×10-11 5.57 

D/Pt 
1.30×10-1 2.37×10-10 -- 

-- -- 
4.08×10-2 7.42×10-11 -- 

S/Pt 
1.05×10-1 1.92×10-10 2.91 

5.28 8.46×10-8 
3.29×10-2 5.99×10-11 2.62 
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Part 3 Step size = 10 μm 

Step size Experimental results Theoretical results 

10 μm 
𝐵 (deg/min) 

& Std. error 

𝑣  (m/s) 

& Std. error

𝜇 𝐻  (mT)

& Std. error 
𝐵  (mT) 𝑣  (m/s) 

D/Ta 
9.13×10-2 1.66×10-10 7.14 

1.09×101 7.47×10-9 
1.25×10-2 2.28×10-11 5.82 

S/Ta 
1.43×10-1 2.60×10-10 6.81 

4.13 3.17×10-12 
2.40×10-2 4.37×10-11 5.52 

D/Pt 
2.37×10-2 4.32×10-11 -- 

-- -- 
3.36×10-2 6.11×10-11 -- 

S/Pt 
3.71×10-2 6.74×10-11 2.65 

2.61 5.83×10-11 
2.38×10-2 4.33×10-11 2.55 

 

Calculated velocities for the expansion process 

According to Equation (6.3), 𝐵 , the effective expansion field of each structure 

with different step sizes can be calculated. Taking the calculated 𝐵  into the creep 

functions as the effective drive field 𝜇 𝐻 , the corresponding velocity 𝑣  can be further 

deduced. A collection of results is shown in Table 6.2. Due to the absence of reliable 

creep data, the theoretical velocity for D/Pt cannot be obtained. Note that the maximum 

order of the creep velocity is as low as 10-29 m/s, which means the expansion process in 

our cases is ignorable. The conclusion latter is related to the small net magnetization of 

our films due to compensating Co and Gd moments. This leads to strongly reduced dipolar 

effects, which provide the only driving force for domain expansion in the absence of an 

applied magnetic field. 

 
Table 6.2: A collection of the theoretical 𝐵  and 𝑣  of each structure. 

𝒘 (μm)  D/Ta S/Ta D/Pt S/Pt 

2 
𝐵  (mT) 6.69×10-2 1.20×10-1 4.12×10-2 1.85×10-1 

𝑣 (m/s) 5.70×10-47 2.51×10-35 -- 2.19×10-29 

5 
𝐵  (mT) 2.68×10-2 4.82×10-2 1.65×10-2 7.39×10-2 

𝑣 (m/s) 1.34×10-60 1.84×10-45 -- 3.52×10-39 

10 
𝐵  (mT) 1.34×10-2 2.41×10-2 8.25×10-3 3.70×10-2 

𝑣 (m/s) 3.41×10-73 7.90×10-55 -- 3.13×10-48 
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Appendix 6F: Micromagnetic simulation of the domains shape-change 

We simulated the shape-change process of the moon like domain pair by Mumax3. The 

grid size and cell size are (1024, 768, 1) and (72×10-7/1024, 54×10-7/1024, 1×10-9/1), 

respectively. We set the saturation magnetization as 6×105 A/m and defined a uniaxial 

anisotropy along the 𝑧 -axis. The anisotropy energy, exchange stiffness, damping 

parameter and interfacial DMI energy are 0.8×106 J/m3, 1.5×10-11 J/m, 0.015, and 0.5×10-

3 J/m2. We manually differentiate the domain pairs of different width with different user-

defined figures and relax the system for energy minimization. The simulations were done 

at T = 0 K, and the results can be seen in Figure 6.8. 
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 Magnetic sensor based on DW motion 

 

 

In this chapter, we propose a magnetic field sensor based on DW pinning and depinning. 

In a nanowire patterned into a Christmas-tree-like geometry, asymmetric artificial 

notches can serve as bayonet locks, which can pin the DW in one direction but allow it to 

pass in the other direction. The depinning field is linearly dependent on the inverse of the 

size of bayonet locks. This dependence can be used to measure the external magnetic field 

in an easily detectable way. This concept was demonstrated with micromagnetic 

simulation, and the accuracy was experimentally verified. This type of sensor can be 

promising in the biomedicine area for detection of magnetic objects, such as the immune-

magnetic-nanoparticles (IMNPs), with high efficiency and non-volatility. 

                                                 

 This chapter has been published in IEEE Magnetics Letters232. 
 

7
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 Motivation and introduction 

Magnetic sensors based on magnetoresistance effects, mainly anisotropic 

magnetoresistance (AMR) sensors, GMR sensors, and TMR sensors, are rapidly 

developing, due to their great potential in biosensor applications216,217. Thanks to the 

excellent sensitivity, high integration and compatibility with standard CMOS 

technologies, GMR sensors and TMR sensors quickly draw attention in the detection of 

immune-magnetic-nanoparticles (IMNPs)218–220 and show great potential in the 

application of early diagnosis of cancer and carcinoma prognosis. However, the 

competition between higher sensitivity and larger measured field range remains a 

problem attracting intensive investigations. Such an important role of a magnetic sensor 

hastens the efforts on improving their performance to satisfy the growing demand for 

biosensors. Recently, DW propagation along magnetic nanowires has attracted great 

interests for the potential application in novel logic and memory devices86,221–223. To 

manipulate the DW motion, artificial defects are introduced, such as different-shape 

notches. Asymmetric notches act as asymmetric barriers so that a DW depins and moves 

easier in one direction than the other224–226, which shows ultra-high sensitivity with weak 

magnetic fields and high capability for the detection of IMNP labeled cancer cells, DNAs 

and other weak magnetic fields. 

In this chapter, we utilize the "Magnetic ratchet effect", and propose a Christmas-tree-

like magnetic sensor based on DW depinning in the notched nanowire, which exhibits a 

novel type of biosensor for the detection of the ultra-weak stray field of IMNPs or 

magnetic sensors for compass, wearable devices, etc. To measure the magnitude of a 

magnetic field, the structure is designed with different width entrance, and a high-

sensitivity field detector could be designed by adjusting the depinning field of a single 

notch. The calculation of DW surface tension and the depinning process are described 

clearly. Results of both simulations and experiments are supplied. 

 

 Introduction of device and (de)pinning effect 

A magnetic thin film with PMA is patterned into Christmas-tree-like geometry, composed 

with a series of tree bodies, as shown in Figure 7.1. Tree bodies are separated by bayonet 

locks like notches. These bayonet locks can pin the DW in one direction but allow it to 
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pass easily in the other direction, which will be demonstrated in the following. The width 

of the bayonet locks decreases gradually. The magnetization in the two terminals of the 

nanowires is pinned by synthetic anti-ferromagnets with large anisotropy. The initial 

magnetization of the two ends is set to be the opposite. The ultra-large coercivity of the 

anti-ferromagnet will assure that there is always one DW in the nanowire. In the two sides 

of every tree body, electrodes are patterned, which are used to detect magnetic switching 

when a DW passes using anomalous spin-Hall effect. 

 

Figure 7.1: Schematic of the Christmas-tree-like spin-Hall magnetic sensor. 

 
It has been found that in some materials, such as the Ta/CoFeB/MgO, the intrinsic 

depinning field is ultra-low171. The DW depinning field is mainly determined by the 

extrinsic pinning sites227. In this case, DW pinning and depinning can be accurately 

controlled. We have found that a DW can be pinned at the cross of a Hall bar or the 

entrance from a nanowire to a nucleation pad. Further experiments revealed that the 

depinning field is linearly dependent on the inverse of the width of wires. This 

dependence can be well explained by the concept of the Laplace pressure due to the DW 

surface tension, and we get the following relationship228: 

𝐻 𝐻 𝐻 ,                                (7.1) 

where 𝑤 is the width of bayonet lock, 𝐻  is a constant related to material defect and 𝜎 is 

the DW surface energy, for a Bloch type DW, 𝛾 can be calculated using the formula 𝜎

4 𝐴𝐾 . 𝐾  can be calculated as 𝐾 𝜇 𝑀 , with 𝐾  being the uniaxial anisotropy. 

The demagnetizing field 𝐻  can be calculated via the concept of magnetization 

current, results are show in the inset of Figure 7.3. More details on the method to estimate 

𝐻  can be found in Section 4.4.1. 

In the sensor we proposed, for a DW moving from the right to the left when it comes 

across a bayonet lock, it will be pinned, seen as Figure 7.2 (a) and (b). Since a DW can 
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be seen as an elastic membrane with surface energy 𝛾 and the further movement of the 

DW will cause the enlargement of its surface, the expansion of DW from the previous 

unit into the next one requires a larger field to overcome the energy barrier. The depinning 

field can be calculated with Equation (7.1) if we substitute w by the width of the bayonet 

lock. A DW can depin and enter the next unit only when the external field is larger than 

the depinning field, as Figure 7.2 (c) shows. When it arrives at the next pinning locks, the 

same pinning effects will take place. While the width of the pinning lock decreases and 

the pinning strength increases. The final position of the DW is determined by the 

magnitude of the external field. The local magnetization of wire will switch while the 

DW passed. The magnetization direction of each unit can be detected by the sign of the 

transverse voltage between the two electrodes induced by the anomalous Hall effect when 

a small current is applied along the longitude direction of the wire. Therefore, the 

magnitude of the external field can be characterized by checking the switch of the Hall 

voltage of the electrodes. 

Before each measurement, a magnetic field or a current is required for the initialization, 

i.e. moving the DW back to the right terminal. For a DW moving from left to right, seen 

as Figure 7.2 (d) - (f), the critical field required is determined by the slope of the 

enlargement of the wire width. This field could be at a low level since there is no sharp 

increase in the wire width. Therefore, the DW position can be initialized easily. 

 

Figure 7.2: DW motions of the field sensor. (a) - (c) the reaction of one unit on the sensor when measuring 
a magnetic field, DW moves, expand and pinned (or depinning). (d) - (f) applying a reversed field to 
initialize the sensor. 

 

 Simulation of DW motion in device 

We use a GPU-accelerated micro-magnetism software (mumax3) to simulate the 

application of the Christmas-tree-like sensor. To minimize the amount of calculation, 
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only one joint between two units is considered in the simulation. By assuming 𝑀  = 1×106 

A/m, 𝐴 = 1.5×10-11 J/m, 𝐾  = 8×105 J/m3 and Gilbert damping 𝛼 = 0.1, we obtained DW 

depinning status of different width bayonet locks. Figure 7.3 shows part of the results for 

a 250 nm joint. With the increase of the applied field, the curvature of the stable DW 

grows until depinning. 

 

Figure 7.3: Simulation results of one joint in the sensor, the neck width is 250 nm. The entrance in (a) -
(d) is the stable state at 50 ns with different applied field marked in lower right corners. (e) and (f) are the 
depinning state at 25 ns and state at 50 ns with 0.0214 T field. 

 
We also change the joint width to grope the depinning field of each unit via simulations 

and compare the results with the theoretical values obtained from Equation (7.1), as 

shown in Figure 7.4. Because of the intrinsic depinning field and the unicity of DW229, 

the width considered here varies from 100 nm to 2 μm which restricts the measuring range 

of the sensor from 2.7 mT to 520 mT. The simulated depinning field gets a very good 

agreement with the theoretically calculated values. 

 

Figure 7.4: DW depinning field value versus the width of neck. Open red circles stand for calculated 
values while solid black squares are simulation results. Inset is the estimation result of the demagnetizing 
field via the method of effective magnetic current. 
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 Discussion and conclusion 

We proposed a Christmas-tree-like magnetic field sensor based on the domain wall 

depinning in the notched nanowire. It can sense the magnetic field between several to 

hundreds of milli-tesla, especially to be used for the measurement of magnetic 

nanoparticles as a biosensor. Considering a single 2.8 μm diameter superparamagnetic 

microbead, which contains 10 nm magnetic particles with an iron content of 118 mg/g 

and saturation magnetization 𝑀  = 336 kA/m230, the effective field H  of the 

microbead at the sensor place can be calculated as 
 / /

√
 

when the microbead was set on the middle top of the sensor231, where 𝑙 is the length of a 

bayonet, 𝑤 is the width of the bayonet, and 𝑑 is the distance between the microbead and 

the sensor. Assuming a ~ 2.7 mT applied field 𝐻 , the scale of 𝐻  is several micro-

teslas which can be precisely detected by our sensor with a notch around 2 μm width. 

Viewing that no electrode is required to be capped on the magnetic layer, comparing with 

GMR or TMR sensors, this magnetometer allows the sensor to probe close to the 

measured field or the measured magnetic object. This distance can reach as small as 

several nanometers. The result of the measurement could be directly seen by a Kerr 

microscopy or converted as an electrical signal according to the anomalous spin Hall 

effect. More details can be seen in our journal paper232, both simulated and experimental 

results verified the feasibility of such a sensor. This sensor is also very suitable to detect 

the small field differences and other situations without a specialized integrated circuit. 

Meanwhile, the small size makes it possible to map the field strength of a space. It can be 

possibly used in a quickly varied field. 
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Summary 

 

 

Within this Thesis, we explored the role of interfacial effects on several phenomena and 

their relevance for future spintronic devices.  

After a general introduction, a theoretical basis and a description of experimental methods, 

Chapter 3 addressed a study of Gilbert damping in Pt/Co/HM multilayers. The damping 

parameter was measured using a time-resolved magneto-optical Kerr (TR-MOKE) set-

up. It is concluded that, compared with Ta and Pd, stacks with W features the lowest 

effective damping value, which may be attributed to the different spin-orbit coupling and 

interfacial hybridization between Co and HM materials. 

Next, in Chapter 4, we explored how DMI in the Pt/Co/MgO system can be tuned by 

varying the MgO thickness, inserting additional ultra-thin dusting layers at the interface 

and by thermal annealing. Asymmetric field-driven domain wall (DW) motion was 

measured by a Kerr microscope to characterize the strength of the DMI. The experimental 

results were also compared with theoretical DMI energy values obtained from ab initio 

calculations. We found that DMI can be increased up to 3.3 mJm-2, for a stack with 1.2 

nm MgO, 0.2 nm Ta inserted between the Co and MgO interface, and annealing process 

at 300 ℃. 

In Chapter 5, we report a study on the tuning of DMI by thermal annealing and electrical 

fields. Characterization of DMI was carried out in a Brillouin light scattering (BLS) 

system under an application of gate voltage. We found that the DMI energy of Pt/Co/MgO 

exhibits fluctuation trends with the variance of electric field. We gave some speculative 

discussion on this surprising behavior of VCDMI. 

In Chapter 6, an exploration of the role of DMI on magnetic domains written by single-

pulse in Pt/Co/Gd synthetic anti-ferromagnetic films was carried out. Without any 
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external magnetic fields, we look into the AOS properties and the potential role of the 

DMI on the AOS process and the stability of optically written micro-magnetic domains. 

Particularly, interesting dynamics are observed in moon-shaped structures written by two 

successive laser pulses. The shrinkage and the expansion of domains resulting from an 

interplay of the dipolar interaction and domain-wall energy are compared to simple 

analytical models and micromagnetic simulations.  

Finally, in Chapter 7, we represent a novel magnetic field sensor based on DW 

(de)pinning effect. We use mumax3 to simulate the feasibility of this sensor and derive a 

criterion for the field to be measured. 

The research presented in this thesis reports on some novel and interesting results, for 

which we suggest further investigation: 

1. The extraction of the DMI constant from the minimum of the DW velocity in creep 

mode with an in-plane field has been shown to be an oversimplified interpretation111. In 

the creep regime, DW motion can also be influenced by other accompanying effects, such 

as chiral damping, moreover we show that it can exhibit even more exotic phenomena. 

Although there is some theoretical research on the rectification of the used model to 

extract the DMI112, a clear and general physical method is still missing. 

2. The fluctuation trends of VCDMI we experimentally found might refresh the traditional 

perception of modulation by an electrical field and processes the guiding significance for 

studies on voltage control of skyrmion’s motion as well as the STT and/or SOT systems 

assisted by VCMA. Further theory development is required for a comprehensive 

understanding of its behavior. 

Although the work as presented in this thesis was mainly aimed at gaining fundamental 

understanding, our investigation on the interfacial effects may also have provided new 

insights for increasing the integration degree and decreasing the power consumption for 

advanced spintronic devices. 
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