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Abstract

Dzyaloshinskii-Moriya interaction (DMI) has emerged as a crucial element in
the field of spintronics, playing a pivotal role in stabilizing chiral objects such as
chiral domain-walls and skyrmions. Given its promising applications in next-
generation memory-logic devices and its academic importance, extensive efforts have
been dedicated to its study and exploration. However, the precise underlying

mechanism of the emergence of DMI is still a subject of debate.

The widely accepted description for the emergence of DMI is due to the spin-
orbit interaction of conduction electrons at interfaces, a phenomenon driven by
structural inversion asymmetry (SIA). This suggests that DMI is essentially an
interfacial effect, and a comprehensive understanding of the interface is vital to

unravel its underlying mechanism.

However, the conventional experimental approach to investigate DMI is
primarily based on systems with multiple interfaces, mainly due to the presence of a
protection layer adjacent to the magnetic layer, which is utilized to prevent
undesirable oxidation. As a result, the current experimental approach has a limitation
in resolving the individual contribution of DMI at interfaces, potentially hindering a

deeper understanding of DMI.

Here, we proposed a pioneering experimental approach that allows us to resolve
the individual contributions of DMI at interfaces through direct observations of DMI

at a single interface. This method provides a clearer and more comprehensive



investigation of DMI compared to the conventional approach, resulting in a deeper

understanding of DMI.

In chapter 1, we introduce an overview of the historical descriptions of the DMI
mechanism, delve into the basic physics of ferromagnetism in conventional systems
exhibiting PMA, and the measurement scheme employed for investigating DMI.
Throughout this chapter, we focus on the overall domain-wall (DW) dynamics in

ultrathin ferromagnetic films with perpendicular magnetic anisotropy (PMA).

In chapter 2, we introduce a new experimental setup, called the in-vacuum
MOKE system, which allows us to observe DMI at a single interface. The detection
of DMI through the in-vacuum MOKE system builds upon the measurement scheme
introduced in chapter 1. In this chapter, we primarily focus on setting up the new
experimental setup and validating the DW dynamics in the single interface structure
(Pt/Co) using this setup. The results obtained in this chapter mark a significant

milestone in the study of single interface structures in relation to DW dynamics.

In chapter 3, we systematically investigate DMI in the Pt/Co single interface by
varying the thickness of magnetic layer (Co). Our findings confirm the interfacial
effect behavior of DMI. Furthermore, these results validate the reliability and
accuracy of our experimental setup, enabling us to achieve precise control and

detection over the thickness, even down to sub-atomic scale thickness.

In chapter 4, following a similar approach to the investigation in chapter 3, we
systematically investigate DMI in the Pt/Co single interface, but this time by varying

the thickness of non-magnetic layer (Pt). Interestingly, a pronounced dependence of



DMI on the non-magnetic layer thickness is observed, in contrast to theoretical
expectation. Additionally, systematic examination of X-ray diffraction (XRD) reveals
a correlation between DMI and lattice constant of Pt. This finding is further validated
through first-principles study. Furthermore, by utilizing the clearly revealed
correlation in conventional systems, we develop a method for chirality manipulation.
By thoroughly investigating the thickness dependence of both the magnetic layer and
non-magnetic layer at the Pt/Co single interface in chapters 3 and 4, we achieve a

comprehensive understanding of DMI at the Pt/Co interface.

In chapter 5, based on the enhanced understanding of DMI at the Pt/Co interface
established previous chapters, we conduct a systematic investigation into the
emergence of DMI for various materials. This investigation utilizes the state-of-the-
art capabilities of the in-vacuum system. In this experimental study, we systematically
explore DMI in Pt/Co/X, where X represents a selection of various materials,
including Al, Cu, Nb, Pd, Hf, and Ta. The exploration is carried out through step-by-
step deposition of these materials onto Co with a sub-atomic scale layer thickness.
Through this well-controlled investigation, we quantify layer-resolved contributions
of DMI for various materials. Furthermore, we unveil the existence of a universal
length of interface, which plays an essential role in the emergence of DMI. These
findings shed light on the interfacial characteristics of DMI and provide insights into

the underlying nature of its emergence.

In chapter 6, we introduce a new measurement scheme specifically designed for

investigating DMI in the case of weak PMA. In the previous chapters, the



investigation of DMI was conducted under the condition of strong PMA, where clear
DW motion was observed. This facilitated accurate measurement of the DW speed
for quantifying DMI. However, in the case of weak PMA, detecting the DW motion
becomes challenging, which consequently hinders the precise measurement of DMI.
In this chapter, we propose a new method for quantifying DMI based on DW
roughness measurement. This measurement scheme serves as a solution to the
difficulties encountered in DMI measurement based on DW motion in weak PMA

systems.

In chapter 7, the conclusion, and the outlook of the results presented in this thesis
are provided. The main findings of this thesis were achieved through observations of
DMI at the Co/X single interface. This pioneering result significantly advances the

field of DMI by providing clear detection and in-depth analysis of the phenomenon.

Key words: Dzyaloshinskii-Moriya interaction, interface, domain-wall,

perpendicular magnetic anisotropy, magneto-optical Kerr effect, chirality
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Chapter 1

Introduction

In this chapter, we begin with a concise historical overview of the development
of the DMI mechanism. Subsequently, we delve into the fundamental physics of
ferromagnetism in conventional systems exhibiting PMA. Furthermore, we
present an analysis of domain-wall (DW) dynamics and introduce a
measurement scheme for quantifying DMI. This measurement scheme serves as

the foundation for studying DMI at a single interface.
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1.1 Dzyaloshinskii-Moriya Interaction

Dzyaloshinskii-Moriya interaction (DMI) is an asymmetric exchange interaction
that prefers the chiral spin ordering. Its energy form is given as Eppyp = -D-

(§1 X §2), where D is the DMI vector, and §1, and §2 are two spins involved.
Figure 1.1 illustrates a schematic of the atomic geometry of DMI. Due to its chiral
nature, DMI depends on the atomic geometry in conjunction with the material.
Consequently, for the same material, the chirality is reversed when the positions of
the materials are reversed. Therefore, in a symmetric structure, the DMI becomes zero,

indicating that DMI is driven by structural inversion asymmetry (SIA).

a

b
8 RS, ;e A5,
e ®
DO D®
Figure 1.1 Schematic of the atomic geometry of DMI. a, Counterclockwise

chirality. b, Clockwise chirality.

Historically, the concept of DMI was first proposed phenomenologically by I.
Dzyaloshinskii in 1958 [1], and later, T. Moriya demonstrated it theoretically within
the scope of the super-exchange interaction model in 1960 [2]. Later, in 1980, A. Fert
and P.M Levy proposed a mechanism related to spin-orbit scattering, which explained
the chiral spin structures around impurity in CuMn spin glasses [3]. Subsequently, the

Rashba mechanism was also proposed [4], further expanding the understanding of

14 M 2]



DMI. As research progressed, additional mechanisms have been proposed to explain
DMI, including Doppler shift description [5], the Berry phase theory [6], and other
approaches [7-9]. These early works laid the foundation for the understanding of DMI.
Though the precise mechanism of DMI is under debate, the general understanding of
DMI is that it is an interfacial phenomenon that arises due to spin-orbit interaction at

the interface.

1.2 Conventional ferromagnetic systems exhibiting PMA

In this thesis, the primary focus is on the study of ultra-thin ferromagnetic films
with PMA. Before delving into the investigation of single interface structures, the

properties of conventional ferromagnetic systems are explored.

The conventional films consist of layered structures, where buffer (mainly Ta) /
non-magnet (NM1, mainly Pt) / ferromagnet (FM, mainly Co) / non-magnet (NM2)
layers are sequentially deposited on Si/SiO» substrates, as illustrated in Fig. 1.1a.
Each layer has a thickness ranging from sub-nanometer to a few nanometers,
deposited by conventional DC magnetron sputtering. The chamber’s base pressure is
maintained at a low value of 1078 Torr, and the deposition process is conducted
under an Ar atmosphere at 2 mTorr. To ensure systematic control of each ultra-thin
layer, deposition rates are set to approximately 0.2 A/s using low power. The key
characteristic of this film is its perpendicular magnetic anisotropy (PMA), where the

easy axis aligns with the film’s normal direction. The anisotropy field Hyx and

1 O
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saturation magnetization Mg of the film are about 0.5~ 25T and around

10® A/m, respectively.

Domain-wall

Figure 1.2 Schematic of conventional system. a, diagram of layered structure. b,

magnetic domains, and domain-walls (DWs) on the film.

1.3 Magnetic domains and DWs

Magnetic domains are regions where the magnetization is uniformly aligned in a
certain direction. Due to the strong PMA in the ferromagnetic films, two types of
magnetic domains can exist: up-domains, where the magnetization is uniformly
aligned parallel to the film normal, and down-domains, where the magnetization is
uniformly aligned anti-parallel to the film normal, as illustrated in Fig. 1.2b. Magnetic
domain-walls (DWs) are boundaries between magnetic domains, represented by
yellow curves in Fig. 1.2b. Inside the DWs, the magnetization has a gradual
configuration from the down-state to the up-state (or vice versa), as illustrated in Fig.
1.3. This magnetization configuration extends over a finite distance, known as the

DW width, which is determined by intrinsic parameters of material. The typical value

16 A 2T} 8



of DW width is ranges from a few nanometers to a few tens of nanometers in PMA

systems.

L .
RR R T am NG

I
Domain-wall (DW) Domain-wall (DW)

Figure 1.3 Schematic diagram of magnetization configuration inside DWs.

The magnetic domains can be expanded or shrink by the application of an
external magnetic field. When an external out-of-plane magnetic field is applied, the
magnetic domains with magnetization aligned parallel to the external field direction
expand to reduce Zeeman energy. Conversely, the domains with magnetization
aligned anti-parallel to the external field direction shrink. Through careful
observation and analysis of the response of the magnetic domains to the external
magnetic field, the dynamics of DWs are primarily investigated. Understanding these
dynamics allows for the exploration of the intrinsic properties of the systems under

study.

1.4 DW dynamics in creep regime

The motion of DW in ferromagnetic thin films provides an example of a moving
elastic interface in a weakly disordered medium. Depending on the relative strength

of the driving force f in comparison to the depinning force fgep, the DW dynamics

17 A 'kl:'.l..'i "i T'i



can be categorized into three different regimes: [10] (i) the flow regime, (ii) the
depinning regime, and (iii) the creep regime.
(i) In the flow regime, when f > fqep, the DW motion is characterized by a

dissipative viscous flow motion, where disorder plays a negligible role. In this regime,

the DW speed vpyy is directly proportional to the applied driving force f.

(i) In the depinning regime, when f~f4ep, the DW motion experiences a

transition between the creep regime and the flow regime. In this regime, the DW starts

to depin from the energy landscape of the disorder.

(iii) In the creep regime, when f < f4ep, the DW motion is predominantly

governed by thermal activation, and the DW stochastically depins by overcoming the

pinning potential barriers.

In this thesis, the DW dynamics in the creep regime is mainly studied due to its
academic significance as well as its experimental feasibility and simplicity. The
unique advantages of investigating DW dynamics in the creep regime provide a
foundation for further exploration and utilization in studying the single interface
structure. Therefore, understanding the comprehensive characteristics of DW motion

in the creep regime provides insights into the behavior of single interface structures.

Returning to the main point, in the creep regime, vpyw is governed by the creep

scaling law [10-11], which is expressed as:

vpw = voexp [—aH; "], (1.1)

3 ™ _17 ";
18 ":l"*-"i -';"-1 !- |



where v, is the characteristic velocity, o is the creep scaling constant, and p is the
creep exponent (= 1/4) in our systems. The H, is an external out-of-plane
magnetic field, which acts as the driving force f in our systems. The creep scaling

law is well confirmed in conventional systems, as shown in Fig. 1.4.

Vo [MVs]
am
[ |

045 050 055
Hz-w [mT'm]
Figure 1.4 Plot of vy, as a function of H," with u = 1/4. The solid line is the

best fitting of the creep scaling law.

Furthermore, through a careful analysis of the creep scaling law, we can also
determine an important property of the systems, the effective magnetic layer
thickness [12]. When dealing with ultra-thin ferromagnetic films, precise control of
the magnetic layer thickness is of utmost importance, as the properties of the system
are highly sensitive to the magnetic layer thickness in such ultra-thin films. A
comprehensive examination of the creep scaling constant o involves its original

definition as & = Uc(Hepir)/*/kgT, where Uc is the scaling energy constant for
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the effective DW pinning energy barrier, and H.; is the critical field required to

move the DW at zero temperature [11-12]. These parameters are interrelated as
follows: Ug (fpzinselfSni)l/S and Hepie & (f};*inee_ll niz)l/Stc'ol, where fyin is
the local pinning force, &g is the Bloch-type DW energy density per unit length, &
is the characteristic length of the disorder potential, and n; is the surface density of
the pinning centers, and tc, is the magnetic layer (Co) thickness. The parameters &
and n; are independent of tc,, whereas fyin and &g are linearly proportional to
tco- By summarizing all these tg, dependence relationships, we can finally obtain

Uc & (tco)! and Hpip o (tco)?, leading to the scaling relationship [12].
a X teo (12)

This relationship indicates that the creep scaling constant a can be utilized for
sensing the magnetic layer thickness, and it is validated in Pt/Co/Pt and Pt/Co/TiO,/Pt

systems, for effective Co thickness tco, — tpead, as shown in Fig. 1.5. [12]

16 3
® Pt/Co/Pt
e Pt/Co/TiO,/ Pt i
10+ :
— ‘/
s 87
- " o,"
s 5t
3 %
¥
O .’ 1 1 ! 1
0.0 0.2 0.4 0.6 0.8
fCo - fDead [nm]

Figure 1.5 Plot of creep scaling constant a with respect to effective Co thickness
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tco — tpeaa for the series of films of Pt/Co/Pt (black) and Pt/Co/TiO»/Pt (red).

The blue dashed line guides the eye for the linear relationship.

1.5 Types of chiral DW induced by DMI

As mentioned in chapter 1.1, the Dzyaloshinskii-Moriya interaction (DMI)
prefers chiral spin ordering, and the chirality of DW is manipulated by interfacial
DMI in low-dimensional magnetic systems [13-15]. Figure 1.6 illustrates three
distinct chirality of DW: left Néel (counterclockwise, CCW) on the left side, Bloch
in the middle, and right Néel (clockwise, CW) on the right side in the figure. In these
systems, DMI acts as an effective magnetic field, Hpyy within the DW. The
direction of Hpy determines the types of DW, with a negative (positive) direction
leading to left Néel (right Néel) DW, respectively. In the absence of DMI, the DW

chirality prefers Bloch DW to reduce the magnetostatic energy.

Left Néel
(CCW)

Figure 1.6 Graphic illustration of three distinct chirality of DW. Each DW type
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is denoted in the figure. The green symbols indicate the magnetization direction
of domains. The pink arrows indicate the magnetization direction of the DW.

The red arrows indicate the presence of Hpy;.

1.6 Asymmetric DW speed scheme for DMI measurement

In general, the DW energy is influenced by various magnetic properties,
including magnetic anisotropy, exchange stiffness, and DMI. In magnetic systems
with strong PMA, the DW energy density opyy under the application of an external

in-plane magnetic field H, is given by

m2AME HoE 2 Nl 4Ky
GO_W( x + Hpmp) or |Hy + DMI|<T[_1VIS’ (13)

() + ZKDA — T[AMsle + HDMIl otherwise

opw(Hy) =

where o, is the Bloch-type domain-wall energy density, Kp is the domain-wall
anisotropy energy density, A is the domain-wall width, and Hpy is the effective

magnetic field induced by DMI [14-15].

The DW speed vpyw is determined by the modification of the DW energy

density opw(H,) due to the DW creep criticality [11, 14-15] as given by

, (1.4)

z

1/4
opw(H
vpw (Hy) = Vg exp [—“0 <M> H, ™

0o
where vq is the characteristic speed, ag is the creep-scaling constant of the Bloch

DW, and H, is the external out-of-plane magnetic field.
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Figure 1.7 illustrates the typical functional shapes of opw(H,) and vpw(Hy)
with respect to H,, while keeping H, constant. The plot clearly shows that both
opw(H,) and vpw(H,) exhibit symmetric variations with respect to a symmetric
axis (green vertical line). According to Eq. (1.3), the position of this symmetric axis

corresponds to the condition H, = —Hppy;.

”[)‘\“/-\

Opw

H,

Figure 1.7 Schematic drawings of Eqs. (1.3) and (1.4) with respect to H,. The

green vertical line indicates the symmetric axis, corresponding to —Hpp;.

Using this scheme, the measurement of DMI for each type of chiral systems is
conducted, as shown in Fig. 1.8. The figure shows the plot of vpy with respect to
H, under the application of a constant out-of-plane magnetic field H,. The position
of its symmetric axis exhibits positive (Fig. 1.8a), around zero (Fig. 1.8b), and
negative (Fig. 1.8c), corresponding to the negative Right Néel (CW chirality), Bloch,
and Left Néel (CCW chirality) DWs, respectively. Therefore, this measurement
scheme can unambiguously determine the strength of DMI as well as DW chirality

from the position of the symmetric axis.
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Figure 1.8 Plot of vpy with respectto H, for different DW chirality. a, CW, b,
Bloch, and ¢, CCW. The colored vertical line indicates the positions of their

respective symmetric axis.
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Chapter 2

Experimental setup

In this chapter, we initially address the challenges of the current measurement
system used for investigating interfacial phenomena. Subsequently, we present
the development of a conventional magneto-optical Kerr effect (MOKE)
microscopy system equipped with 2-axis electromagnets, which enables in-
vacuum compatible measurements. This improved setup is specifically designed
to overcome the raised challenges. With the implementation of this improved
setup, the characteristics of single interface is clearly investigated through a

careful analysis of DW dynamics.
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2.1 Branch of interfacial phenomena and challenges

Interfacial phenomena arise at interface due to interactions associated with
structural inversion asymmetry (SIA) and spin-orbit interaction. These phenomena
include PMA [16], Rashba effect [17-18], spin-Hall effect [19-20], DMI [1-9], and

other effects observed in conventional magnetic systems.

Conventional Magnetic Structure
(Hetero Structure with Protection Layer)

Interfacial
Phenomena

=

Rashba Effect
et Interface2

Spin-Hall Effect
Perpendicular Magnetic Anisotropy

Dzyaloshinskii-Moriya Interaction Interfacel

Figure 2.1 Schematic of interfacial phenomena and conventional magnetic

structures.

The conventional methodology for investigating these interfacial phenomena is
mainly conducted using heterostructures with a protection layer. This protection layer

prevents undesired oxidation, enabling systematic investigations of the phenomena.

However, the presence of these additional layers adjacent to the magnetic layer
inevitably leads to the formation of multiple interfaces, making it challenging to
isolate and observe the desired phenomena at the specific interface of interest. As a
consequence, the observed interfacial phenomena are a result of the combination of

effects from multiple interfaces, complicating the interpretation of experimental

T
 S—

26 - A &dstw



results. This interference from multiple interfaces hinders the clear understanding and
identification of the individual contributions of each interfacial phenomenon, as

depicted in Fig. 2.1.

Therefore, in order to study the interfacial DMI more accurately, it becomes
imperative to resolve the individual contributions at the interfaces. By isolating the
specific interface of interest and eliminating interference from other interfaces, we
can achieve a clearer understanding of the interfacial DMI and its distinct effects on

the system.

2.2 Approach for isolating single interface

To overcome the challenges posed by multiple interfaces and investigate specific
interfacial phenomena more precisely, a novel approach is proposed: constructing a
magnetic system with a single interface and conducting measurements under
carefully controlled vacuum conditions to prevent undesired oxidations and ensure

systematic investigations, as illustrated in Fig. 2.2.

By designing a magnetic structure with a well-defined single interface, we can
focus solely on the interactions and phenomena occurring at that specific interface.
This eliminates the complexities introduced by multiple interfaces and allows for a

more accurate interpretation of experimental results.
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In-vacuum

Single Interface Structure
(Bi-Layer Structure without Protection Layer)

Magnetic Layer

Interface
Hea"!’ Meta)

Figure 2.2 Schematic of isolating single interface.

2.3 Magneto-optical Kerr effect (MOKE)

Magnetic DW dynamics has garnered significant attention in the field of
magnetism, attracting both academic interest [10-15] and showing promising
potential for practical applications in next-generation memory and logic devices, such
as magnetic racetrack [21-22] and bubblecade [23] memory. Consequently, the

precise observation and understanding of DW dynamics hold paramount importance.

Hence, the utilization of magneto-optical Kerr effect (MOKE) offers ideal
platform for observing these DW dynamics, and its effectiveness has been validated
in various magnetic systems [10-15]. Figure 2.3 illustrates the working principles of
MOKE in distinguishing two different domains. The Kerr rotation, Rk is generally
depending on the polarization of the lights and magnetization states, expressed as

Rx «xm X E, where m is the magnetization, E 1is the polarization of lights.
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Figure 2.3 Schematic diagram of MOKE. The polarization of the lights (pink
arrows) reflected from up-domain (grey) and down-domain (black) regions,
experiencing different Kerr rotations, Rk, depending on the magnetization state

of the domains.

2.4 In-vacuum MOKE system

Our in-vacuum DMI characterization system adopts a measurement scheme
based on the asymmetric domain-wall speed [14]. In this scheme, the domain
expansion patterns under the application of a magnetic field are monitored using a
magneto-optical Kerr effect (MOKE) microscope equipped with two-axis
electromagnets. By analyzing the observed domain expansion patterns, we can
measure the domain-wall speed accurately. The advantage of this measurement
scheme is that it allows us to observe domain expansion patterns in continuous films
without the need for any specific structures, making it compatible with the in-vacuum

measurement system. Furthermore, the MOKE signal exhibits high sensitivity to
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ultrathin films, even below the thickness of a single atomic layer, making it suitable
for studying the initial formation of interfaces with subtle changes at the atomic level.
Considering these factors, we have chosen the asymmetric domain-wall speed

scheme for our in-vacuum iDMI characterization system.

Figure 2.4 presents the layout of our in-vacuum DMI characterization system,

which comprises four main components:

1) The deposition chamber, a conventional DC magnetron sputtering system,
includes a heater for precise temperature control during the deposition process. After
the sample is deposited inside the deposition chamber, it is transferred via a transfer
tube and a motorized XYZ stage to the measurement position located in front of the

window at the end of the characterization chamber.

2) The characterization chamber, where the measurements are performed, houses
the sample at the measurement position, precisely centered between the two-axis
electromagnets and at the focal plane of the magneto-optical Kerr effect (MOKE)

microscope.

3) The two-axis electromagnets consist of an in-plane and an out-of-plane
electromagnet, accurately aligned to their common center at the measurement
position. To maintain the desired vacuum level and prevent any temperature increase

inside the chamber, the electromagnets are situated outside the chamber.

4) The MOKE microscope is equipped with a long-working-distance objective

lens, allowing for observation of the samples at the measurement position inside the
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chamber through the window. The illumination light is provided by a metal-halide
lamp, which exhibits maximum intensity peaks at the wavelengths of 365 nm and 425
nm. The spatial resolution, defined by the Rayleigh criterion, as 0.61A1/NA, is

approximately 1 um, with a numerical aperture of 0.25.

Deposition chamber Transfer path

———— Light path
Characterization chamber
Motorized XYZ stage

Transfer tube

Two-axis
electromagnet

ND filter

Beam splitter

Analyzer Polarizer  metal-halide
source
CCD camera MOKE microscopy

Deposition Characterization

Figure 2.4 Schematics of experimental setup of in-vacuum MOKE system. The
system consists of the deposition chamber, characterization chamber, MOKE
microscope, and motorized XYZ stage. The red and blue solid lines indicate the

sample transfer path and light path, respectively.

2.5 Verification of DW creep in single interface systems
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To investigate the DMI based on the asymmetric DW speed scheme [14], it is
crucial to verify the validity of DW creep dynamics in single interface systems. In
this study, a series of 5.0-nm Ta/2.5-nm Pt/tc,-nm Co films were fabricated on
Si/100-nm SiO, substrates using dc magnetron sputtering. The deposition
temperature was maintained at ~320K to optimize the magnetic signal in the system.
The Co layer thickness, denoted as t¢,, was varied from 0.5 to 1.4 nm with a 0.1-nm
increment. Such a small variation in the Co layer thickness affects the fractional
coverage at the interface, influencing the interfacial magnetic properties. After
deposition, the films were transferred to the measurement chamber using a transfer
tube and motorized 3-direction XYZ stage. Subsequently, the magnetic properties
were measured in-vacuum using an in-vacuum magneto-optical Kerr effect (MOKE)

microscope to observe the magnetization dynamics.

Figure 2.5 presents the MOKE image of domains in the Pt/Co single interface

system, showing clear circular domains, indicative of strong PMA.

Pt(2.5)/Co(0.8)

500 um

Figure 2.5 MOKE image of domains in Pt(2.5)/Co(0.8). The grey (black) region

indicates up (down) domain.
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From these clear circular magnetic domains, the domain wall speed vpy, was
measured by analyzing subsequent images of domain expansion under the application
of an external magnetic field H. Figure 2.6 shows the creep-scaling plot of vpy as
a function of H=1/* for films with different tc, as denoted in the plot. The clear
linear dependencies in the plot confirm that the current system is governed by the
creep-scaling law, expressed by

Vpw = Vo exp[—aH "], (2.1)
where vy, a, and p are the characteristic velocity, the creep-scaling constant,

and the creep exponent (=1/4 in our system) respectively [10-11].
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Figure 2.6 Plot of vpy as a function of H~/* from tc, = 0.5nm to tc, =

1.4 nm. The solid lines indicate the best fitting with the creep-scaling law.
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Based on the best linear fitting of the creep-scaling law, the relationship between
a and tg, can be determined, as shown in Fig. 2.7. The results unequivocally

demonstrate a linear dependence between a and tc,, as discussed in chapter 1.4.

eff
t., [nm]
30 ;
20} |
;t. é
S10F
0 i ‘ . ,
0.0 0.5 1.0 1.5 2.0

t., [nm]

Figure 2.7 Plot of a with respect to t;, (black) and t'éf,f

(red) respectively.
The solid lines indicate the best linear fitting, and the vertical black dashed line

indicates the intercept to the abscissa.

These results provide strong evidence for the validity of DW creep in single
interface systems, and they demonstrate that our experimental setup is highly
sensitive to sub-atomic coverage. This sensitivity is essential for observing and

studying interfacial phenomena accurately.
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Chapter 3

Magnetic layer thickness dependence of

DMI

In this chapter, we explore the impact of magnetic layer thickness on the DMI in
the Pt/Co single interface system. By systematically varying the Co layer
thickness, we investigate the behavior of interfacial DMI. Our results present
compelling evidence supporting the interfacial nature of DMI and provide a
testament to the reliability and precision of our experimental setup. Notably, our
setup allows for precise control and detection of magnetic layer thickness, even

down to the sub-atomic scale.
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3.1 Background

Interfacial Dzyaloshinskii-Moriya interaction (DMI) emerges as a consequence
of structural inversion asymmetry (SIA), particularly in low-dimensional magnetic
systems. The significance of DMI is closely related to its association with chirality,
as recent studies have revealed its crucial role in the formation of chiral magnetic
objects [13-14, 24-25]. Therefore, establishing a general understanding of DMI,
independent of specific material dependencies, is crucial before delving into more

detailed investigations.

A recent study [26] has provided evidence for the magnetic layer thickness
dependence of DMI in Co and CoFeB based magnetic systems. The findings indicate
that DMI decreases with an increase in the thickness of the magnetic layer, supporting
the interfacial nature of DMI. Additionally, a thorough investigation of ultra-thin
magnetic layer thickness dependence has led to the identification of a critical
thickness in Co based magnetic systems [27]. Moreover, it has been suggested that
the thickness dependence of DMI originates from a linear relationship between the

Heisenberg exchange interaction and DMI in NiFe based magnetic systems [28].

In this study, we investigate the magnetic layer thickness dependence of DMI in
Pt/Co single interface systems, allowing us to isolate and analyze the DMI behavior
without any potential mutual interference between interfaces. This approach offers a
clear and focused examination of the thickness dependence of DMI, shedding light

on the interfacial phenomena in these systems.
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3.2 Sample fabrication

In this study, a series of 5.0-nm Ta/2.5-nm Pt/tc,-nm Co films were fabricated
on Si/100-nm SiO, substrates using dc magnetron sputtering. The deposition
temperature was maintained at ~320K to optimize the magnetic signal in our system.
We systematically varied the thickness of the Co layer tc, from 0.5 nm to 1.4 nm
with a 0.05-nm increment. This small variation in the Co layer thickness allowed us
to study the influence of the fractional coverage at the interface on the interfacial
magnetic properties, particularly the DMI. To investigate the interfacial DMI, the
films were transferred to the measurement chamber through a transfer tube, using a
motorized 3-direction XYZ stage for precise positioning. The in-vacuum DMI
measurements were performed using a MOKE microscope, enabling the observation
and analysis of the asymmetric DW speed. Figure 3.1 illustrates the schematic of the

sample structures used in this study.

Figure 3.1 Schematic of sample structures of Pt/Co.
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3.3 Magnetic layer thickness dependence of DMI

Figure 3.2 shows the plot of Hpyy with respect to tc,. The experimental data
show a clear trend of Hpy smoothly decreasing as tc, increases, which strongly
suggests an interfacial behavior of the DMI [29]. Furthermore, these findings
highlight the sensitivity of DMI to changes in t-, and show that our experimental

setup allows us to precisely resolve and detect sub-atomic scale thickness variations

in the Co layer.

-1000
-800

-600

-400

Hoy [MT]

-200

Figure 3.2 Plot of Hpy with respect to tc,. The dashed line guides the eyes.
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Chapter 4

Non-magnetic layer thickness dependence

of DMI

In this chapter, we explore the impact of non-magnetic layer thickness on the
DMI in the Pt/Co single interface system. By systematically varying the Pt layer
thickness, we investigate the behavior of interfacial DMI. Surprisingly, we find
a significant dependence of DMI on the non-magnetic layer thickness, contrary
to theoretical expectations. Moreover, X-ray diffraction (XRD) reveals an
intriguing correlation between DMI and the lattice constant of Pt. This
correlation is further validated by first-principles study. Furthermore,
utilization of the clearly established correlation presents chirality manipulation

in conventional systems.
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4.1 Background

In contrast to the well-established interfacial behavior observed in the magnetic
layer thickness dependence of DMI, the non-magnetic layer thickness dependence of
DMI remains unclear due to the inconsistency between recent experimental results
and theoretical expectations [29-34]. One potential explanation for these
discrepancies could be the presence of multiple interfaces in the experimental setup,
especially in magnetic layers where both top and bottom interfaces exist. As a result,
mutual interactions between these interfaces might occur, as interfacial DMI is
significantly influenced by various electronic properties, crystalline structures, and
interface conditions. These factors introduce additional complexities that are not fully
accounted for in theoretical models, leading to deviations between the predicted and

observed results.

In this study, we focus on investigating the non-magnetic layer thickness
dependence of DMI in Pt/Co single interface systems. By isolating and analyzing the
DMI behavior without any potential mutual interference between interfaces, we can

gain a clear and focused understanding of the thickness dependence of DMI.

4.2 Sample fabrication

In this study, we prepared a series of thin films with a structure of 5.0-nm Ta/tp,-
nm Pt/0.8-nm Co on Si/100-nm SiO; substrates using dc magnetron sputtering. The

deposition temperature was maintained at ~330K to optimize the magnetic signal in
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our system. We systematically varied the thickness of the Pt layer tp; ranging from
1.5 nm to 8.0 nm, corresponding to 7 atomic ML to 40 atomic ML. To investigate the
interfacial DMI, we transferred the fabricated films to the measurement chamber
through a transfer tube, employing a motorized 3-direction XYZ stage for accurate
positioning. The in-vacuum DMI measurements were carried out using a MOKE
microscope, which facilitated the observation and analysis of the asymmetric DW

speed. A schematic of the sample structures used in this study is provided in Fig. 4.1.

Figure 4.1 Schematic of sample structures of Pt/Co.

4.3 Non-magnetic layer thickness dependence of DMI

For each film, we conducted measurements of the asymmetric DW speed vpw
while sweeping an in-plane magnetic field H, under the application of a constant
out-of-plane magnetic field H,. Figure 4.2 shows the plots of vpy; as a function of

H, for the Pt/Co single interface films of different tp; as indicated in each panel.
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Figure 4.2 Plots of vpy as a function of H, with constant H, for the Pt/Co
single interface films with different tp.. The red vertical line indicates the

symmetric axis. The value of tp; is denoted in each panel.
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The figure clearly demonstrates the presence of asymmetric DW speed, where
vpw(Hy) # vpw(—H,) for the inversion of H,. Instead, the symmetry center is
shifted to one side, as indicated by the red vertical line in each panel. According to
Ref. [14], the position of the symmetry center corresponds to the value of —Hpyy,
where Hpypp is the interfacial DMI-induced effective magnetic field. Remarkably,
our observations suggest that the Pt/Co interfaces exhibit a negative Hpyyj, indicating
a counterclockwise chirality of the DW configuration. This result represents the first
direct experimental verification of theoretical predictions that negative interfacial

DMI is generated in Pt/Co single interface [29].

Figure 4.3a shows the plot of Hpy with respect to tpy. The plot demonstrates
a gradual change in Hpyp, which eventually saturates as tp, increases. The variation
in Hpyp is substantial, reaching up to 25% of its maximum magnitude. Notably, this
Hpyp variation cannot be attributed to the proximity effect of additional Pt atomic
layers near the interface, as the thickness of tp; exceeds 7 monoatomic layers for the
thinnest tp; (= 1.5 nm). Theoretical predictions suggest that Hpyy variation should

saturate within 2 or 3 monoatomic layers [29].

To further analyze the strength of the interfacial DMI, D, we can estimate the
DW width A using the relation A1 = \/A.,/Kes, Where A, isthe exchange stiffness
constant and K¢ is effective magnetic anisotropy constant. Based on the typical
value range of experimental K.g (= 1.0~1.5 X 10° J/m®) and the literature value of

A (=2.2x 10711 J/m) of fcc Co [35-36], 4 could be estimated as 4.2 + 0.6 nm,

falling within the typical range observed in various Co films. Then, with the literature
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value of the saturation magnetization Mg (= 1.4 X 10® A/m), D can be then
estimated from the measured values of Hpyp through the relation D = AMgHpy.
Figure 4.3b shows the plot of the estimated value D as a function of tp,. Remarkably,
D is estimated to be approximately —4.3 mJ/m2, which is nearly close to the
theoretical prediction from Pt/Co single interfaces [29]. This agreement reinforces
the validity of our single interface measurement and allows for a direct comparison

between experimental observations and theoretical predictions.
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Figure 4.3 Plots of Hpy; and D with respect to tp.. a, Plot of Hpyy with
respect to tp;. b, Plot of D with respect to tp;. The dashed line in each panel

guides the eyes.
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4.4 Correlation between DMI and lattice constant

To investigate the potential reasons behind the variation in Hpy, we conducted
X-ray diffraction (XRD) measurements to examine the crystalline structure of the Pt

layers.
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Figure 4.4 XRD spectra for the films with different tp,. The spectra near the Pt
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fce (111) peak are shown. The colored vertical line indicates the peak position.

The value of tp; is denoted in each panel.

Figure 4.4 shows the XRD measurement results for the films with different tp,
as indicated in each panel. All XRD spectra exhibit a distinct peak around 26 = 39°,
which corresponds to the fcc (111) crystalline structure of the Pt layers. Upon close
inspection, we observed a gradual shift of the fcc (111) peak position to one side as
tp; increases. To quantify this, we converted the lattice constant ¢ of the Pt layer

from each XRD peak position. Figure 4.5a depicts the plot of ¢ with respect to tpy.

Notably, in the thinner tp, cases, ¢ deviates significantly from the bulk value
(horizontal dashed line). However, as tp; increases, ¢ gradually converges to the
bulk value. This observation aligns with the natural growth of the film towards the
bulk with increasing thickness. Figure 4.5b presents a correlation plot between ¢ and
D . Interestingly, we observed a strong correlation with a Pearson correlation
coefficient r = 0.95 between ¢ and D, indicating a possible relationship between
the interfacial DMI and the lattice constant. This correlation suggests that the lattice
constant of the Pt layers may play a significant role in influencing the interfacial DMI
in our Pt/Co single interface systems. Furthermore, this correlation is validated by
our first-principles study based on Pt/Co structure, wherein the lattice constant of Pt

is varied as depicted in Fig. 4.5c.
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Figure 4.5 Correlation between ¢ and D. a, Plot of ¢ with respect to tp;. The

black dashed horizontal line indicates the bulk value of the Pt fcc (111) lattice
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constant. b, Plot of experimental D with respect to c. The black solid line shows
the best linear fitting. c, Plot of theoretical D with respect to c/cy from the
first-principles calculation for the Pt (1 ML)/Co (4 ML) structure. The black

solid line shows the best linear fitting.

4.5 Utilization of the correlation: chirality engineering

Engineering DW chirality is a crucial technological challenge in spintronic
applications involving skyrmions and chiral DWs [13-14, 21-23]. Numerous efforts
have been dedicated to controlling DW chirality through materials selection or
interface manipulation. Our present findings offer an alternative approach to engineer
DW chirality, enabling a transition from clockwise to counterclockwise. In Fig. 4.6,
we present plots of vpy asafunction of H, under the application of a constant out-
of-plane magnetic field H,. Pt/Co/Pt tri-layered films with varying tp, as indicated
in each panel. Notably, an additional Pt capping layer is deposited onto the Pt/Co
single interface films, where the Pt capping layer thickness is fixed at 1.5 nm.
Consequently, the net interfacial DMI is determined by a counterbalance between the

two sources of interfacial DMIs from the bottom Pt/Co and top Co/Pt interfaces.

As depicted in Fig. 4.6, as tp; increases, Hpyy Vvaries from positive to negative.
The Hpy; variation in the Pt/Co/Pt films (Fig. 4.6) closely matches that observed in
the Pt/Co films (Fig. 4.2). This observation leads to a reasonable speculation that the
Hpyp variation is primarily influenced by the properties of the bottom Pt/Co interface,

while the interfacial DMI generation at the top Co/Pt interface is less sensitive to the
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bottom Pt crystalline structure due to its location beyond the Co layer.
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Figure 4.6 Plots of vpy as a function of H, with constant H, for the Pt/Co/Pt
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tri-layered films with different tp,. The colored vertical line indicates the

symmetric axis. The value of tp; is denoted in each panel.

Due to the sign inversion of Hpyp, the DW chirality can be controlled, allowing
for a transition from clockwise to counterclockwise configurations. This result
highlights the potential for controlled chirality engineering in practical spintronic

applications.

In summary, our observations showed a pronounced dependence of interfacial
DMI on the non-magnetic layer thickness, contrary to theoretical expectations.
Through our investigation, we identified a possible origin for this dependence, which
is the lattice constant of Pt. Our first-principles study provided further support for this
strong correlation. By utilizing this correlation, we achieve a systematic chirality
manipulation. These results reinforce our observations in Pt/Co single interface

systems.
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Chapter 5

Formation of interface and DMI

In this chapter, utilizing the advanced capabilities of our in-vacuum MOKE
system, we conduct a systematic investigation into the emergence of DMI for
various materials. The study involves Pt/Co/X structures, where X represents
different materials like Al, Cu, Nb, Pd, Hf, and Ta. By depositing these materials
onto Co with sub-atomic scale layer thickness, we carry out a well-controlled
exploration of DMI. Through this process, we quantify the layer-resolved
contributions of DMI for each material. Additionally, our research reveals the
presence of a universal interface length that plays a crucial role in the emergence

of DMI.
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5.1 Background

In the previous chapters, we systematically investigated DMI in the Pt/Co single
interface system by varying both the magnetic layer thickness (Chapter 3) and the
non-magnetic layer thickness (Chapter 4). Our findings have provided strong
evidence for the interfacial nature of DMI [26-28] and reveal possible origin of
unconventional dependence of DMI on non-magnetic layer thickness [29-34]. These
results significantly contribute to the general understanding of interfacial DMI, driven
by structural inversion asymmetry (SIA) and/or spin-orbit interaction [9, 29, 30, 37-

45].

Building upon the understanding of interfacial DMI established from the
investigation of single interfaces, further in-depth studies can be conducted to explore
the material dependence of DMI, as well as the role of the second interface and other

related factors.

5.2 Experimental approach

In this study, we present our findings on the layer-resolved contributions of
interfacial DMI at Co/X interface, where X represents various materials such as Al,
Cu, Nb, Pd, Hf, and Ta. Our investigation is made possible by utilizing an in-vacuum
MOKE system, which enables us to quantify the interfacial DMI contributions
through the analysis of asymmetric DW speed. We conduct a systematic study of the

magnetic transition from the Co/vacuum surface to the Co/X interface by sequentially
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depositing X onto Co with sub-atomic scale thickness. Each deposition step has an
average thickness of approximately 0.05 nm, corresponding to roughly a quarter of a

monoatomic layer. We meticulously measure the layer-resolved contributions up to a

thickness of 1 nm for X, which is approximately equivalent to five monoatomic layers.

Figure 5.1 illustrates the schematic diagram of the step-by-step deposition

process of various materials denoted as X onto the Co.

o &b 0 o bodh - curnrame

Co

Figure 5.1 Schematic diagram of deposition process of various materials X. The

used materials X is denoted in the figure.

To obtain the layer-resolved contributions of interfacial DMI at the Co/X
interface, we begin the investigation by constructing a Pt/Co single interface system.

Figure 5.2 illustrates the methodology used to derive the layer-resolved contributions
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of interfacial DMI at the Co/X interface, starting from the Pt/Co single interface
system. By systematically depositing various materials denoted as X onto the Co layer,
we incrementally build up the Co/X interface, allowing us to analyze the emergence

of DMI at different layers and explore its material dependence.
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Figure 5.2 Methodology for deriving the layer-resolved contributions of

interfacial DMI. a, Measurement of Hpy in structure of Pt(2.5)/Co(0.9) single
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interface structure. b, Measurement of Hpyy; after first deposition of Al onto Co.
The AHpy; , difference between Hpyy values of Pt(2.5)/Co(0.9) and
Pt(2.5)/C0(0.9)/A1(0.05) corresponds to the contribution of interfacial DMI at
Co0(0.9)/A1(0.05). c, Plot of Hppy with respect to ty; in Pt(2.5)/Co(0.9)/Al(ty)).
Each green vertical arrow indicates the AHpy;; for step-by-step deposition of Al.
Inset shows a graphical illustration of the deposition of Al onto Co at different
thicknesses, for Al(0), Al(0.2), and Al(0.4). These correspond to the Co surface,

one monoatomic layer, and two monoatomic layers of Al, respectively.

By systematically depositing various materials denoted as X onto the Co layer,
we incrementally build up the Co/X interface, allowing us to analyze the emergence

of DMI at different layers and explore its material dependence.

5.3 Layer-resolved contributions of DMI

In this chapter, we present the results of our investigation into the layer-resolved
contributions of interfacial DMI for various materials. These contributions were

analyzed using the methodology discussed in the previous chapter (chapter 5.2).

X=Al
Figure 5.3 shows the plot of Hpy, ' °t (Black square), and HpyX (Colored bar)
with respect to the thickness of non-magnetic layer ty, where the material X=Al.

Hppm'° indicates the total interfacial DMI from both Pt/Co and Co/X, and Hpy



indicates the contribution of interfacial DMI solely from Co/X, obtained from AHpy;.

In the plot, the red bar represents the contribution from the first atomic monolayer,
the blue bar indicates the contributions from the second atomic monolayer, the cyan
bar indicates the contributions from the third atomic monolayer, and so on. Each bar
corresponds to the layer-resolved contributions of interfacial DMI originating from
different atomic monolayers of the non-magnetic material (X) adjacent to the

magnetic layer (Co).
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Figure 5.3 Plot of Hpy, °t and Hpy® with respect to ty for X=Al.

Remarkably, the total interfacial DMI Hpy 't exhibits a smooth increase as ty
increases, indicating that the gradual emergence of interfacial DMI from the Co/X
interface Hpp X as ty increases. As tyx continues to grow, Hpu o' eventually

reaches saturation at approximately ty > 0.4 nm, signifying that HpyX converges

56 d &-t}] &

1



to zero. These results strongly suggest that the interfacial DMI primarily originates

from the two atomic monolayers of material X adjacent to the Co layer.

X=Cu
Continuing our analysis for other materials. Figure 5.4 shows the plot of

Hpyt°t (Black square), and Hpy X (Colored bar) with respect to the thickness of

non-magnetic layer tyx, where the material X=Cu.
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Figure 5.4 Plot of Hpy,'° and HpyX with respect to ty for X=Cu.

X=Nb
Continuing our analysis for other materials. Figure 5.5 shows the plot of
Hpyt° (Black square), and Hpy X (Colored bar) with respect to the thickness of

non-magnetic layer tyx, where the material X=Nb.
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Figure 5.5 Plot of Hpy,'°t and Hpy with respect to ty for X=Nb.

In the case of Nb, the interfacial DMI exhibits an overshoot-like emergence at
approximately 0.2 nm, which is near one monoatomic layer. However, the overall

behavior of its emergence occurs gradually.

X=Pd
Continuing our analysis for other materials. Figure 5.6 shows the plot of
Hpyt° (Black square), and Hpy X (Colored bar) with respect to the thickness of

non-magnetic layer tyx, where the material X=Pd.
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Figure 5.6 Plot of Hpy'°t and Hpy with respect to ty for X=Nb.

X=Hf

Continuing our analysis for other materials. Figure 5.7 shows the plot of
Hpp b (Black square), and HpyX (Colored bar) with respect to the thickness of
non-magnetic layer tyx, where the material X=Hf.

Interestingly, careful observation of the emergence of interfacial DMI for Al, Cu,
Nb, Pd, and Hf, reveals a common nature: Firstly, each atomic monolayer has positive
contribution of interfacial DMI, indicating that the Co/X interface generates an
interaction that prefers clockwise chirality. Secondly, while the shape of the
emergence varies for each material, it occurs gradually. Thirdly, the primary
contribution to the interfacial DMI originates from two atomic monolayers adjacent

to Co, as initially mentioned.
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Figure 5.7 Plot of Hpy, °t and Hpy® with respect to ty for X=HT{.

X=Ta

In the final step, we analyze the case of Ta. Figure 5.8 shows the plot of Hpy;
(Black square), and HpyX (Colored bar) with respect to the thickness of non-
magnetic layer ty, where the material X=Ta.

Surprisingly, there is a slight difference in the case of Ta. Although the interfacial
DMI emerges gradually, it is evident that the sign of contributions for the first
monolayer (positive) and the second monolayer (negative) is different. However,
Hpmt°t begins to saturate near ty > 0.4 nm, consistent with the behavior observed

in other materials.
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Figure 5.8 Plot of Hpy °t and Hpy{® with respect to ty for X=Ta.

Upon closer inspection of this striking result, one can consider the coverage of
deposition process. Figure 5.9 illustrates a schematic diagram of the coverage of the
deposition process, showing the ideal case (Coverage = 1) and non-ideal case
( Coverage # 1). In the ideal case, the deposition of an average thickness
corresponding to 1 ML and 2 ML solely covers the atoms, generating one
monoatomic layer and two monoatomic layers, respectively. However, in the non-
ideal case, the deposition may not fully cover the surface, leading to incomplete layer

formation.
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Figure 5.9 Schematic diagram of the coverage of the deposition process.

Hence, the different sign of interfacial DMI in the first atomic layer and second
atomic layer of Ta may not be solely attributed to atomic coverage, as it clearly
distinguishes the contribution of each layer.

To validate this observation in Ta, we conducted first-principles study on Ta
based on Pt(3 ML)/Co(3 ML)/Ta(0-3 ML) structures. The result of the first-principles

calculations is shown in Figure 5.10.



D [meV/m’]

o
/’f \0 9
/
o
0 1 2 3 4 5
# of Layer

Figure 5.10 Plot of theoretical D with respect to number of Ta layer from the

first-principles calculation for the Pt(3 ML)/Co(3 ML)/Ta(0-3 ML) structures.

Clearly, the results of the first-principles calculation indicate the different sign in

the interfacial DMI contribution for the first atomic layer and the second atomic layer,

consistent with the experimental observation (Fig. 5.8). Additionally, the saturation

of the interfacial DMI occurs at approximately 2 ML, which is in line with the

experimental observations (Fig. 5.3-5.8). To strengthen our observation further,

additional calculations above Ta(3 ML) are required.

5.4 Universal length of interface: transition from surface to

interface

63



In this chapter, we conduct an in-depth investigation of the layer-resolved
contributions of interfacial DMI for various materials, which leads us to unveil the
presence of a universal length of the interface that significantly influences the
emergence of interfacial DMI.

To systematically study the interfacial DMI emergence during interface
formation, we introduce two parameters. First, the total magnitude of interfacial DMI
at the Co/X interface, denoted as HDMIXT“, represents the difference between Hpy
in Pt(2.5)/Co(0.9) and Pt(2.5)/Co0(0.9)/X(1.0). Second, the magnitude of the
accumulated interfacial DMI at the Co/X interface, denoted as Y. Hpy %, corresponds

to the sum of contributions of interfacial DMI at Co/X interface up to given thickness.

Tot

Specifically, ¥ Hpp® = HDMIX when the given thickness is 1.0 nm.

Afterward, we can analyze the scaled interfacial DMI emergence by calculating
the ratio of theses two parameters, Y. Hpm /Hppy ™"

Figure 5.11 shows the plot of the scaled interfacial DMI emergence
> Homih / HDMIXTOt with respect to non-magnetic layer thickness, tx.

Remarkably, all the data begin to collapse near ty = 0.4 nm, reflecting our
observations that the interfacial DMI primarily emerges tyx = 0.4 nm, corresponding
to two monoatomic layers. Consequently, we can categorize the phase of the Co/X as

follows: (i) surface dominant regime, (ii) transition regime, (iii) interface dominant

regime.
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Figure 5.11 Plot of Y Hpyi® /HDMIX Tot with respect to tx. The blue region
indicates surface dominant regime. The purple region indicates transition
regime from surface to interface. The red region indicates interface dominant

regime.

(i) In the surface dominant regime, where tyx < 0.4 nm, the behavior is primarily
influenced by the magnetic Co surface, making it highly sensitive to even small
coverage of non-magnetic materials. As a result, the interfacial DMI exhibits
significant changes in this regime.

(i1) In the transition regime, where ty = 0.4 nm, the change in interfacial DMI
initiates, but its magnitude is relatively minor compared to the surface dominant

regime.
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(ii1) In the interface dominant regime, where tx = 0.4 nm, the behavior is
primarily governed by the Co/X interface, and the interfacial DMI stabilizes. In this
regime, the coverage of non-magnetic material becomes sufficient, and the interfacial
DMI exhibits relatively minor changes compared to the two previous regimes.

In summary, our findings indicate the existence of a universal length of interface,
where the behavior is primarily governed by the interface, maximizing the generation
and stabilization of interfacial phenomena. Although the methodology involving
magnetron sputtering may not precisely match the average thickness to the atomic
layer, it still allows for well-controlled thickness control and detection of interfacial
phenomena, revealing the transition from surface to interface during formation
process. These findings provide not only a comprehensive understanding of the
underlying nature of DMI emergence but also offer insights into the underlying

mechanisms that govern this phenomenon.
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Chapter 6

DW roughness scheme for DMI

measurement

In this chapter, we present a novel measurement scheme specifically designed to
explore DMI in weak PMA systems. Previous chapters focused on investigating DMI
under relatively strong PMA conditions, where clear DW motion was observable,
allowing for precise DW speed measurements to quantify interfacial DMI. However,
detecting DW motion becomes challenging in weak PMA systems, making it difficult
to precisely measure DMI. Therefore, we propose a new approach to quantify DMI
using DW roughness measurement. This method addresses the challenges faced in

DMI measurement based on DW motion in weak PMA systems.
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6.1 Background

In this thesis, we focus on studying interfacial DMI using the asymmetric DW
speed scheme (chapter 1.6). This method is well-suited for systems with clear DW
motion, typically observed under strong PMA conditions. However, when dealing
with systems exhibiting non-clear DW motion, particularly under weak PMA
conditions, the situation becomes different. In such cases, DWs tend to be rougher

compared to strong PMA systems [12].

Furthermore, studying dynamics can introduce potential artifacts, such as time-
dependent phenomena and chiral damping [46-48]. To avoid these possible artifacts,
we aim to develop a DMI measurement scheme based on static equilibrium states

without any motion.

In this study, we report that it is possible to determine the strength of DMI by
analyzing the static (or quasi-static) roughness of chiral DWs. This DW roughness
can be measured from a single snapshot of the DW image at rest without any
additional motion. By examining magnetic multilayer films of Pt/Co/Pt
heterostructures, we have discovered that the DW roughness can be analyzed based
on the competition between DMI and DW energies, providing insights into the
quantitative determination of both magnitude and sign of the DMI-induced effective

magnetic field, Hppyj.

6.2 Sample fabrication

The detailed stacking structure of the Pt/Co/Pt films is 5.0-nm Ta/1.75-nm Pt/0.3-
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nm Co/1.5-nm Pt. The films were deposited on Si/100-nm SiO2 substrates by means
of dc magnetron sputtering process. The lowermost Ta layers are buffer layers for
better crystallinity of films and the topmost Pt layers are the capping layer to prevent

possible oxidation and contamination.

6.3 Determination of DW roughness

To ensure better statistical analysis of the DW roughness [49-50], all DWs were
created under an identical procedure by use of a gold wire patterned on the films. The
gold wire (yellow area) was positioned across the magnetic wire (light gray area), as
depicted in Fig. 6.1a.

Each DW writing procedure followed a specific sequence: first, the
magnetization was saturated by applying an external out-of-plane magnetic field
pulse. Next, an electric current pulse (blue arrow) was injected through the gold wire,
generating the Oersted field (curved green arrow), as depicted in Fig. 6.1b. This
switching of the magnetization in the region adjacent to the gold wire resulted in the
creation of a linear DW parallel to the writing line for each DW writing procedure.

To ensure reproducibility and reliability in repeated measurements, an automatic
procedure was employed to create identical DWs consistently. After every
measurement, all the DW structures were completely erased by saturating the
magnetization to secure the identical state for the next measurement. Figure 6.1c

shows a snapshot of MOKE image of the film. The figure clearly shows a 300-um-
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long straight DW along the y axis, created by an electric current pulse of 20 mA and

100 ms.

¥

®
(@)

— writing line

A

1 1 _current pulse

Pl
<

Figure 6.1 Schematic drawing of DW writing process. a, Schematic drawing of
the sample with the magnetic wire (light gray area) and gold wire (yellow area).
b, The reversed magnetic domain (dark gray area) by the Oersted field (curved
green arrow) from the injected current pulse (blue arrow) under an external in-
plane magnetic field H, (purple arrow). ¢, MOKE image of the Pt/Co/Pt film

at the state described in b. The inset shows the magnified image of the DW.

Looking close to the DWs, each DW exhibits local roughness as shown by the
inset of Fig. 6.1c, though the DW is straight in a large scale. Such DW roughness
comes from the local irregularities with quenched disorders such as defects and DW
pinning sites. In the quenched disorder systems, the interfaces can be analyzed within
the context of scaling laws [11, 51-52].

For quantitative analyses, the DW roughness is parameterized as the average

width of the DW position fluctuation. For the present case of DWs along the y axis,
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the average width w is defined as the standard deviation of the DW positions in the
x direction. Then, w follows the scaling law with respect to the DW segment length
L as given by w o (L/Lc)¢ for L > Le [11]. Here, ¢ (= 2/3) is the roughening
exponent and L¢ is the Larkin length [11,53-55]. According to Ref. [11], Lc scales
with the DW energy density opyw as given by Lc & JS\/;. Summing up these scaling
relations, one can find that w follows a scaling law with respect to opyw as given
by

w X ap, (6.1)
with 7 =4/9.

It is possible to change apy by applying an in-plane magnetic field H, in the
x direction.

For this case, opy follows the relation opw(Hy) = 0o — 2AKpHS % (H, +
Hpm)? for |Hy + Hpyyl < Hg [14-15], where o is the DW energy density at the
Bloch chirality, 4 is the DW width, Kp is the DW anisotropy, and Hsg is the
saturation field to the Néel chirality.

The opw(H,) variation corresponds to the DW chirality transition from a Néel
chirality (H, < —Hpy) through the Bloch chirality (H,, = —Hpyp) to the other Néel
chirality (H, > —Hpy). It is worthwhile to note that the plot of opw(H,) shows a
symmetric parabola centered at H, = —Hpy of the Bloch chirality. Therefore, it is
possible to quantify Hpyp from the center of symmetry in the DW chirality transition.
Since w(H,) shares the center of symmetry identical to opw(H,) due to the

scaling relation of Eq. (6.1), the center of symmetry in opw(H,) can be acquired by
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measuring w(H, ) with respect to H,. Therefore, the experimental measurement of
w(H,) provides a way to quantify Hpy from the center of symmetry.

To examine whether it is possible to resolve the center of symmetry from the
w(H,) measurement, we carried out the DW roughness measurement under the
application of H,. Figures 6.2a and b show the MOKE images of the linear DWs in
the film, created under the application of different H,, (a) 0 and (b) 182 mT,
respectively. Interestingly, the degree of the DW roughness changes a lot with respect
to H,. The degree of the DW roughness is distinguishable even to eyes between the

images. The latter DW looks noticeably rougher than the former.

100 -

Counts

Figure 6.2 Determination of DW roughness. a, MOKE images for H, = 0. b,
MOKE images for H, = 182 mT. c, The histogram of w for H, = 0 (green)

and H, = 182 mT (blue), respectively.

For a quantitative comparison, w(H,) was determined from the images. For
better statistical analysis, the measurement was done repeatedly by 1,000 times for

each given H,. Figure 6.2¢ shows the histogram of the measured 1,000 values of w
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for H, = 0 (green) and 182 mT (blue), respectively. Each histogram exhibits a
Gaussian-like distribution for a given H,. Therefore, we quantified the mean value
w and the half width at half maximum for each Gaussian-like distribution. The
distinct DW roughness in Figs. 6.2a and b corresponds to the almost twice variation
of w from 0.63 um for a to 1.03 um for b. It is worthwhile to note that the difference
in w is certainly larger than o. Therefore, it is possible to resolve each distribution

from the other.

6.4 Quantification of DMI from DW roughness

From the repeated measurements by sweeping H,, the chirality transition of w
was examined. Figure 6.3a shows the plot of W with respect to H,. Here, the error

bar corresponds to the half width at half maximum.

The clear symmetry manifests that the DW roughness is mainly governed by the
DW energy density in this controlled experiment. Therefore, it is possible to quantify
Hppyp from the DW roughness measurement. The center of symmetry in Fig. 6.3a

corresponds to Hppy = 78 £ 10 mT.

To verify the validity of the present measurement scheme, we adopted another
Hpyp measurement scheme based on the asymmetric DW speed [14]. This scheme
analyzes the DW speed vpy, with respect to H,. Due to the dependence on apyy,
vpw(H,) exhibits the chirality transition identical to opw(H,) . Therefore,
vpw(H,) shares the center of symmetry identical to opw(H,) and consequently,

identical to w(H,). Figure 6.3b plots vpw (H,). The figure manifests that vpy (H,)

1 O
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exhibits the center of symmetry identical to w(H,). The exact accordance confirms

the validity of both the Hpy measurement schemes.
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Figure 6.3 Quantification of DMI based on DW roughness and DW asymmetric
speed for the Pt/Co/Pt film. a, Plot of w(H,) with respect to H,. b, Plot of

vpw(H,) with respect to H,. The vertical blue lines indicate the center of
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symmetry for each panel.

In conclusion, we demonstrated that the DW roughness exhibits a symmetric
variation in accordance with the DW chirality with respect to the in-plane magnetic
field. The DW roughness variation was found to be large enough to resolve the center
of symmetry. Since the center of symmetry corresponds to the DMI-induced effective
magnetic field, the present observation enables an experimental DMI measurement
scheme based on the DW roughness. The validity of the present measurement scheme
was confirmed in comparison with the other measurement scheme. This new scheme
provides a reliable substitute under circumstances where conventional methods may

not be applicable.
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Chapter 7

Conclusion and outlook

In this thesis, our research focuses on interfacial Dzyaloshinskii-Moriya
interaction (DMI) at single interfaces. We investigate magnetic domain walls (DWs)
in films with perpendicular magnetic anisotropy (PMA), specifically based on the
Pt/Co single interface film. The primary objective is to gain a deep understanding of
the Pt/Co single interface by varying the thicknesses of both the non-magnetic layer
(Pt) and the magnetic layer (Co).

Through these investigations, we confirm the interfacial nature of DMI and
observe an unconventional dependence of DMI on the thickness of the non-magnetic
layer. To shed light on the origin of this dependency, we conduct X-ray diffraction
(XRD) examinations and discover a strong correlation between DMI and the lattice
constant of Pt. This correlation is further validated by our first-principles study. The
clear correlation allows us to manipulate the chirality systematically in conventional
magnetic systems, such as Pt/Co/Pt, from clockwise (CW) to counterclockwise
(CCW) chirality. These results provide a clearer understanding of the Pt/Co single
interface.

Building on the enhanced understanding of the Pt/Co single interface, we extend

our research to study interfacial DMI at the Co/X interface, where X represents
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various materials. In this study, we quantitatively determine the layer-resolved
contributions of interfacial DMI at the Co/X interface and unveil the existence of a
universal length of interface, approximately two monoatomic layers, which plays a
pivotal role in the emergence of interfacial DMI. Based on this universal length, we
categorize the phase of the Co/X interface into three regimes: surface regime,
transition regime, and interface regime, using DMI as a critical criterion. These
findings provide insights into the interfacial characteristics of DMI and offer a
systematic way to understand the nature of interface.

This thesis centers on a specific interfacial phenomenon called DMI. To study
DMI at the single interface level, we developed an in-vacuum Magneto-Optical Kerr
Effect (MOKE) system. This pioneering experimental approach allows us to gain a
deeper understanding of the physics involved in interfacial phenomena compared to
conventional methods. Additionally, our experimental approach serves as a problem-
solving strategy that can be applied to investigate and unravel other interfacial

phenomena.
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