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摘要

隨著近年來摩爾定律已經發展到盡頭，儘管有修正的摩爾定律版本，但是仍

須一些特殊的技術來支持。這時，次世代記憶體越來越受到重視以及獲得許多認

可。其中，最有名的磁阻式隨機存取記憶體具有非揮發性、能量消耗較低的特性

因此備受矚目，其中以自旋軌道矩式磁阻式隨機存取記憶體 (SOT-MRAM)的表現

最為優異，包含了快速寫入、高耐久度以及低寫入電流的特性使它具備良好的競

爭力。

利用合金供給自旋電流可以有效提升類阻尼自旋軌道矩效率。然而所使用的

金屬成本都不低，這對於未來在量產磁阻式隨機存取記憶體會是一大難題。因此

在本篇論文，會使用相對便宜以及自然界含量高的鎢、鈷、鈦金屬來製作合金以

及多層膜，其中包含了鎢鈷合金、鎢鈷多層膜、鎢鈦多層膜。我們利用這些合金

或多層膜當作自旋電流供給方並進行量測，發現在類阻尼自旋軌道矩效率擁有卓

越的表現；而多層膜也擁有很小的翻轉電流，進而在較低的電壓下也能進行翻轉，

避免造成元件的擊穿現象。本篇期望能帶給自旋軌道矩式磁阻式隨機存取記憶體

一點啟發。

關鍵字：自旋電子學、自旋軌道矩式記憶體、自旋軌道矩、合金、多層膜、類阻
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尼自旋軌道矩效率
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Abstract

As we approach the end of the Moore’s Law, the significance of next generation

memories has become increasingly prominent in recent years. Among these, Magnetore-

sistive Random Access Memory (MRAM) has emerged as a promising nonvolatile mem-

ory, with spin-orbit torque MRAM (SOT-MRAM) being competitive. The SOT-MRAM

possesses several desirable properties, such as high writing speed, high endurance, and

low writing current. Furthermore, considering the environmental and economic concerns,

a SOT-MRAM should exhibit high damping-like efficiency (ξDL), excellent thermal sta-

bility, and low power consumption.

Alloys are regarded as a promising substitution of heavy metal (HM) layer for future

advancements, as they provide enhancements in both spin Hall angle (θSH) and ξDL while

maintaining a moderate resistivity. Numerous experimental studies conducted by differ-

ent research groups have confirmed the enhancements in θSH and ξDL achieved through
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the use of different alloys. However, the composition of these alloys can be costly, posing

challenges for mass production.

In this thesis, we explore the utilization of not only alloys but also multilayers as the

HM layer. WCo alloy, WCo multilayer, WTi multilayer demonstrate enhancement in ξDL.

Moreover, both multilayers possess extremely low switching currents, which effectively

contributes to reducing the applied voltages across the devices.

Keywords: Spintronics, SOT-MRAM, Spin Hal Effect, Spin-Orbit Torque, Alloy, Mul-

tilayer, Damping-Like Spin-Orbit Torque Efficiency
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Chapter 1 Introduction

1.1 Hall Effect

The term ”Hall effect” was originally coined to describe the generation of voltage

perpendicular to an electric current in the presence of a magnetic field. However, over the

past few decades, the term has been widely used to encompass any phenomenon where a

voltage signal emerges in the transverse direction, regardless of the application of a mag-

netic field. Consequently, there have been numerous variations of the Hall effect, such

as quantum Hall effect[1], quantum anomalous Hall effect[2], and quantum spin Hall ef-

fect[3], which is shown in Fig.1.1(d-f). It is important to note that these novel effects are

not covered in this thesis.

1.1.1 Ordinary Hall Effect

The Hall effect describes the phenomenon where a magnetic field applied perpen-

dicular to an electric current flowing through a conductor in the longitudinal direction

creates a measurable voltage difference across the conductor. Discovered by Edwin Hall

in 1879[5], it is characterized by the generation of a voltage in the transverse direction.

1
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Figure 1.1: Schematic plots of varying Hall effects[4].

When an electric current flows through a conductor, such as a metal or a semiconduc-

tor, the moving charges experience a Lorentz force due to the magnetic field, which is

expressed as equ.1.1:

F = q (E+ v× B) , (1.1)

where F is the Lorentz force, v is the velocity of charge, and E and B are the electric field

and the magnetic field, respectively. In the presence of a perpendicular magnetic field, the

charged particles are deflected to one side of the conductor, resulting in an accumulation

of electron on that side and an accumulation of hole on the opposite side. This charge

separation creates an electric field that opposes the further accumulation of electron and

hole. This equilibrium leads to the development of a voltage across the conductor, known

as the Hall voltage.

The Hall coefficient, denoted as RH, is a parameter that characterizes the Hall effect

2
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in a material.

RH =
Ey

jcBz

=
1

ne
, (1.2)

It provides information about the charge carriers present in the material. The sign of the

RH determines the type of charge carriers: negative for electrons and positive for holes. It

is used to study the electrical and magnetic properties of materials, including their carrier

concentration, mobility, and conductivity.

The Hall effect has practical applications in various fields. Hall effect sensors, for

example, are used to measure magnetic fields and detect current in sensors. Additionally,

the Hall effect is utilized in solid-state physics to study the electrical properties of materi-

als. It has played a crucial role in understanding charge carriers and has paved the way for

the exploration of related phenomena, such as the quantum Hall effect and other advanced

variations discussed in the beginning.

1.1.2 Anomalous Hall Effect

The anomalous Hall effect (AHE) is a phenomenon observed in condensed matter

physics where a transverse voltage, known as the Hall voltage, is generated in the absence

of an external magnetic field, especially in ferromagnetic materials. The AHE is also dis-

covered by Edwin Hall while he was conducting the Hall measurement for ferromagnetic

materials. Unlike the ordinary Hall effect, which is primarily driven by Lorentz force

acting on charge carriers, the AHE involves additional contributions related to spin-orbit

interaction (SOI) and magnetization. In ferromagnetic materials, magnetization plays a

3
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crucial role as an effective magnetic field that interacts with the charge carriers. The

amount of spin-up currents and spin-down currents are different, and they possess oppo-

site transverse velocities, resulting in unequal charge accumulations on opposite sides of

the material. As a consequence, a voltage develops across the ferromagnetic material[6].

In addition, if themagnetic field is applied, both the ordinary Hall effect and the anomalous

Hall effect coexist, following equ1.3.[7]:

Rxy = ROHz +RAMz, (1.3)

where RA is much larger than RO in ferromagnetic materials, and the square hysteresis

loop can be obtained.

As depicted in Fig.1.2, there are three kinds of mechanisms to affect the AHE, in-

cluding intrinsic deflection, side jump, and skew scattering[8].

Intrinsic mechanism: It was first proposed by Karplus and Luttinger in 1954[6]. It states

that when a solid is subjected to an external electric field direction, electrons acquire

an anomalous group velocity perpendicular to the electrical field, which gives rise to a

nonzero Hall voltage value in ferromagnetic materials. This effect is closely associated

with the Berry curvature and Berry phase[9], which are connected to the band structure of

the materials. Importantly, the intrinsic mechanism is not influenced by defects but rather

relies on the inherent properties of the material. Hence, it is referred to as intrinsic[10–

13].

Side jump: The concept of the side jump was first introduced by Berger in 1970[14].

With the presence of defects or impurities in the crystal lattice, electrons with opposite

spin orientations, namely spin-up and spin-down, experience deflections as they approach

4
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and depart from these impurities due to the opposite electric field they experience[7, 15].

Skew scattering: The concept of skew scattering was first introduced by Smit in 1955

and 1958[16, 17]. It describes the phenomenon where electrons with opposite spins ex-

hibit asymmetric scattering behavior when encountering defects or impurities, influenced

by the SOI. Both the side jump and skew scattering are considered extrinsic mechanisms

since they interact with defects or impurities.

Figure 1.2: Mechanism of anomalous Hall effect[8].

1.1.3 Spin Hall Effect

The spin Hall effect (SHE) is a phenomenon in condensed matter physics where an

electric current induces a spin polarization perpendicular to the direction of the current

5
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flow. The mechanisms behind the SHE and the AHE are quite similar. Both involve de-

flections in opposite directions as electrons with different spins encounter impurities, in-

cluding intrinsic mechanism, skew scattering, and side jump which is shown in Fig.1.3(a-

c)[18]. However, the AHE usually occurs in ferromagnetic materials and arises from an

imbalance in the number of electrons at the Fermi level, resulting in the generation of a

Hall voltage. On the other hand, the SHE typically occurs in normal metals (NM) and is

driven by the spin-orbit coupling (SOC) in which depicted Fig.1.3(d)[19]. It makes the

amounts of deflected electrons on the opposite sides remain equal. As a result, the Hall

voltage resulting from the SHE cannot be directly measured using conventional electrical

methods, for the accumulation of deflected electrons is symmetric[20].

Figure 1.3: Schematic plots of different mechanisms contributing to the SHE and theAHE.
(a) skew scattering. (b) side jump. (c) Intrinsic spin Hall effect. (d) Schematic plot of the
deflected charge currents due to the SHE[18, 21].

Therefore, in order to analyze the SHE, a commonly employed method is to intro-

6
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duce breaking the inversion symmetry. With a ferromagnetic layer deposited in proximity

to the heavy metals (HM) layer, the spin accumulated at the surface transfers the angular

momentum to the magnetic moments within the ferromagnetic layer. This transfer fur-

ther brings about the spin-orbit torque (SOT), resulting in the magnetization switching in

the ferromagnetic layer, specifically the ferromagnetic layer with perpendicular magnetic

anisotropy (PMA) property. The initial confirmation of the SHEwas achieved through the

analysis using the magneto-optical Kerr effect (MOKE) technique, as shown in Fig.1.4.

The MOKE images reveal the spins with opposite polarization accumulated on opposite

sides, providing evidence for the existence of SHE[22].

In addition, the strength of SHE is influenced by the strength of SOC, heavy metals

typically exhibit significant SHE due to their strong SOC, including Pt, W, and Ta, whereas

3d transition metals typically demonstrate a weaker SHE owing to their low atomic num-

bers, such as Ti, V, and Mn. The equation of the SHE can be expressed as:

Js =
ℏ
2e

θSH(σ̂ × Je), (1.4)

where σ̂ represents the spin polarization of the charge current, θSH corresponds to the spin

Hall angle, which serves as a benchmark for assessing the efficiency of charge-to-spin

conversion. Additionally, Js and Je denote the spin current density and charge current

density, respectively[19, 23–25].

7
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Figure 1.4: The MOKE images of GaAs sample, indicating the presence of accumulated
spins on opposite sides[22].

8
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1.2 Spin Hall Conductivity

To determine the strength of the SHE, not only the θSH can evaluate the efficiency

of charge-to-spin conversion, spin Hall conductivity, denoted as σxy or σSH can also be an

indicator of the SHE. As mentioned in the previous section, the SHE comprises both an

intrinsic and an extrinsic component. The intrinsic spin Hall conductivity can be mathe-

matically expressed as[26]:

σintrinsicxy =
e

4a

⟨l · s⟩FS

h̄2 , (1.5)

where a is the lattice constant, and ⟨l · s⟩FS represents spin-orbit interaction at the Fermi

level which is closely linked to the band structure of the perfect crystal. The extrinsic

mechanisms of the SHE involve both skew scattering and side jump, with the spin Hall

conductivity σside jumpxy ∝ σ2
xx[14] and σskewxy ∝ σxx[16], respectively. The overall spin Hall

conductivity can then be the form of equ.1.6[20, 27].

σHxy = σintxy + σside jumpxy + σskewxy , (1.6)

In addition, when the SHE measurement is conducted under low temperature, the effect

of skew scattering can be ignored, remaining intrinsic and side jump mechanisms. In this

thesis, the measurement under variation temperatures are not conducted, so the σSH in the

text includes both intrinsic and extrinsic components. Furthermore, a summary of exper-

imental measured σSH is shown in Fig.1.5[28].

9
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Figure 1.5: A summary of experimental results of σSH on various ferromagnetic materi-
als[28].

1.3 Spin-Orbit Torque

Spin-orbit torque arises from the SHE and the Rashba Edelstein effect (REE). Both

of these mechanisms contribute to the generation of spin accumulation at the interface,

enabling the injection of spin current and spin momentum into the ferromagnetic (FM)

layer in which depicted Fig.1.6(a-b)[29]. In contrast to spin-transfer torque (STT), which

requires two FM layers, one fixed layer and one free layer, the spin in the current is polar-

ized by the fixed layer and injected into the free layer and switches the magnetic moments

in the free layer. The application of SOT in the field of MRAM solves the breakdown

issue of magnetic tunneling junction (MTJ). This experiment was accomplished by Miron

et al.[30] with the PMA sample structure Pt/Co/AlOx. The SOT-MTJ is first done by Liu

10
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et al.[31] by measuring the Ta/CoFeB/MgO/CoFeB heterostructure, and it has a brilliant

result, as shown in Fig.1.6(c-d).

Figure 1.6: Shematic plots of (a) SHE and (b) REE[29]. (c) The sample structure of the
first SOT-MTJ. (d) The tunneling magnetoresistance (TMR) of Ta/CoFeB/MgO/CoFeB
heterostructure[31].

In addition, the perturbation resulting from the SOT can be described using the Landau-

Lifshitz-Gilbert-Slonczewski (LLGS) equation, initially proposed by Lev Landau, Evgeny

Lifshitz, and T.L. Gilbert. This equation was later revised by Slonczewski, who introduced

the concept of the STT. The LLGS equation constructs the magnetization trajectory model

describing its overall dynamics, which is shown in equ.1.7[32–34].

∂m
∂t

= −γm×Heff + αm× ∂m
∂t

+ βγ [cDLm× (m× σ) + cFLm× σ] , (1.7)

where γ is the gyromagnetic ratio, α is the Gilbert damping constant, β = Jeh̄
MsetFM

,Ms rep-

11
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resents the saturation magnetization of the FM layer, andHeff is the overall effective field,

including the external magnetic field, exchange interaction field, and anisotropy field, etc.

The first term in the equation describes the in situ precession behavior of the magnetiza-

tion resulting due to the influence of the overall effective field. While the second term

indicates the damping behavior, making the magnetization gradually align with the di-

rection of Heff. The third and fourth terms illustrate the DL-SOT and field-like torque,

arising from the generation of spin currents via the SOC. The DL-SOT competes with the

damping term and is also known as the anti-damping torque, as depicted in Fig1.7.

Figure 1.7: Schematics plot of the LLGS equation[33].

12
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1.4 Motivation of This Work

Nowadays, reducing power consumption (P) is a significant concern in the SOT-

MRAM. Power consumption can be affected by the resistivity and the current density of

the heavy metal with the relationship illustrated in equ1.8.

P ∝ ρHM · J2
HM, (1.8)

In order to reduce power consumption, it is prior to find a substitution to lower both ρHM

and JHM. However, damping-like efficiency (ξDL) is directly proportional to the ρHM and

inversely related to JHM. Therefore, there is a challenging trade-off between ρHM and JHM.

On one hand, higher values of ρHM result in high ξDL but but they also lead to higher power

consumption.

Furthermore, based on the Moore’s law, the sizes of electronic components nowa-

days tend to be minimized, making a possibility to display more components or devices

on a printed circuit board. However, the smaller size of electronic components, the harder

the yield we obtain. Therefore, a thick HM layer with a strong ξDL and a small switching

current makes our MTJ high and easily etched, which effectively maintains the yield[35].

Alloys are considered as an up-and-comer because they offer improvements in both

θSH and ξDL while maintaining a moderate resistivity. Numerous studies claim that the use

of varying alloys have enhancement on θSH and ξDL. However, selecting the appropriate

dopant elements remains a challenge in the field. Extensive research is being conducted

13
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on Pt-based alloys, including PtCu alloy[36, 37], PtAu alloy[38], PtAl and PtHf alloy[39],

PtGd alloy[40], etc. In contrast, for W-based alloys, such asWHf alloy[41], WTa andWV

alloy[42], are relatively going begging. In addition, alloys like AuTa[43], CuTa alloy[44],

and AuCu alloy[45], etc. are examined by different groups. Moreover, in our lab, WV

alloy, PtV alloy, and PtCr alloy are analyzed by Yu Fang, Chiu.

In this thesis, considering the desirable properties of tungsten, such as high θSH, ex-

cellent thermal annealing stability, and cost-effectiveness, we have chosen the WCo alloy

as a HM layer. In addition, due to the formation of multilayers can be easily controlled,

WCo multilayer is a substitution of HM layer. Moreover, we have also adopted WTi mul-

tilayer as a spin source. Both multilayers exhibit enhanced ξDL compared to pure tungsten

control samples, and they demonstrate extremely low switching currents, contributing to

the extremely low applied voltage which can avoid breakdown issues. Besides, thick HM

layers with strong ξDL and small switching currents have the potential to maintain the yield

during the production process of the devices, especially in the etching process.

14
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Chapter 2 Sample Preparation

2.1 Thin Film Fabrication Techniques

2.1.1 Magnetron Sputtering

Sputtering is a physical vapor deposition (PVD) technique used to deposit thin films

of various materials onto a substrate. The principle of sputtering involves harnessing a

plasma generated by applying an electric potential difference, which is then directed to-

wards bombarding the surface of a target material. As a result of this energetic collision,

atoms from the target are expelled into the surrounding chamber space and subsequently

adhere to the surface of the substrate, forming a deposited film. An incorporation of a

magnetron technique into the sputtering process serves to significantly enhance the effi-

ciency of sputtering. The magnetron sputtering machine in our lab consists of a vacuum

chamber operating at an ultra-high vacuum level of approximately 10-8Torr. It is equipped

with multiple guns, each housing different targets, and an argon pipe serves as the plasma

source for generating the plasma. This setup is depicted in Fig.2.1(a). The operational

schematic of the magnetron is illustrated in Fig.2.1(b). The arrangement includes multi-

ple magnets positioned beneath the targets. These magnets generate a magnetic field that

effectively prolongs the lifetime of electrons within the plasma. This prolonged lifetime

15
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facilitates the motion of secondary electrons towards the vicinity of the target, thereby en-

hancing the efficiency of the sputtering process. Fig.2.1(c) shows themechanism bywhich

argon ions bombard the surface of the target, resulting in the emission of target atoms. In

conclusion, magnetron sputtering is widely employed in industries such as electronics,

and optics, offering the distinct advantage of facilitating mass production capabilities.

Figure 2.1: Schematics of sputtering deposition[46–48]. (a) A simplified sputtering sys-
tem with a vacuum chamber, a target material, and a plasma source. (b) A schematic
diagram of applying magnetron in a sputtering system. (c) The process of how a plasma
ion bombard target material and the way target atoms are generated.

Target Element W Co CoFeB MgO Ta Ti (100W)

Growth Rate (nm/s) 0.03178 0.02647 0.01878 0.00333 0.03338 0.05056

Table 2.1: Summary of the sputter rates.
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Atomic Ratio W Power (W) Co Power (W) Alloy Growth Rate (nm/s)

W0.7Co0.3 50 10 0.05914

W0.6Co0.4 30 10 0.04562

W0.5Co0.5 30 20 0.04644

W0.4Co0.6 20 20 0.03830

W0.32Co0.68 30 50 0.06873

W0.24Co0.76 20 50 0.06365

Table 2.2: The sputter rates of WCo alloy.

The growth rates employed for depositing the samples in this study are presented in

Table.2.1 and Table.2.2. These growth rates were calibrated using either the alpha step or

the atomic force microscope (AFM). It is important to note that the values of the growth

rates in the tables perform at 30 Watts unless otherwise specified.

2.1.2 Alloy Recipe

The formation of WCo alloys in this thesis is achieved through a co-sputtering tech-

nique, wherein two targets are simultaneously bombarded. This technique enables the

precise control of the composition within the WCo alloy. The concentration of cobalt

(XCo) is calculated by the following equ.2.1:

XCo =
rComolar

rWmolar + rComolar
, (2.1)
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where rWmolar and rComolar represent themolar growth rates of tungsten and cobalt, respectively.

In addition, it is necessary to calibrate the growth rates of tungsten and cobalt under

different power conditions. This calibration process enables the determination of the mo-

lar growth rate for varying power settings. By utilizing equ.2.1, the atomic ratio values

presented in Table.2.2 can be obtained. With the information of the power recipe and the

specified concentration set, calibration samples are prepared by magnetron sputtering for

a duration of 1000 seconds. These samples are subsequently calibrated using an alpha step

measurement, and the obtained alloy growth data is shown in Table.2.2.

2.2 Photolithography

Photolithography is a crucial process used in microelectronic devices in semicon-

ductor manufacturing to create patterns or designs on the surface of a substrate, usually a

silicon wafer for instance. It involves a series of steps from the pattern on the photomask

to the light-sensitive material, which is so-called a photoresist. The traditional processes

of the photolithography process are composed of the following steps[49–51].

1. Substrate surface cleaning: To ensure the highest quality of patterns, it is essential to

commence the photolithography process by thoroughly cleaning the silicon substrate using

isopropanol (IPA). This preliminary step effectively eliminates dirt and organic contami-

nants that have the potential to hinder the pattern’s quality and integrity.

2. Spin coating: Once the cleaning process is complete, the substrate is positioned on a

rotary plate, ready for the application of a thin layer of positive photoresist. The recipe

18
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of spin coating is spun at 1000rpm for 10 seconds, ensuring a uniform distribution of the

photoresist. This is followed by a rapid increase in speed to 4000rpm for 30 seconds, pro-

moting the formation of a precise and smooth photoresist layer.

3. Soft bake: The purpose of the soft bake process is hardening the photoresist by a

baking temperature of 100℃ for a duration of 7 minutes. It enhances the stability of the

photoresist layer.

4. Exposing: By installing the photomask and utilizing UV light emitted by the mercury

lamp, the UV light penetrates the photomask and transmits onto the photoresist. The de-

sired patterns do exist.

5. Development: The positive photoresist is gently removed using a developer solution,

tetramethylammonium hydroxide (TMAH). Through this process, the unwanted portions

of the photoresist are dissolved, leaving behind Hall bar devices. These devices possess

dimensions of 5µm × 60µm, which is shown in Fig.2.2.

Figure 2.2: (a) Schematic plots and (b) the scale of Hall bar device.
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Chapter 3 Measurement

3.1 Magnetic Property Characterization

3.1.1 Electrical Detection

To ensure the PMA property of each sample, Ordinary Hall measurement is con-

ducted. As depicted in Fig.3.1(a), a dc current is applied along the longitudinal direction

while scanning the out-of-plane magnetic field from negative to positive and then back to

negative. This process allows us to obtain the anomalous Hall voltage in the transverse di-

rection. When the sample exhibits a PMA property, the resulting anomalous Hall voltage

exhibits a square loop pattern known as the hysteresis loop. The representative hysteresis

loop is shown in Fig.3.1(b), and it represents the direction of the magnetic moments.

Figure 3.1: (a) Schematic plot of anomalous Hall measurement. (b) The representative
hysteresis loop measured by the electrical method.
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To examine the stability of PMA, we normalize the anomalous Hall resistance rang-

ing from +1 to -1. The stability is then quantified by the remanent magnetization ratio

(MR/MS), whereMR can be obtained under Hz = 0 andMS represents saturation magne-

tization[52–56].

3.1.2 Vibrating Sample Magnetometer

A vibrating sample magnetometer (VSM) is an advanced instrument used to mea-

sure the magnetic properties of materials. It operates on the principles of Faraday’s Law,

which states that when a magnetic field undergoes varying changes over time, it induces

a magnetic flux. The magnetic flux will interact with the electric circuit, resulting in the

generation of an electromotive force (emf). The relationship between the magnetic flux

and emf can be described by the Maxwell–Faraday equation[57–59]:

∇× E = −∂B
∂t

, (3.1)

where ∇× is a curl operator, E(r, t) and B(r, t) is the electric field and magnetic field,

respectively.

The process of conducting VSM measurement begins by affixing the sample onto a

carbon stick. Subsequently, the carbon stick is positioned within a holder, which is hung

between two electromagnets. During the VSM measurement, the magnetic field is set to

a 1.5 Tesla (T), and the holder begins vibrating. The sample is exposed under a magnetic

flux due to the effect of vibration. Consequently, the changing magnetic flux induces

22
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an emf, leading to the switching of magnetic moments. The VSM measurement can be

employed to characterize the magnetic properties of various materials, including param-

agnetic, ferromagnetic, etc.[60–64].

Figure 3.2: (a) Instrument setup of VSM[60]. (b) The anatomy chart of the VSM ma-
chine[61].

3.2 Spin-Orbit Torque Characterization

3.2.1 Hysteresis Loop-Shift Measurement

Hysteresis loop-shift measurement is a crucial technique used to analyze the SOT

characterization of samples with PMA properties. It can characterize the DL efficiency

(ξDL), the Dzyaloshinskii–Moriya interaction field (HDMI), and the SOT effective field

(Hz
eff). The mechanism of the hysteresis loop-shift measurement is based on the domain

wall motion, as illustrated in Fig.3.3. Consider a scenario where three domains exist, with
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the magnetic moments inside two domains pointing upward and the remaining one point-

ing in the -z direction. Due to the opposite orientations of the domain walls, the magnetic

moments located at the edges of the domains lie on the in-plane surface. When a charge

current passes through the sample, the polarization (σ) of the spin current generated via

SHE will affect the magnetic moments. Based on equ.1.7, the interaction between σ and

magnetic moment results in the emergence of theHz
eff, given by the relationHz

eff = σ×m.

Consequently, the magnetic moments at the edges of the domains experience an out-of-

plane Hz
eff. As a result, all magnetic moments within the sample undergo changes in their

orientations, with a velocity vDW. However, since the directions of vDW point in the same

direction, there is no expansion of the domain wall, and the overall configuration remains

unchanged. On the other hand, when an in-plane magnetic field is applied, the magnetic

moments align in the same direction, resulting in theHz
eff being in the same direction. Af-

fected by theHz
eff, the magnetic moments start reorientation, causing the domain to move

in the opposite direction, which means that vDW are opposite and is shown in Fig.3.3(b).

As a consequence, the domain wall expands, eventually resulting in the switching of the

magnetic moment and the formation of a single domain within the sample[65, 66].

The setup of the hysteresis loop-shift measurement consists of a range of applied

in-plane fields (Hx), a series of applied dc currents, the utilization of an out-of-plane mag-

netic field scanning the samples from negative to positive and back to negative, which is

depicted in Fig.3.4(a). Based on the principle of the domain wall motion, when a con-

stant Hx is applied, the hysteresis loops shift in opposite directions as opposite signs of

dc currents are applied, which is illustrated in Fig.3.4(c). Additionally, if the sign of Hx

is changed while keeping the dc current sign constant, the Hz
eff also changes its sign, as
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Figure 3.3: (a) Sechmatic of current-induced domain wall motion of a PMA sample with-
out applying an external magnetic field. Domain walls move in the same direction, and it
remains the same overall. (b) Schematic of current-induced domain wall motion of a PMA
sample by applying an in-plane magnetic field. Domain walls then move in the opposite
direction due to the effect of Hz

eff, resulting in the domain wall expansion[65].

Figure 3.4: (a) Measurement setup of the hysteresis loop-shift measurement. (b) A rep-
resentative current-induced SOT switching curve under Hx = 100Oe. The black arrows
indicate the scanning direction of dc currents. (c) Representative hysteresis loop shift re-
sults underHx = 400 Oe and Idc = 2.1mA and -1.9mA, respectively. (d)Hz

eff as a function
of Idc under Hx = ±400Oe[44].
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shown in Fig.3.4(d)[44, 66].

Furthermore, in the analysis of SOT characterization, a crucial parameter is the ξDL.

The equation defining ξDL is presented in equ.3.2:

ξDL =

(
2

π

)
2e

h̄
µ0MstFMwtHM (1 + s)

(
Hz

eff

I

)
, (3.2)

s ≡ IFM

IHM

=
tFMρHM

tHMρFM

, (3.3)

where µ0 is vacuum permeability,Ms and w are the situation magnetization and the width

of HM layer, respectively, tFM and tHM are the thickness of FM layer and HM layer re-

spectively. s is the current shunting parameter, as shown in equ.3.3. After conducting the

hysteresis loop-shift measurement, Hz
eff/I can be obtained. By substituting this ratio into

equ.3.2, ξDL can be calculated[67, 68]. In addition, another expression of ξDL can be using

current density (J) instead of dc current (I), which allows for more accurate comparison

and analysis[66, 69]. In this thesis, the form of Hz
eff/I is utilized.

3.2.2 Current-Induced Spin-Orbit Torque Switching Measurement

Current-induced SOT switching measurement is another important technique em-

ployed for analyzing the SOT characterization of samples exhibiting PMA properties. As

discussed in the previous subsection, the application of Hx field is necessary to align the

magnetic moments, counteract the influence of HDMI, and disrupt the Néel type chiral

domain wall. In the current-induced SOT switching measurement, the presence of Hx is
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needed to overcome these challenges. In the mechanism of current-induced SOT switch-

ing measurement, the role of the Hx is to compete with the depinning field of the domain

wall (Hd). When Hx < Hd, the domain wall motion is significantly impeded by the disor-

der, which is the so-called creep law. Therefore, a higher magnitude of applied dc current

is required, along with the increase of spin currents accompanied by the DL torque, to

assist the magnetic moments overcome the hindering effects of Hd. Once Hx exceeds

Hd, it can successfully overcome the depinning effect. Consequently, even if the applied

current is relatively small, Hx can still motivate the domain wall motion, as illustrated

in the previous subsection. As a result, the switching current will saturate to a constant

value[70, 71].

Figure 3.5: (a) The setup of the current-induced SOT switching measurement. (b)(c) The
representative current switching loops. (d)(e) The relation between Jsw and Hx[72].

The measurement setup of the current-induced SOT switching is shown in Fig.3.5(a).

This setup involves applying a Hx and a dc current along the longitudinal direction. The

Hall voltage (VH) is then measured in the transverse direction. Additionally, a small sens-

ing current is employed to detect the magnetization switching. Fig.3.5(b-c) display the
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representative switching loops, illustrating the magnetization dynamics during the current

switching process. Fig.3.5(d-e) show the relation between the switching current density

Jsw and Hx[72, 73].

During the current-induced SOT switching measurement, significant thermal effects

are generated due to the high applied value of dc current[74]. To eliminate the influence of

these thermal effects, themeasurement with a pulsewidth dependent analysis is conducted.

This analysis enables the determination of the critical switching current (Ic0) without the

influence of thermal effects and provides insights into the thermal stability factor (∆). By

changing the pulse width of the writing current (tpulse), Ic0 can be obtained by the following

equation[37, 75]:

Ic = Ic0

[
1− 1

∆
ln
(
tpulse
τ0

)]
, (3.4)

where τ0 ≈ 1ns, representing the intrinsic attempt time. ∆ = U/kBT signifies the thermal

stability factor between the up state and down state in the PMA sample, with U represent-

ing the energy barrier, kB is the Boltzmann constant, and T is the temperature. The values

of Ic0 and ∆ can be obtained through a linear fitting of Ic and ln
(

tpulse
τ0

)
. The equation of

ξDL is a little different from the loop-shift measurement, which is shown in equ.3.5[76, 77]:

ξDL =

(
2

π

)
2e

h̄
µ0MstFMwtHM (1 + s)

(
Hc

Ic

)
, (3.5)
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3.3 Summary of Experiments

The sample structures in this thesis are depicted in Fig.3.6 & 3.7. The Heave metal

(HM) includes pure tungsten, WCo alloy, WCo multilayer, and WTi multilayer. In addi-

tion, the tHM in Fig.3.7 are 3.3, 5, 6.7, 8.1, and 10nm. The detailed recipe of WCo alloy,

WCo multilayer, and WTi multilayer are shown in Table.2.2 to Table.3.2.

Figure 3.6: Schematic plot of the sample structure and the measurement setup.
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Figure 3.7: The sample structure with changing tHM and the measurement setup.
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Co thickness ratio tW (nm) tCo (nm) tW total (nm) tCo total (nm)

0 5 0 5 0

0.02 1.63 0.06 4.89 0.11

0.04 1.59 0.11 4.78 0.22

0.07 1.56 0.17 4.67 0.33

0.09 1.52 0.22 4.55 0.45

0.1 1.5 0.25 4.5 0.5

0.13 1.44 0.34 4.33 0.67

0.2 1.33 0.5 3.99 1

0.3 1.17 0.75 3.5 1.5

0.4 1 1 3 2

0.5 0.83 1.25 2.5 2.5

0.6 0.67 1.5 2 3

Table 3.1: The structure recipe of WCo multilayer.
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Ti thickness ratio tW (nm) tTi (nm) tW total (nm) tTi total (nm)

0 5 0 5 0

0.024 1.63 0.06 4.88 0.12

0.047 1.59 0.12 4.76 0.24

0.071 1.55 0.18 4.64 0.36

0.1 1.5 0.25 4.5 0.5

0.2 1.33 0.5 4 1

0.3 1.17 0.75 3.5 1.5

0.4 1 1 3 2

0.5 0.83 1.25 2.5 2.5

Table 3.2: The structure recipe of WTi multilayer.
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Chapter 4 Spin-Orbit Torque

Characterizations of WCo

Alloy and Multilayer

The current-induced hysteresis loop-shift measurement is a widely used technique

to measure PMA heterostructures. This technique involves the application of a series of

direct currents and an in-plane magnetic field, which is parallel to the current’s direction.

A shifted hysteresis loop can be obtained by applying an out-of-plane magnetic field. This

chapter focuses on the SOT characterization in the W/CoFeB control sample and explores

the behavior of SOT when Co is doped into tungsten[65, 78].

4.1 W/CoFeB Control Samples

SOT characterization has traditionally focused on heavy metal(HM)/ferromagnetic

metal(FM) heterostructures, with popular choices for the HM layer including Pt, W, etc,

and for the FM layer, Pt/Co/Pt, CoFeB, CoFe, etc., are commonly used. While platinum’s

low resistivity can reduce the energy consumption in SOT-MRAM, the DL efficiencies of

Pt/FM heterostructures have not met expectations. Therefore, tungsten then be a crucial
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spin source in HM/FM heterostructure due to its large DL efficiency. To analyze the

SOT characterization, modulating the HM thickness is necessary. Based on the drift-

diffusion model, the relation between the HM thickness dependent and the SOT efficiency

is expressed by the spin diffusion model[32, 56, 67, 79, 80]:

|ξDL(dHM)| =
∣∣ξ0DL∣∣ (1− sech

(
dHM
λsd

))
, (4.1)

where dHM and λsd express the HM thickness and the spin-diffusion length, and ξ0DL is

the bulk SOT efficiency, which is the saturated value under HM thickness dependence.

Therefore, this section will discuss the SOT characterization of control samples: W(dW)/

CoFeB(1.6)/MgO(1)/Ta(3).

Figure 4.1: Resistivity fitting by the thickness dependence of tungsten. Captions inside the
figure show the resistivity difference between α-W(BCC structure) and β-W(amorphous).

Based on Ohm’s law, resistance is proportional to the thickness of materials, which
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is shown in equ.4.2.

R =
ρ · l
w · t

, (4.2)

Where R, ρ are the resistance and resistivity, and l, w, and t are the length, width, and

thickness of the specimen respectively. Fig.4.1 shows that resistance is linearly propor-

tional to the reciprocal of tungsten’s thickness. When the tungsten’s thickness is thicker

than 5nm, tungsten is a BCC structure, which is so-called α-W. In this region, resistance

can be fitted well with the reciprocal of tungsten’s thickness, and ρα-W = 81.99µΩ · cm

is obtained from equ.4.2. However, when the tungsten’s thickness is below 5nm, phase

transition will occur, and it will turn into β-W with an amorphous phase. Meanwhile, the

resistance and resistivity rise dramatically due to its non-crystalline structure, where ρβ-W

= 231.98µΩ · cm as tW = 3.3nm [56, 76, 81].

Figure 4.2: Magnetic properties and damping-like effective field characterization ofW(5)/
CoFeB(1.6)/MgO(1)/Ta(3) heterostructure. (a) Hystereisis loop of W(5)/CoFeB(1.6)/
MgO(1)/Ta(3). (b) Hc and the remanent magnetization ratio of W(tW)/CoFeB(1.6)/
MgO(1)/Ta(3). (c) Representative hysteresis loop shift results of a W(5) based device
under Hx = 1200 Oe and Idc = ± 2.5mA. (d) Hz

eff/I as a function of Hx. (e) Hz
eff as a

function of Idc of a W(5) based device under Hx = ±1200Oe.

In order to further analyze the SOT characterization and the magnetization switching
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behavior of tungsten control samples, measuring Hall voltage VH versus the out-of-plane

field is necessary. Fig.4.2(a) shows the representative normalized AHE hysteresis loop of

W(5)/CoFeB(1.6)/MgO(1)/Ta(3) with applied dc current 1mA. This representative sam-

ple has a sharp AHE hysteresis loop, and the coercivity field, Hc, can be obtained. The

coercivity field is the strength of the magnetic field that needs to be applied in the opposite

direction to demagnetize a material completely. It represents the resistance of a magnetic

material to changes in its magnetization state. The value of Hc can be calculated by sub-

tracting two out-of-plane fields as the normalized Hall voltage, RH, equals zero. The Hc

and the remanent magnetization ratio,MR/MS, of each sample, which indicates the PMA

stability, are shown in Fig.4.2(b). After tungsten has a phase transition, which means that

tW ≥ 5nm, the Hc is larger than amorphous’s Hc. Representative normalized AHE hys-

teresis loop shift results for W(5)/CoFeB(1.6)/MgO(1)/Ta(3) withHx = 1200Oe and Idc =

±2.5mA are shown in Fig.4.2(c). This shift occurs because of the existence of a current-

induced effective magnetic field in the out-of-plane direction. This effective field affects

the magnetization behavior under the influence of the applied current. The presence of

an opposite shift in the hysteresis loop along the Hz axis, corresponding to the opposite

polarity of the applied direct current, indicates the existence of the opposite direction of

the effective field. Fig.4.2(d) shows thatHz
eff/I as a function ofHx for W(5)/CoFeB(1.6)/

MgO(1)/Ta(3), and Hz
eff/I saturates under the large in-plane field. Fig.4.2(e) shows the

relation betweenHz
eff and Idc withHx = ±1200Oe, which can be further related to the DL

efficiency.

Before discussing DL efficiency ξDL, it is important to consider another indicator

called the spin Hall angle. The spin Hall angle is a characteristic of materials and de-
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Figure 4.3: Damping-like torque efficiency characterization of W(tW)/ CoFeB(1.6)/
MgO(1)/Ta(3).

termines the sign of the spin Hall effect. The sign of spin Hall angle differs from the

material’s property, for instance, platinum has a positive spin Hall angle, while tantalum

and tungsten possess negative spin Hall angle[80].

As stated above, to further focus on the SOT characterization, ξDL plays a crucial

role. Fig.4.3 shows the changes in |ξDL| with the varieties of tungsten thickness by using

equ.3.2. Because tungsten possesses a negative spin Hall angle, ξDL here is taken as the

absolute value for the convenience of comparing. When tW = 3.3nm, it is an amorphous

structure and has a large |ξDL|, where |ξDL| = 0.62. However, if tungsten has a phase transi-

tion, |ξDL|will decrease dramatically, such as tW = 5nm[37, 56, 67, 80, 82, 83]. In addition,

when tW = 3.3nm, the spin Hall conductivity |σWSH| = 2.67×105(h̄/2e)Ω-1m-1, while |σWSH| =

1.18×105(h̄/2e)Ω-1m-1 as tW = 5nm. The value of spin Hall conductivity can be indirectly
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related to the strength of SOC and SHE, and it is similar to the one in the published work

with |σWSH| = 1.05×105(h̄/2e)Ω-1m-1[67].

A material structure can be detected by several methods, such as the transmission

electron microscope (TEM) and X-ray diffraction (XRD). Here, XRD analysis is con-

ducted to detect tungsten’s structure. As mentioned above, If tungsten’s thickness is

greater than 5nm, it will have a phase transition. Fig.4.4 has proved this statement. α-W

with the BCC structure will have a peak around 2θ = 40°, which is tungsten’s (110) plane.

The peak at 2θ = 33° is the signal of the silicon substrate, and it can be neglected[83, 84].

Figure 4.4: XRD results of W(5 and 10)/CoFeB(1.6)/MgO(1)/Ta(3).

Energy consumption is a crucial topic in the field of semiconductors nowadays. Find-

ing a material with much less applied current is a priority. The representative current
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Figure 4.5: Current switching data of W(5)/CoFeB(1.6)/MgO(1)/Ta(3). (a) Representa-
tive current-induced magnetization switching loops of W(5)/CoFeB(1.6)/MgO(1)/Ta(3)
with Hx = ±850Oe. (b) Critical switching current Isw as a function of Hx.

switching data ofW(5)/CoFeB(1.6)/MgO(1)/Ta(3)withHx =±850Oe is shown in Fig.4.5(a).

And Fig.4.5(b) shows the critical switching current Isw and Isw will saturate under high ap-

plied field, Isw ofW(5) is 6.45mA for instance. This value of Isw is quite large for the SOT-

MRAM, therefore, finding a brilliant material with larger DL efficiency ξDL and smaller

switching current is necessary and it will be discussed in the following section[31, 83, 84].

4.2 SOT Characterization of WCo Alloy/CoFeB

As mentioned in the previous chapter, doping other metal elements into heavy metals

is an effective method to enhance DL efficiency. This technique offers multiple benefits,

for instance, it can reduce the switching current, which can save energy consumption and

avoid the breakdown issue. It can also enhance DL efficiency, meaning that more spin

currents are generated from the charge currents. Many previous works conduct success-

fully, such as PtCu alloy, WTa alloy, WV alloy, etc.[37, 42]. Although Pt-based alloys

have a small switching current, which helps reduce lots of energy owing to their low re-

sistivity. Even though there is an enhancement in the DL efficiency ξDL of Pt-based alloy,

due to the platinum’s bulk property, the DL efficiency of Pt-based alloy cannot be com-
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parable with tungsten. Despite numerous experiments, the improvement in DL efficiency

with W-based alloys has not met expectations. Consequently, in this section, the focus

will shift to using WCo alloy as the spin source for generating spin current[80, 85, 86].

Figure 4.6: Magnetic properties and damping-like effective field characterization of
W0.6Co0.4(5)/W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3) heterostructure. (a) Hystereisis loop of
W0.6Co0.4(5)/W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3). (b) Hc and the remanent magnetization
ratio ofW1-xCox(5)/W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3). (c) Representative hysteresis loop
shift results of a W0.6Co0.4(5) based device under Hx = 1200 Oe and Idc = ± 2.5mA. (d)
Hz

eff/I as a function of Hx. (e) Hz
eff as a function of Idc of a W0.6Co0.4(5) based device

under Hx = ±1200Oe.

To further analyze the SOT characterization and the magnetization switching behav-

ior ofWCo alloy-based samples, a sharp hysteresis loop is necessary. Fig.4.6(a) shows the

representative hysteresis loop of W0.6Co0.4(5)/W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3) sample,

and it has a moderate Hc and a sharp hysteresis loop. There is a 0.5nm tungsten insertion

layer between WCo alloy and CoFeB. Without this insertion layer, WCo alloy/CoFeB

sample cannot possess PMA property. In addition, by subtracting two fields where the

magnetic states are switched, which means that the normalizedRH equals zero,Hc can be

calculated. The obtainedHc and the remanent magnetization ratioMR/MS ofW1-xCox(5)/

W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3) samples are shown in Fig.4.6(b). All of the samples’
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remanent magnetization ratiosMR/MS are nearly one, whichmeans that the PMA remains

stable in WCo alloy-based samples. If we increase the Co doping ratio into tungsten, Hc

decreases gradually because cobalt must contribute to the lattice distortion of tungsten

even if annealing is conducted.

In addition, Representative normalizedAHEhysteresis loop shift results forW0.6Co0.4(5)/

W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3) with Hx = 1200Oe and Idc = ±2.5mA are shown in

Fig.4.6(c). The reason for this shift is the presence of a current-induced effective mag-

netic field in the out-of-plane direction. If the applied currents’ directions are opposite,

the directions ofHz
eff are different. Because tungsten has a negative spin Hall angle and is

still dominant in generating spin current in the WCo alloy-based samples, the loop shifts

to the opposite direction compared to the direction of applied current, which means that

Hz
eff is negative under Hx = 1200 Oe and Idc = +2.5mA, and vice versa. Fig.4.6(d) shows

that Hz
eff/I as a function of Hx for W0.6Co0.4(5) based sample, and Hz

eff/I saturates under

the large in-plane field. The Idc dependence of the measuredHz
eff for W0.6Co0.4(5)/W(0.5)/

CoFeB(1.6)/MgO(1)/Ta(3) is summarized in Fig.4.6(e). The relationship between theHz
eff

and the Idc can change when the direction of the magnetic field is reversed. This behavior

is in line with what is predicted by considering both the spin Hall effect, which involves the

generation of spin currents due to the motion of charge carriers, and the Dzyaloshinskii-

Moriya interaction (DMI) scenario, which refers to an interaction between the magnetic

moments in a material that can lead to asymmetric behavior[65, 78, 80, 85, 86].

As mentioned above, a 0.5nm tungsten insertion layer is deposited between WCo

alloy and CoFeB, so the equation that describes DL efficiency should be adding a correc-
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Figure 4.7: (a) Resistivity of W1-xCox(5). (b) Damping-like torque efficiency characteri-
zation of W1-xCox(5)/W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3).

tion,

ξDL =

(
2

π

)
2e

h̄
µ0MstFMwtHM (1 + s)

(
Hz

eff

I

)
cosh

(
tWinsersion

λW

)
(4.3)

where λW is the spin diffusion length and approximately equals 1.31nm, and tWinsersion

is the insertion layer thickness. Fig.4.7(a) shows the relation between the resistivity and

the cobalt doping ratio by using equ.4.3 to calculate. With cobalt doping ratio equals zero,

which means that it is pure tungsten, it has the largest resistivity. When the cobalt dop-

ing ratio increases, resistivity decreases gradually. However, it still has a large resistivity

which may waste a lot of energy if it is utilized in the SOT-MRAM. Additionally, tung-

sten has a negative spin Hall angle, and WCo alloy-based samples as well. Therefore, the

DL efficiency |ξDL| and cobalt doping ratio plot is shown in Fig.4.7(b). Since WCo alloy-

based sample has a negative spin Hall angle, the |ξDL| of the WCo alloy is represented by

its absolute value. This is done to facilitate convenient comparisons with other samples.

Based on the figure, when the cobalt doping ratio is 0.3, it has the largest |ξDL|with |ξDL| =

0.25, which means that it can generate the most spin current among all WCo alloy-based

samples. However, if we increase the cobalt doping ratio, |ξDL| decreases dramatically

and nearly approaches to zero as the cobalt doping ratio equals 0.76. Theoretically, the

conversion efficiency from the charge current to the spin current of cobalt is quite small,
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if a large portion of cobalt is doped into tungsten, it will make |ξDL| diminish dramati-

cally even approach to zero. Unfortunately, due to the restriction of the power supply of

the magnetron sputtering, it is hard to manipulate the lower doping ratio of the WCo al-

loy. Otherwise, based on the trend of |ξDL| as a function of the cobalt doping ratio, |ξDL|

may increase by reducing the concentration of cobalt[80, 81, 85, 86]. In addition, the

spin Hall conductivity
∣∣∣σWCo alloy

SH

∣∣∣ = 1.28×105(h̄/2e)Ω-1m-1 for W0.7Co0.3-based sample,

while
∣∣∣σWCo alloy

SH

∣∣∣ = 5.23×104(h̄/2e)Ω-1m-1 for W0.4Co0.6-based sample. It indicates that

the strength of SHE and SOC for W0.7Co0.3 is greater than that of W0.6Co0.4/CoFeB.

Figure 4.8: XRD results of WCo alloy(5)/W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3).

After analyzing the relation between |ξDL| and the cobalt doping ratio, it is essential

to discuss the reason why W0.7Co0.3 based sample has a larger |ξDL| than pure tungsten’s.

As stated above, tungsten with tW = 5nm is a α-W accompanied by a BCC structure. It

has a (110) plane peak at 2θ = 40°. Additionally, as tungsten’s thickness is less than 5nm,
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it is an amorphous structure with a larger |ξDL|. However, Fig.4.8 shows that all of the

WCo alloys have amorphous structures, which means that if we dope cobalt into tung-

sten, it results in the distortion of tungsten’s structure and turns the BCC structure into the

amorphous structure. Therefore, W0.7Co0.3 based sample has a similar property and can

generate more spin current.

Figure 4.9: Current switching data ofW0.6Co0.4(5)/W(0.5)/CoFeB(1.6)/MgO(1)/Ta(3). (a)
Representative current-induced magnetization switching loops of W0.6Co0.4(5)/W(0.5)/
CoFeB(1.6)/MgO(1)/Ta(3) with Hx = ±300Oe. (b) Critical switching current Isw as a
function of Hx of W0.6Co0.4 based sample.

The |ξDL| of W0.7Co0.3 based and W0.6Co0.4 based samples are greater than tung-

sten’s. Besides, if the switching currents of these two samples are smaller than that of pure

tungsten, both of them can be considered substitutions of tungsten. Fig.4.9(a) presents

the representative current-induced magnetization switching loops ofW0.6Co0.4(5)/W(0.5)/

CoFeB(1.6)/MgO(1)/Ta(3) under Hx = ±300Oe. The current switching loops are quite

sharp, which means that the domain wall motion inside the CoFeB moves decisively.

The Isw versus Hx plot is shown in Fig.4.9(b). When applying a small Hx, Isw tends to

rise rapidly, and it approaches infinity theoretically. And if Hx is large, Isw saturates to

1.78mA underHx = 300Oe, which is much smaller than pure tungsten’s Isw (Isw = 6.45mA

under Hx = 850Oe)[65].
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Finally, W0.7Co0.3 based and W0.6Co0.4 based samples have much smaller Isw and

larger value of |ξDL| than that of pure tungsten. Based on the trend of ξDL versus the cobalt

doping ratio, |ξDL| may rise if reducing the cobalt concentration. However, due to the re-

striction of the power supply of the gun in magnetron sputtering, it is hard to develop a

lower-cobalt-concentration sample. Therefore, exploring a new way that can maintain the

concept of doping cobalt into tungsten and lower the cobalt doping ratio at the same time

is necessary. Forming a WCo multilayer structure is an alternative method to substitute

WCo alloy, and it will be discussed in the next section.

4.3 SOT Characterization of WCo Multilayer/CoFeB

In SOT-MRAM, multilayer is widely used as one of the FM layers. Compared with

the single layer of CoFeB as the FM layer, using a multilayer as a FM layer such as Pt/

Co/Pt multilayer has a lot of advantages. Firstly, it has a strong and stable PMA property,

which can be used as a pinned layer in SOT-MRAM, and it is hard to switch its magnetic

state. In addition, unlike a single layer of CoFeB, it is easy to manipulate the Hc of the

multilayer, adjusting the thickness of cobalt or the amount of stacking layer of the multi-

layer for instance. Last but not least, there are many combinations of elements to stack the

multilayer. Pt/Co, Co/Ni, Co/Pd, etc. stacking as a multilayer is commonly researched.

However, there is not much work utilizing multilayer as a spin source to generate spin

current. In this section, the prominent SOT characterization of WCo multilayer/CoFeB

will be elaborated, for instance, high ξDL and low Isw[80, 85–91].

45



doi:10.6342/NTU202301664

Figure 4.10: PMA properties and damping-like effective field characterization of WCo
multilayer/CFB heterostructure. (a) Hysteresis loop of WCo multilayer/CFB heterostruc-
ture. (b) Hc and the remanent magnetization ratio of WCo multilayer-based samples. (c)
Representative hysteresis loop shift results of a WCo multilayer/CFB heterostructure un-
derHx = 1200 Oe and Idc =± 2.5mA. (d)Hz

eff/I as a function ofHx. (e)Hz
eff as a function

of Idc of a representative WCo multilayer-based sample under Hx = ±1200Oe.

Fig.4.10(a) shows the representative PMA hysteresis loop of [W(1.63)/Co(0.06)]2/

W(1.63) based multilayer, and the hysteresis loop is sharp, which means that the PMA

property is pretty stable. By subtracting two switching fields, Hc can be obtained and

is plotted in Fig.4.10(b). Also, the relation between Hc and the remanent magnetization

ratio MR/MS and the cobalt thickness ratio is presented in Fig.4.10(b). According to

the figure, all of the WCo multilayer-based devices have brilliant PMA stabilities, where

MR/MS ≈ 1. Besides, Hc rises first and gradually decreases when increasing the cobalt

thickness ratio. Here, the representative normalized AHE hysteresis loop shift result of

a [W(1.63)/Co(0.06)]2/W(1.63) based multilayer with Hx = 1200 Oe and Idc = ± 2.5mA

applied is shown in Fig.4.10(c). The shift occurs because of the existence of a Hz
eff that

is generated as a result of the flowing current, and it acts in the direction perpendicular to

the plane. When the currents flow in opposite directions, the resultingHz
eff directions also

differ. It is noteworthy that WCo multilayer-based samples have negative spin Hall angles

which are the same as pure tungsten’s. In Fig.4.10(d), it shows theHz
eff/I versusHx plot.
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Hz
eff/I still saturates at a relatively high Hx, and it is in line with the typical hysteresis

loop shift measurement. Lastly, The dependence between the measured Idc and Hz
eff for

[W(1.63)/Co(0.06)]2/W(1.63) based multilayer is summarized in Fig.4.10(e). The sign of

slope in this figure can change if adjustingHx to an opposite direction, and it results from

the change in direction of Hz
eff[65, 78].

Figure 4.11: (a) Resistivity of [W(1.63)/Co(0.06)]2/W(1.63). (b) Damping-like torque
efficiency characterization of WCo multilayer/CFB heterostructure.

To further analyze the SOT characterization, resistivity should be measured first.

Fig.4.11(a) shows the relation between the WCo multilayer’s resistivity and the cobalt

thickness ratio. For pure tungsten, it is metallic, and its resistivity is low. However, when

inserting the cobalt layer into the tungsten to form a multilayer, the resistivity of the mul-

tilayer rises a lot, and it is in the range of 200 to more than 300 µΩ·cm. By applying

the value of resistivity and equ.3.2, DL efficiency |ξDL| can be obtained and is shown in

Fig.4.11(b). Because WCo multilayers have negative spin Hall angles, all of the |ξDL| are

taken absolute values which is convenient for comparing. When the cobalt thickness ratio

equals 0.02, which means that some small cobalt islands are doped on the tungsten, it has

the largest |ξDL| and equals 0.51. Similar to the WCo alloy-based samples, if we increase

the Co thickness ratio, |ξDL| decreases gradually and approaches zero as the Co thickness

ratio = 0.6. It is important to highlight that the enhancement in |ξDL| is significantly higher
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in the case of theWComultilayer-based sample compared to theWCo alloy-based sample,

particularly when using a low cobalt doping ratio. This can be attributed to the fact that in

multilayer configurations, achieving a dilute cobalt concentration is relatively simple by

reducing the cobalt growth time. In contrast, for magnetron sputtering processes, it is not

feasible to bombard tungsten to extremely high power while keeping cobalt at low power,

as it would cause the tungsten target to melt. As mentioned earlier, this explains why the

multilayer system enables higher |ξDL| to be achieved. After analyzing the ξDL, the value

of spin Hall conductivity is calculated. The [W(1.63)/Co(0.06)]2/W(1.63)/CoFeB(1.6)

attributes a value of
∣∣∣σWCo multilayer

SH

∣∣∣ = 1.80×105(h̄/2e)Ω-1m-1, whereas
∣∣∣σWCo multilayer

SH

∣∣∣ =
8.04×104(h̄/2e)Ω-1m-1 for [W(1.17)/Co(0.75)]2/W(1.17)-based sample.

Figure 4.12: Current switching data of WCo multilayer/CFB heterostructure. (a) Rep-
resentative current-induced magnetization switching loops of WCo multilayer/CFB het-
erostructure with Hx = ±250Oe. (b) Critical switching current Isw as a function of Hx of
[W(1.63)/Co(0.06)]2/W(1.63) based sample.

Based on the |ξDL| versus the cobalt thickness ratio plot mentioned above, the WCo

multilayer-based samples generally have larger |ξDL| than pure tungsten. In addition, if the

switching currents of the multilayer are smaller than that of pure tungsten, the multilayer

becomes a promising alternative to replace tungsten. Here, Fig.4.12(a) shows the repre-

sentative current-induced switching loops of [W(1.63)/Co(0.06)]2/W(1.63) based sample

under Hx = ±250Oe. The current switching loop is sharp, so it refers to the straightfor-
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ward motion of the domain wall. Also, the Isw is extremely small in [W(1.63)/Co(0.06)]2/

W(1.63) based multilayer under Hx = ±250Oe, which Isw equals 0.27mA, and is shown

in Fig.4.12(b). Followed by the traditional domain wall motion theory, Isw under a small

applied Hx tends to rise hastily and approach infinity[65].

4.4 Comparison betweenWCoAlloy/CoFeB&WCoMul-

tilayer/CoFeB

Currently, two strategies have been explored: WCo alloy and WCo multilayer. Both

of these strategies exhibit superior performance in terms of ξDL when compared to pure

tungsten. Therefore, this section provides a concise comparison of the SOT characteriza-

tion between the alloy and multilayer approaches.

Figure 4.13: Comparison of the SOT characterization between WCo alloy-based samples
and WCo multilayer-based samples. (a) the |Hz

eff/I| versus the cobalt doping ratio plot.
(b) the relation between |ξDL| and the cobalt doping ratio.

Fig.4.13(a) displays a plotted graph that provides data on the |Hz
eff| of both WCo

alloy-based and WCo multilayer-based samples. For the cobalt doping ratio greater than

0.3, the |Hz
eff| of alloy-based samples have a larger value than that of multilayer-based
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samples. However, the power supply limitations during the bombardment of the tung-

sten target prevent the attainment of a dilute cobalt concentration in WCo alloy-based

samples, which is mentioned in the previous section. On the basis of the above, it can

be concluded that only WCo multilayer-based samples can be utilized to achieve larger

|Hz
eff|. Fig.4.13(b) illustrates the comparison between the alloy and multilayer configu-

rations. As the |Hz
eff| and |ξDL| have a linear relationship based on the aforementioned

equ.3.2, the |ξDL| exhibits a similar trend to the |Hz
eff|. Furthermore, the multilayer con-

figuration demonstrates a notable superiority in |ξDL|.

4.5 AdjustingLayerRepetition ofWCoMultilayer/CoFeB

As stated earlier, the ξDL is significantly improved when the cobalt thickness ratio is

0.02 compared to pure tungsten. Moreover, if tungsten is in an amorphous structure, the

ξDL is higher than when it is α-W[37, 56, 82, 83]. Consequently, in this section, we will

focus on varying the number of layer repetitions and analyzing the SOT characterization.

Fig.4.14(a) illustrates the PMAhysteresis loop as a representative [W(1.63)/Co(0.06)]1/

W(1.63)/CoFeB(1.6)/MgO(1)/Ta(3). The hysteresis loop of the multilayer with a single

layer repetition demonstrates a pronounced sharpness, indicating a direct and straightfor-

ward switching of magnetic moments. By employing the aforementioned method, the co-

ercivity fieldHc and the remanent magnetization ratioMR/MS are depicted in Fig.4.14(b).

Across the range of one to five layers in the multilayer stack, each configuration exhibits

excellent stability in terms of PMA, with the remanent magnetization ratios MR/MS ap-
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proaching unity for all cases. Nevertheless, the relationship between theHc and the repe-

tition of layers does not exhibit a clear pattern. This is due to the influence of the interface

between the HM and FM layers. The Hc is affected by the interface, and it may not

preserve the condition perfectly after the annealing process. The SOT properties were as-

sessed using hysteresis loop shift measurements. Fig.4.14(c) displays the representative

data for hysteresis loop shifts, obtained with an in-plane applied field Hx of 1200 Oe and

a dc current Idc of ±2.5mA. Despite a slight distortion in the hysteresis loops under the

influence of a strong Hx, the Hz
eff remains substantial. This further indicates significant

enhancements in DL efficiencies. According to the observation in this figure, when a

positive Hx and a positive Idc are applied, the hysteresis loop exhibits a shift in the nega-

tive direction, indicating a negative spin Hall angle. This phenomenon is also evident in

Fig.4.14(d). Similar to the statement mentioned in the previous section, the Hz
eff/I still

continues to saturate under the influence of a strong applied field. Finally, Figure (e)

presents the fitted line depicting the relationship between Hz
eff and Idc. The variations in

the direction ofHz
eff result in a sign change of the slope as the applied in-plane field direc-

tion is reversed[65, 78, 80].

Before calculating the ξDL, one crucial factor is missing: resistivity. By applying

equ.4.2, Fig.4.15(a) showcases the resistivity of each sample, wherein the W/Co layer

stacking varies. As the layer repetition increases, the resistivity of the WCo multilayer

gradually decreases. Except in the case where the layer repetition equals two, the stan-

dard deviation of resistivity for each sample remains minimal. This indicates a remarkable

similarity in resistivity between each device. Considering the negative spin Hall angle ex-

hibited by the WCo multilayer-based samples, the DL efficiency is evaluated by taking
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Figure 4.14: PMA properties and damping-like effective field characterization of
[W(1.63)/Co(0.06)]1/W(1.63)/CoFeB(1.6)/MgO(1)/Ta(3) heterostructure. (a) Hystereisis
loop of [W(1.63)/Co(0.06)]1/W(1.63)/CoFeB(1.6)/MgO(1)/Ta(3). (b) Hc and the rema-
nent magnetization ratio of WCo multilayer-based samples. (c) Representative hysteresis
loop shift results of a [W(1.63)/Co(0.06)]1/W(1.63)/CoFeB(1.6)/MgO(1)/Ta(3) under Hx
= 1200 Oe and Idc = ± 2.5mA. (d)Hz

eff/I as a function ofHx. (e)Hz
eff as a function of Idc

of a representative WCo multilayer-based sample under Hx = ±1200Oe.

its absolute value |ξDL| and is shown in Fig.4.15(b). Similar to the scenario with pure

tungsten, the |ξDL| of the WCo multilayer-based sample exhibits a gradual decrease and

eventually saturates at a lower value when tungsten undergoes a phase transition, forming

an α-W structure. when the layer repetition is limited to one layer, the WCo multilayer-

based sample achieves the highest |ξDL|, reaching a value of 0.66, primarily attributed to

its amorphous structure. Additionally, with one-layer stacking, the value of spin Hall con-

ductivity is
∣∣∣σWCo multilayer

SH

∣∣∣ = 1.54×105(h̄/2e)Ω-1m-1.

Referring to Fig.4.15, it can be observed that the |ξDL| of the WCo multilayer-based

sample exhibits significant enhancement when formed by fewer than three layers, indicat-

ing the HM thickness of less than 5nm., its |ξDL| has a lot of enhancement. To analyze the

underlying reasons for this phenomenon, the utilization of selected area electron diffrac-

tion (SAED) patterns through the TEM technique and XRD patterns becomes essential.
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Figure 4.15: (a) Resistivity of [W(1.63)/Co(0.06)]1/W(1.63). (b) Damping-like torque ef-
ficiency characterization of [W(1.63)/Co(0.06)]1/W(1.63)/CoFeB(1.6)/MgO(1)/Ta(3) het-
erostructure.

Figure 4.16: XRD results of [W(1.63)/Co(0.06)]2/ W(1.63) based and
[W(1.63)/Co(0.06)]5/W(1.63) based heterostructure.
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Utilizing the θ-2θmeasurement, the XRD pattern is illustrated in Fig.4.16. When the num-

ber of layer repetitions reaches five, a distinct peak corresponding to the (110) plane of

tungsten becomes evident. This indicates that the WCo multilayer adopts an α-W struc-

ture. Consequently, it is reasonable that the |ξDL| of this configuration is relatively low.

In contrast, the [W(1.63)/Co(0.06)]2/W(1.63) based sample exhibits an amorphous struc-

ture after eliminating the peak originating from the silicon substrate. Consequently, it is

logical that this configuration displays an enhancement in |ξDL|. The amorphous structure

observed in the [W(1.63)/Co(0.06)]2/W(1.63) based sample can be attributed to the in-

corporating of cobalt doping into tungsten. The presence of cobalt induces the formation

of small islands, which in turn disrupts the crystalline structure of tungsten. As a conse-

quence, the characteristic α-W structure is no longer present, leading to the amorphous

nature exhibited by the sample.

Figure 4.17: Current switching data of [W(1.63)/Co(0.06)]1/ W(1.63)/ CoFeB(1.6)/
MgO(1)/Ta(3) heterostructure. (a) Representative current-induced magnetization switch-
ing loops of [W(1.63)/Co(0.06)]1/W(1.63)/CoFeB(1.6)/MgO(1)/Ta(3) withHx =±175Oe.
(b) Critical switching current Isw as a function of Hx of [W(1.63)/Co(0.06)]1/W(1.63)
based sample.

As previously discussed, the [W(1.63)/Co(0.06)]1/W(1.63)/CoFeB(1.6)/MgO(1)/Ta(3)

configuration demonstrates the largest |ξDL|. However, before considering its use as a spin

current source in SOT-MRAM, it is important to evaluate the switching current[31, 85, 86].

A low switching current is desirable as it enables the substitution of pure tungsten, result-
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ing in avoiding the breakdown issue. Therefore, an examination of the switching current

is necessary before its potential application in the SOT-MRAM. Fig.4.17(a) illustrates

the representative current-induced magnetization switching loops of [W(1.63)/Co(0.06)]1/

W(1.63) based sample, with an applied in-plane field ofHx =±175Oe. The corresponding

switching currents under various in-plane fields are plotted in Fig.4.17(b). It is worth men-

tioning that when a relatively high value of Hx is applied, the switching current reaches

an extremely low saturation point. Specifically, atHx = 175Oe, the Isw drops to a remark-

ably small value of 0.79mA. This exceptionally low Isw presents a substantial opportunity

for energy conservation when utilized as a spin source in SOT-MRAM. Additionally, it

demonstrates a satisfactory |ξDL|, indicating an efficient conversion from charge currents

to spin currents[80, 85, 86].

4.6 Thickness Issue between W/CoFeB Control Sample

&WCo Multilayer/CoFeB

Currently, the reduction of the cobalt doping ratio in WCo alloy-based samples is

challenging due to limitations in magnetron sputtering techniques. Moreover, the WCo

multilayer configuration is the only viable option to meet the desired objectives. There-

fore, the previous section showcases the results obtained by modifying the layer repetition

in the WCo multilayer. In this context, a comparison is conducted between the variation

in the HM thickness for the W/CoFeB control samples and the WCo multilayer/CoFeB

samples.
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As mentioned earlier, due to the negative spin Hall angle, the values of Hz
eff/I and

ξDL are presented in their absolute form. Fig.4.18(a) shows a comparison of |Hz
eff/I| be-

tween W-based control samples and the WCo multilayer-based samples under different

HM thickness. It is observed that the WCo multilayer/CoFeB samples exhibit an en-

hancement in |Hz
eff/I| for every HM thickness. Notably, the largest enhancement occurs

when the HM thickness is 5nm. The trends of |ξDL| are illustrated in Fig.4.18(b), showing

a similar pattern to |Hz
eff/I|. It is worth noting that the largest improvement in |ξDL| is ob-

served when the HM thickness is 5nm compared to other HM thickness values, showing a

difference of approximately 0.56. In contrast to the 5nm thickness of the tungsten layer in

the control sample with a BCC structure, the enhancement in |ξDL| can be attributed to the

amorphous structure of the WCo multilayer with the HM thickness of 5nm, as observed

in the XRD patterns shown in Fig.4.16. This amorphous structure facilitates a notable en-

hancement in |ξDL|. In addition, it can be found that the WCo multilayer/CoFeB samples

consistently demonstrate an increase in |ξDL| across all variations of HM thickness[80].

Figure 4.18: Comparison of the SOT characterization betweenW-based samples andWCo
multilayer-based samples. (a) the |Hz

eff/I| versus the HM thickness plot. (b) the relation
between |ξDL| and the HM thickness.
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4.7 Short Summary

Over the past few decades, tungsten has been extensively studied and utilized in SOT-

MRAM applications. While tungsten exhibits a significant ξDL compared to other heavy

metals, it is associated with relatively high switching currents. Therefore, it is imperative

to explore alternative materials that can serve as a replacement for pure tungsten, offering

both high ξDL and low energy consumption.

Referring to the moderate ξDL of W/CoFeB and the observed improvement in ξDL

with alloy-based HM/FM heterostructures, the use of WCo alloy/CoFeB is being consid-

ered. Among the various cobalt doping ratios tested, the alloy with a cobalt doping ratio of

0.3 demonstrates the highest |ξDL|, and it decreases as the cobalt doping ratio is increased.

The XRD analysis of the WCo alloys demonstrates the amorphous structure of the alloys

as well. However, due to the limitations and constraints of the magnetron sputtering ma-

chine, it is not feasible to deposit an alloy with a cobalt doping ratio lower than 0.3. As

a result, taking inspiration from the work executed by other research groups, we shift our

focus to the WCo multilayer/CoFeB configurations.

To deposit a WCo multilayer, the process involves initially growing a layer of tung-

sten and then adding a layer of cobalt on top. This sequence is repeated multiple times. It

is possible to significantly decrease the thickness ratio of cobalt by depositing it for just

a few seconds. Based on the results of hysteresis loop-shift measurement and the ξDL, it

was found that the WCo multilayer/CoFeB heterostructure exhibits the highest |ξDL| with

a value of 0.51 when the cobalt thickness ratio is 0.02. At a thickness of 5nm for the HM
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layer, the ξDL is remarkably high. However, as the thickness ratio of cobalt increases, the

|ξDL| gradually decreases. Furthermore, when the ratio is set to 0.02, the Isw associated

with the WCo multilayer is significantly small, measuring only 0.27mA. This observation

highlights the exceptional spin characteristics of the WCo multilayer, making it a promis-

ing alternative to pure tungsten in SOT-MRAM applications[65, 78].

Given the outstanding performance of the WCo multilayer with a cobalt thickness

ratio of 0.02, it becomes meaningful to explore variations in the number of stacking lay-

ers. The findings indicate that a single layer stacking exhibits the highest |ξDL|, reaching a

value of 0.66. However, when considering the improvement in |ξDL| compared to the pure

tungsten control samples, the largest enhancement is observed with a two-layer repetition,

where the HM layer is 5nm in thickness. Based on the XRD data analysis, it was observed

that under a constant HM thickness of 5nm, pure tungsten exhibits a BCC crystal structure.

On the other hand, the WCo multilayer shows an amorphous structure. This distinction

in crystal structures contributes to the notable enhancement in ξDL achieved by the WCo

multilayer[92].
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Chapter 5 Spin-Orbit Torque

Characterizations of WTi

Multilayer

Based on the previous chapter, it was observed that the WCo multilayer exhibits both

a high DL efficiency and a low switching current. A significant DL efficiency indicates a

strong ability to convert charge currents into spin currents, which can produce torque and

reverse the direction of magnetic moments. On the other hand, a small switching current

contributes to a small applied voltage, preventing the breakdown issue, which is a prior

issue nowadays[31]. Taking a leaf out of WCo multilayer’s book, this chapter focuses on

analyzing the SOT characterization by introducing titanium, another 3d transition metal,

into the tungsten to form a multilayer[93].

5.1 SOT Characterization of WTi Multilayer/CoFeB

Titanium, like cobalt, belongs to the 3d transition metal group and is widely utilized

in diverse industries due to its advantageous characteristics. Furthermore, titanium can be

obtained through the refinement of various minerals and is considered a relatively abun-

59



doi:10.6342/NTU202301664

dant natural resource. Taking inspiration from the remarkable performance of the WCo

multilayer, therefore, the following section focuses on elaborating on the SOT character-

ization of the WTi multilayer/CoFeB.

Figure 5.1: PMA properties and damping-like effective field characterization ofWTi mul-
tilayer heterostructure. (a) Hystereisis loop of WTi multilayer heterostructure. (b)Hc and
the remanent magnetization ratio of WTi multilayer-based samples. (c) Representative
hysteresis loop shift results of a WTi multilayer heterostructure under Hx = 800 Oe and
Idc = ± 2.5mA. (d) Hz

eff/I as a function of Hx. (e) Hz
eff as a function of Idc of a represen-

tative WTi multilayer-based sample under Hx = ±800Oe.

We employed the same technique used for the WCo multilayer/CoFeB case to inves-

tigate the SOT properties of the WTi multilayer/CoFeB system. To analyze the SOT char-

acteristics, we utilized a current-induced hysteresis loop shift measurement. Fig.5.1(a)

displays the typical data of the hysteresis loop for the WTi multilayer heterostructure.

The hysteresis loop exhibits a moderateHc and demonstrates clear and distinct switching

behavior. By subtracting the two switching fields, we were able to calculate the Hc for

each titanium thickness ratio, as illustrated in Fig.5.1(b). Furthermore, the figure also dis-

plays the remanent magnetization ratio, MR/MS. Interestingly, regardless of the titanium

thickness ratio, theMR/MS ratio remains at unity, indicating that all the samples with WTi

multilayer-based HM layer exhibit strong PMA stability.
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Furthermore, in order to analyze theDL torque,Hz
eff should be examined first. Fig.5.1(c)

presents the representative hysteresis loop shift results, which are indicative ofHz
eff. From

the figure, it is observed that when a positive in-plane field is applied along with a pos-

itive dc current, the hysteresis loop shifts in the opposite direction compared to the Hx

direction. This indicates that Hz
eff points towards the negative z direction, resulting in the

motion of domain walls. As a result, the domain wall migrates to an opposite direction

compared to a positive spin Hall angle’s element does, platinum for instance. This indi-

cates that the WTi multilayer exhibits a negative spin Hall angle, which is similar to the

behavior observed in the WCo multilayer. Fig.5.1(d) depicts the relation between Hz
eff/I

andHx. Hz
eff/I reaches saturation at a relatively high in-plane field and decreases asHx is

reduced. This behavior aligns with the conventional scenario observed in hysteresis loop

shift measurements. A linear fitting of the slope of Hz
eff with respect to Idc is performed

under Hx = ±800Oe, as illustrated in Fig.5.1(e). It is observed that Hz
eff points to an op-

posite direction when the direction of the in-plane field is reversed.

Figure 5.2: (a) Resistivity of WTi multilayer. (b) Damping-like torque efficiency charac-
terization of WTi multilayer heterostructure.

Before delving into the analysis of the DL efficiency ξDL, it is crucial to measure the

resistivity. Fig.5.2(a) displays the relation between the resistivity of the WTi multilayer
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and the titanium thickness ratio. Pure tungsten exhibits a metallic property; however,

even a small amount of titanium doping into tungsten causes an increase in resistivity.

Furthermore, as the titanium thickness ratio is increased, the resistivity gradually rises at

a slower pace. Using the measured resistivity value and equ.3.2, The value of ξDL can be

calculated. Since the WTi multilayer/CoFeB demonstrates a negative spin Hall angle, we

consider the absolute value of ξDL, and it is depicted in Fig.5.2(b). During the magnetron

sputtering process, titanium is deposited at a power of 100Watts. When the titanium thick-

ness ratio is 0.024, the corresponding deposition time for titanium is only a second. For a

titanium thickness ratio of 0.047, the corresponding deposition time of titanium increases

to two seconds. However, due to the limited deposition time for the 0.024 thickness ra-

tio, its |ξDL| does not reach the maximum value. Instead, the largest |ξDL| is achieved at

a titanium thickness ratio of 0.047, where |ξDL| = 0.5. In the meantime, as the titanium

thickness ratio decreases, |ξDL| gradually drops as well. Moreover, It is observed that a

sample with a titanium thickness ratio of 0.047 has a large spin Hall conductivity with the

value of
∣∣∣σWTi multilayer

SH

∣∣∣ = 1.90×105(h̄/2e)Ω-1m-1.

Figure 5.3: Current switching data of WTi multilayer heterostructure. (a) Representative
current-induced magnetization switching loops ofWTi multilayer heterostructure withHx
=±250Oe. (b) Critical switching current Isw as a function ofHx of WTi multilayer-based
sample.

In addition, the current-induced SOT magnetization switching is highly significant.
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Fig.5.3(a) presents the representative data showcasing the switching behavior underHx =

±250Oe, it is observed that the magnetization can be completely switched by a dc current.

By subtracting the two switching currents, we obtain the relationship between Isw andHx,

as illustrated in Fig.5.3(b). It is noteworthy that Isw saturates around Hx = 200Oe, and

its magnitude is remarkably small, with a value of 0.15mA. This combination of a small

saturation field, low Isw and moderate ξDL holds potential advantages for the application

of the SOT-MRAM.

5.2 AdjustingLayerRepetition ofWTiMultilayer/CoFeB

In the previous section, a recipe for achieving a WTi multilayer with a moderate DL

efficiency and a low switching current has been discussed. Drawing on the findings from

the layer repetition study of the WCo multilayer in the previous chapter, it was observed

that the largest |ξDL| value was obtained with a single layer stacking, while the largest

enhancement in ξDL was observed with two layers stacking. In this section, the impact of

varying stacking layers on the SOT characterization is explored, aiming to further enhance

its performance.

Fig.5.4(a) shows theAHEhysteresis loop of [W(1.59)/Ti(0.12)]1/W(1.59)/CoFeB(1.6)/

MgO(1)/Ta(3) heterostructure. The hysteresis loop exhibits a sharp switching behavior

with amoderateHc. TheHc and remanentmagnetization ratioMR/MS with different layer

repetitions is depicted in Fig.5.4(b). Notably, the MR/MS value remains unity for each

layer repetition, indicating the presence of excellent PMA stability in the WTi multilayer-
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based samples. Fig.5.4(c) displays the representative hysteresis loop shift results under

Hx = 800 Oe and Idc = ± 2.5mA. The observed shift in the hysteresis loop corresponds to

the Hz
eff, which is shown in Fig.5.4(d) as a typical loop shift data. Fig.5.4(e) presents the

slope between Hz
eff and the Idc of the [W(1.59)/Ti(0.12)]1/W(1.59)/CoFeB(1.6)/MgO(1)/

Ta(3) heterostructure.

Figure 5.4: PMA properties and damping-like effective field characterization of one-
layer WTi multilayer heterostructure. (a) Hysteresis loop of one-layer WTi multilayer
heterostructure. (b) Hc and the remanent magnetization ratio of WTi multilayer-based
samples. (c) Representative hysteresis loop shift results of a one-layer WTi multilayer
heterostructure under Hx = 800 Oe and Idc = ± 2.5mA. (d) Hz

eff/I as a function of Hx.
(e) Hz

eff as a function of Idc of a representative WTi multilayer-based sample under Hx =
±800Oe.

Figure 5.5: (a) Resistivity of [W(1.59)/Ti(0.12)]1/W(1.59). (b) Damping-like torque effi-
ciency characterization of one-layer WTi multilayer heterostructure.

Furthermore, in order to analyze the DL efficiency, it is necessary to calculate the re-
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sistivity first. Adopting equ.4.2, the WTi multilayer’s resistivity is obtained and shown in

Fig.5.5(a). It can be observed that with a single layer stacking, theWTi multilayer exhibits

the highest resistivity, with a value of ρWTi multilayer = 484.8µΩ·cm. In addition, as the layer

repetition increases, the resistivity significantly decreases due to the increased thickness of

tungsten layers. By substituting the values ofHz
eff/I and ρWTi multilayer into equ.3.2, ξDL can

be calculated. Since theWTimultilayer/CoFeB exhibits a negative spin Hall angle, the ab-

solute value of ξDL is taken into consideration. Fig.5.5(b) shows the relation between |ξDL|

and the layer repetition. Similar to the WCo multilayer/CoFeB, with a single layer stack-

ing, the WTi multilayer/CoFeB achieves the highest |ξDL| value, reaching |ξDL| = 0.64.

However, as the number of stacking layers increases, |ξDL| gradually decreases. Further-

more, with a single layer stacking, the spin Hall conductivity
∣∣∣σWTi multilayer

SH

∣∣∣ = 1.32×105(h̄/
2e)Ω-1m-1.

Figure 5.6: XRD result of WTi multilayer-based heterostructure.
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It is noteworthy that even with two stacking layer repetitions, where the thickness of

the HM layer is 5nm, the WTi multilayer/CoFeB still exhibits a moderate value of |ξDL|.

This behavior can be attributed to the findings presented in Fig.5.6. Compared to a pure

tungsten layer with tW = 5nm, where a BCC (110) plane peak is observed at around 2θ =

40°, and the [W(1.59)/Ti(0.12)]2/W(1.59) based sample reveals an amorphous structure.

This amorphous structure contributes to themoderate value of |ξDL| observed in Fig.5.5(b).

As mentioned above, the WTi multilayer/CoFeB sample exhibits a high DL effi-

ciency with a value of |ξDL| = 0.64. Furthermore, it demonstrates a low switching current,

making it a promising candidate as a replacement for the HM layer in the SOT-MRAM

applications. Fig.5.7(a) shows the current-induced switching loop data, indicating that the

magnetic moment undergoes a complete and decisive switching. Fig.5.7(b) illustrates the

variation of Isw with different appliedHx. Notably, atHx = 250Oe, the corresponding Isw

value is 0.16mA, which is the smallest Isw observed in this work.

Figure 5.7: Current switching data of one-layerWTimultilayer heterostructure. (a) Repre-
sentative current-induced magnetization switching loops of [W(1.59)/Ti(0.12)]1/W(1.59)/
CoFeB(1.6)/MgO(1)/Ta(3) withHx =±250e. (b) Critical switching current Isw as a func-
tion of Hx of [W(1.59)/Ti(0.12)]1/W(1.59) based sample.
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5.3 Comparison betweenWCoMultilayer/CoFeB&WTi

Multilayer/CoFeB

At this stage, two types of multilayers have been discussed: the WCo multilayer and

the WTi multilayer. Both of them have moderate ξDL values and small Isw magnitudes,

making them suitable as a HM layer for the spin current generation and for reducing power

consumption, respectively. In this section, a comparison between these two multilayers is

conducted.

Figure 5.8: Comparison of the SOT characterization betweenWComultilayer-based sam-
ples andWTi multilayer-based samples. (a) the |Hz

eff/I| versus the thickness ratio plot. (b)
the relation between |ξDL| and the thickness ratio.

Fig.5.8(a) shows the trend of |Hz
eff/I| with varying thickness ratios. It can be ob-

served that both the WCo multilayer/CoFeB and the WTi multilayer/CoFeB exhibit simi-

lar maximum values. As the thickness ratio increases, the |Hz
eff/I| value decreases for both

multilayers. However, the WTi multilayer demonstrates superior performance in this re-

gard. The relation between |ξDL| and the thickness ratio is demonstrated in Fig.5.8(b) to

characterize the damping-like (DL) torque. Once again, both the WCo multilayer/CoFeB

and the WTi multilayer/CoFeB display similar maximum |ξDL| values. However, in this

case, the WCo multilayer exhibits a relatively larger |ξDL| value of 0.51, whereas the WTi
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multilayer’s |ξDL| is 0.5 at a thickness ratio of 0.047. Also, Additionally, as the thickness

ratio increases, the |ξDL| value decreases for both multilayers. Nevertheless, the WTi mul-

tilayer continues to demonstrate superior performance in this regard.

5.4 Thickness Issue between W/CoFeB Control Sample,

WCo Multilayer/CoFeB &WTi Multilayer/CoFeB

In the previous section, the properties of SOT for different thickness ratios have been

examined. It was observed that both the WCo multilayer and WTi multilayer exhibit ex-

cellent behavior at low thickness ratios. Consequently, this section will delve into the

topic of thickness variation.

Fig.5.9(a) illustrates the variation in the |Hz
eff/I|, as the thickness of the HM layer

changes. It can be observed that the values decrease as the tHM increases. Fig.5.9(b) de-

picts the relationship between ξDL and the HM thickness.At a thickness of tHM = 3.3nm,

all samples exhibit similar |ξDL| values. The WCo multilayer demonstrates a relatively

high |ξDL| value, followed by the WTi multilayer. It is noteworthy that when tHM = 5nm,

both the WCo multilayer and WTi multilayer display moderate |ξDL| values of 0.51 and

0.5, respectively. These values are significantly higher than the pure tungsten’s value of

0.09. Furthermore, as the HM layer thickness continues to increase, the |ξDL| values of the

WCo multilayer and WTi multilayer gradually decrease. Fig.5.9(c-d) display the current-

induced switching data of the WCo multilayer and WTi multilayer, respectively, which is

discussed in the following figure.
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Fig.5.10 shows the switching current Isw for each HM layer at a fixed layer thickness

of 5 nm. The pure tungsten/CoFeB exhibits the highest Isw value of 6.45mA. On the other

hand, the WCo multilayer and WTi multilayer demonstrate the lowest Isw values. The Isw

of the WCo multilayer equals 0.27mA, which reduces 95.8% compared to the pure tung-

sten case. Meanwhile, the WTi multilayer has a value of 0.16mA, which reduces 97.5%

compared to the pure tungsten/CoFeB.

Figure 5.9: Comparison of the SOT characterization between tungsten control samples,
WComultilayer-based samples, andWTi multilayer-based samples. (a) the |Hz

eff/I| versus
the HM layer thickness plot. (b) the relation between |ξDL| and the HM layer thickness.
(c) Representative current switching data of [W(1.63)/Co(0.06)]2/W(1.63)/CoFeB(1.6)/
MgO(1)/Ta(3). (d) Critical switching current Isw data of [W(1.59)/Ti(0.12)]2/W(1.59)
based sample.
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Figure 5.10: The Isw comparison at a fixed thickness with tHM = 5nm.
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Chapter 6 Summary

In SOT-MRAM, pure tungsten has traditionally been utilized as the HM layer to gen-

erate spin currents. Amorphous-structure tungsten exhibits moderate ξDL but a relatively

high resistivity. This high resistivity gives rise to the thermal effect, which results in ad-

ditional effects in SOT characterization and leads to an increase in power consumption.

Therefore, a material with a high ξDL, a moderate resistivity and low Isw has a potential for

the HM layer to prevent the breakdown issue, reducing power consumption and improving

overall performance. At this stage, three substitutions of pure tungsten as a HM layer to

generate spin current have been introduced: WCo alloy, WCo multilayer, and WTi layer.

W0.7Co0.3(5)/CoFeB(1.6) performs a normal ξDL with an absolute value of |ξDL| =

0.25, and its switching current Isw equals 2.26mA. The trend of |ξDL| with varying cobalt

doping ratio indicates a decrease in |ξDL| as the cobalt doping ratio increases. However,

due to the limitations and restrictions of the magnetron sputtering machine, it is not fea-

sible to deposit tungsten using high-power bombardment. As a result, the deposition of

WCo alloy with low cobalt concentration cannot be achieved.

Considering the inconvenience associated with theWCo alloy, theWComultilayer is
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being considered as an alternative HM layer. Among the various WCo multilayers tested,

the [W(1.63)/Co(0.06)]2/W(1.63)/CoFeB(1.6) heterostructure demonstrates the best per-

formance. It exhibits a moderate |ξDL| with the value of 0.51, while maintaining a low

Isw of 0.27 mA. Furthermore, as the cobalt thickness ratio is increased, there is a gradual

decrease in |ξDL|.

Referring to a brilliant performance done by theWComultilayer, subsequent investi-

gations were carried out on the WTi multilayer. Utilizing high-power titanium deposition,

[W(1.59)/Ti(0.12)]2/W(1.59)/CoFeB(1.6) demonstrates the most promising SOT proper-

ties. It shows a moderate ξDL, where |ξDL| = 0.5, while having a low value of Isw of 0.16

mA. Furthermore, similar to the trend observed in the WCo multilayer, there was a grad-

ual decrease in |ξDL| as the titanium thickness ratio increased.

Given the high ξDL exhibited in amorphous-structure tungsten, it is crucial to explore

the impact of layer repetition on enhancing SOT characterization. The stacking layer

configuration was examined, ranging from one layer to five layers, for both the WCo

multilayer and the WTi multilayer. Focusing on the representative SOT property, ξDL, it

was observed that both the WCo multilayer and the WTi multilayer achieved their highest

ξDL values with a single layer stacking, measuring at 0.66 and 0.64, respectively. How-

ever, the significant difference in ξDL compared to pure tungsten does not manifest with

a single-layer stacking. Instead, the most remarkable enhancement in ξDL occurs when

there are two layers in repetition. Notably, the XRD data indicate that pure tungsten ex-

hibits a BCC structure when tW = 5nm. However, both the WCo multilayer and the WTi

multilayer display amorphous structures under tHM = 5nm.
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In a nutshell, when considering a single-layer repetition, [W(1.63)/Co(0.06)]1/W(1.63)/

CoFeB(1.6) and [W(1.59)/Ti(0.12)]1/W(1.59)/CoFeB(1.6) exhibit outstanding performance

in terms of SOT characterization. Moreover, both of themwith two-layer stacking demon-

strate a remarkable improvement in ξDL compared to pure tungsten. In addition, both the

WCo multilayer and WTi multilayer showcase an exceptionally low Isw. having the po-

tential to maintain the yield during the production process of the devices, especially in the

etching process.
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