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Effect of Helium Ion Irradiation on Spin and Magnetic Properties of Ta/CoFeB Structures 
ABSTRACT：  As a promising engineering technology, the application of Helium ion irradiation is 

attracting more and more interest for spintronic devices, especially domain wall-based racetrack memory, 
since the advantages of precise control, significant improvement, modification on the pinning sites, and 
short processing time. Although many studies about the effects of Helium ion irradiation are reported, 
showing appreciable improvement in the performance, most of them are focusing on the effects on 
magnetic properties or domain wall motion and non-self-consistent effects are reported with reasons 
unknown, which suggests the research on the effects of Helium ion irradiation are still insufficient, and 
more physics behind has not been revealed well.  
 On the one hand, heavy metal/ferromagnetic (HM/FM) bilayers have been investigated a lot for 
the application of spin orbit-torque (SOT) driven domain wall (DW)-based racetrack memory in recent 
years because of the strong spin-orbit coupling in HM, which is possible to offer a high charge-to-spin 
conversion efficiency. Ta/CoFeB with perpendicular magnetic anisotropy (PMA) property is an archetypal 
structure for spintronic devices, which is already used in devices like magnetic tunnel junctions (MTJ) 
since the high spin Hall angle and PMA.  
 On the other hand, the typical DW-based racetrack memory requires an external field to drive 
the domain wall motion, which limits the application. Current-driven DW-based devices can obtain a very 
high DW velocity, but the Joule heat is an unavoidable problem in practical devices. SOT-driven DW-
based devices can reduce the problem of Joule heat. However, a material with a high spin Hall angle is 
necessary—one of the feasible ways to improve the performance of new spintronic engineering 
technologies. Therefore, our motivation is to clarify the effects of Helium ion irradiation to promote its 
application for improving the performance of DW-based devices.  
 In this work, we systematically investigated the effects of Helium ion irradiation on the spin 
and magnetic properties of Ta/CoFeB structures. The samples of Ta/CoFeB with different thicknesses of 
the Ta layer are deposited and annealed for PMA and then irradiated by different doses. The different 
thicknesses of Ta lead to different properties in microscopic, and the dose-dependent effects can show the 
effects of the He ion irradiation.  
 First, to investigate the effects on magnetic properties, the M-H loop of irradiated samples is 
measured along the easy axis for extracting the saturation magnetization 𝑚𝑚𝑠𝑠 and coercivity field ℎ𝑐𝑐. The 
results show a significant difference between the thicker Ta(3,4)/CoFeB(1) and the thinner Ta(2)/CoFeB(1) 
samples, though all of them still keep PMA, suggesting their microscopic difference. The thicker group of 
Ta(3,4)/CoFeB(1) keeps a constant ms after irradiation, which is an advantage in device application for 
stability. On the opposite, the 𝑚𝑚𝑠𝑠  of the thinner Ta(2)/CoFeB(1) shows a significant non-monotonic 
tendency. The 𝑚𝑚𝑠𝑠 increases by about 30% in lower doses and then decreases again in higher doses. By 
measuring the X-ray Diffraction (XRD) patterns, we figure out that the increase of 𝑚𝑚𝑠𝑠 is due to the 
increase in crystallinity and, for the first time, demonstrate that a new CoFe (110) phase is created only 
in Ta(2)/CoFeB(1) after irradiation. In the case of higher doses, the 𝑚𝑚𝑠𝑠  decreases because the 
accumulated defects from the Helium ion irradiation damage the crystallinity of CoFe (001), which is the 



 

dominant contribution to ms and PMA. Therefore, the 𝑚𝑚𝑠𝑠 turns to decrease even if the crystallinity of 
CoFe (110) is still increasing. 
 Second, we measured the domain wall motion of irradiated Ta/CoFeB samples with Kerr 
microscopy by the domain expansion in identical magnetic field pulses. The extracted slope 𝜁𝜁 is a critical 
parameter characterizing whether the domain wall motion is easy or not. A low value of 𝜁𝜁 is supposed to 
improve the performance of DW-based devices. In the group of the thicker Ta(3,4)/CoFeB(1) samples, we 
found both the same tendency and a minimal point in the irradiation dose 6 × 1014 He+/cm2. However, in 
the group of the thinner Ta(2)/CoFeB(1), the tendency is opposite to the thicker group, showing a concave 
functional dependence on the irradiation doses. According to the model of the domain wall motion in the 

creep regime, the slope 𝜁𝜁  depends on the materials parameters with a relationship 𝜁𝜁 ∝ 𝑚𝑚𝑠𝑠
−14𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒

5
8 𝑛𝑛𝑖𝑖

1
2 . 

Following this relationship, we measured the effective magnetic anisotropy 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒  and compared the 
tendencies of 𝜁𝜁, 𝑚𝑚𝑠𝑠, and 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒. We found that the 𝑚𝑚𝑠𝑠 and 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 of Ta(3,4)/CoFeB(1) keep almost constant 

values after irradiation, which means the dominant contribution to the change of 𝜁𝜁 is from the pinning 
density 𝑛𝑛𝑖𝑖. The pinning density of thicker samples is reduced by irradiation. In the case of Ta(2)/CoFeB(1), 
we found the main contribution is from 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒, though the contribution from 𝑛𝑛𝑖𝑖 can not be separated. In 
Ta(2)/CoFeB(1), the change of 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 shows the same tendency with 𝑚𝑚𝑠𝑠, suggesting that the crystallization 

of CoFe (110) should be the typical reason.  
 Third, we analyzed the SOT properties of irradiated Ta/CoFeB samples using the harmonic Hall 
method. The SOT of Ta(2)/CoFeB is decreased in the lower doses and reaches the minimum in the dose 
8 × 1014 He+/cm2. The same tendency of SOT with ms and Keff suggests the main reason should be the 
unexpected crystallization. On the other hand, the SOT of Ta(3,4)/CoFeB(1) increased to double in doses 
6 × 1014 He+/cm2 and 8 × 1014 He+/cm2, demonstrating the significant improvement by the Helium ion 
irradiation technology. However, the maximum point of the Ta(4)/CoFeB(1) is shifted to the higher dose 
due to the volume effects, which leads to a mismatch of the sweet spot between the domain wall motion 
and SOT. 
 Combining the results of magnetic properties, domain wall motion, and SOT, we figure out that 
the Helium ion irradiation is sensitive to the thickness of samples, and the Ta(3)/CoFeB(1) structure with 
irradiation dose 6 × 1014 He+/cm2 is the optimal design for improving the performance.  
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1.1 Spintronic Devices

With the development of computer science and information technology, the thirst

of human beings for devices with excellent performance never stops. The increasing

requirement promoted the development of devices, which are the traditional electronic

devices that we are widely using.

After many years of development, traditional electronic devices have many advan-

tages, as shown in figure 1.1. Electronic devices make use of the charge of electrons,

which means it is simple to control. To fabricate many devices, mature modification

engineering is developed to control the properties of materials, and a mature inte-

grated circuit (IC) is designed for the application. However, traditional electronic

devices still can not satisfy all the requirements, for example, memory devices with

high response speeds like random-access memory (RAM), which is volatile.

Spintronic devices, which make use of the spin of electrons, may satisfy such

requirements. As shown in figure 1.1, it has many advantages.

In this thesis, we will investigate the effect of Helium ion irradiation on spin

and magnetic properties of Ta/CoFeB Structures to clarify the impact of He+ ion

irradiation on both domain wall motion and spin-orbit torque (SOT) in Ta/CoFeB

thin film for domain wall (DW) devices.

1.1.1 Spin-Orbit Torque Driven Domain Wall Memory Devices

Since the high efficiency of domain wall motion, especially in the out-of-plane

magnetized ferromagnets, the application of DW-based memory attracts high atten-

tion.[1, 2, 3, 4, 5] The schematic of such a device is shown in figure ??. The device

is driven by the SOT of the injected current in the heavy metal layer.
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1.2 Spintronic Engineering

1.2.1 Common Technologies of Spintronic Engineering

As a standard technology of spintronic engineering, annealing is usually used

for obtaining the perpendicular magnetic anisotropy (PMA) property, as shown in

figure 1.2. The PMA features are essential for developing spintronic devices such as

magnetic tunnel junctions. However, in the annealing process, the entire substrate

has to be annealed together, which limits its application on the circuits integrated

with other devices. The annealing process is usually not precise and uniform and

leads to the deterioration of the interface. Moreover, a long processing time, such as

1 or 2 hours, is necessary for the annealing process, which would be the bottleneck

in production.

Ion implantation is another engineering technology for modifying the properties

of spintronic devices, which is developed from traditional electronic devices. The

ions of certain elements are accelerated and implanted into the thin films, as shown

in figure 1.3. Such a technology has many advantages that are friendly to production,

such as short processing time and precise area control. However, it also leads to

massive defects because the ion will stay in the thin films.

1.2.2 He+ Ion Irradiation Technology

He+ ion irradiation technology is a kind of new technology aiming to solve those

problems as shown in figure 1.4.
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Figure 1.1: The comparison between spintronic devices and
traditional electronic devices.

Figure 1.2: The annealing process on Ta/CoFeB/MgO for PMA
property. Adapted from Ref. [6].

Figure 1.3: The schematic of the ion implantation process. Adapted
from Ref. [5].
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1.3 Objectives

As for the advantages and the present problems of the He+ ion irradiation tech-

nology, the objective of this thesis is set, which is to clarify the effects of He+ ion

irradiation on both domain wall motion and spin-orbit torque in Ta/CoFeB thin film

for domain wall devices. To reach this objective, we must start step-by-step and

separate it into three sub-objectives.

Sub-objective 1: The dose-dependent effect on the magnetic properties and the

origin of it.

The magnetic properties are the basis of the spintronic devices, and it would

be critically helpful for understanding the domain wall dynamics of irradiated thin

films. Moreover, it is easier to measure compared with the SOT properties. Thus, we

start by investigating the magnetic properties of irradiated thin films. The different

effects also show the different origins and the relationship between crystallization and

irradiation. We will focus on the saturation magnetization ms in Chapter 3 and the

effective magnetic anisotropy Ke f f in Chapter 4.

Sub-objective 2: To clarify the domain wall motion of irradiated samples, figuring

out the microscopic pinning properties.

The domain wall motion is directly relative to the performance of domain-based

devices; thus, how the irradiation modifies the domain wall dynamics should be

investigated. With the results of the magnetic properties, we can interpret the results

of domain wall motion measurements and elucidate the effect on the microscopic

pinning properties by excluding the contribution from ms and Ke f f . This work is

shown in Chapter 4.

Sub-objective 3: To analyze the spin-orbit torque of irradiated samples for deter-

mining the modulation from He+ ion irradiation using the harmonic Hall method.

The SOT property of materials is always the key to spintronic device applications.

However, the researches on the SOT effects from the He+ ion irradiation are very

insufficient. Here, we demonstrated the SOT results of the irradiation on Ta/CoFeB
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and further figured out the sensitivity to the thickness of the Ta layer. This part is

shown in Chapter 5.
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1.4 Outline of Thesis

Chapter 1 introduces the background of the He+ ion irradiation technology and

its advantages and disadvantages. The background of the device application and

some main concepts are included. The motivation and the target of this work are

introduced.

Chapter 2 explains the method of sample deposition and device fabrication. In

this work, we used the RF magnetron sputtering to deposit the Ta/CoFeB samples.

The characterization methods for irradiated samples are described, and the details

and parameters of measurements, including the deposition, irradiation process, and

device fabrication, are shown.

Chapter 3 demonstrates the different effects of He+ ion irradiation on the magnetic

property of Ta/CoFeB thin films, which shows two completely different behaviors,

separating the samples into two groups. To identify the origin, XRD measurements are

processed, and the crystallization of CoFe (110) is shown in irradiated Ta(2)/CoFeB(1)

samples. The mechanism of the different effects is discussed.

Chapter 4 demonstrates the domain wall dynamics of irradiated samples, which

is very important for the application of domain-based racetrack memory. The results

also show two completely different behaviors, consistent with the conclusion in

Chapter 3. In order to figure out the contributions, the effective magnetic anisotropy

Ke f f is measured, and furthermore, the effects on the pinning density ni are figured

out.

Chapter 5 introduces the harmonic Hall measurements for investigating the effects

on the spin-orbit torque (SOT) property Ta/CoFeB thin films, and the details and

analysis method of the measurements are shown. Then, the results of SOT elucidate

why and how the effects of He+ ion irradiation are sensitive to the thickness of the

Ta layer. Finally, we figured out that the Ta(3)/CoFeB(1) structure would be the best

thickness as a candidate for device application.
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a: The schematic of He+ ion irradiation technology.

b: The intermixing interface is expected to be repaired.

Figure 1.4: (a) The schematic of He+ ion irradiation technology and
(b) expected effects.
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Chapter 2

Sample Deposition and Device

Fabrication

In this chapter, firstly, we show the details of the sample deposition and the stacks

of the thin films(Section 2.1), as well as the method of sample characterization,

including the crystallinity by X-ray diffraction measurements, and the perpendicular

anisotropy property by magneto-optic Kerr effect (Section 2.2). Then, we describe the

method and parameters of the Helium ion irradiation process (Section 2.3). Finally,

we introduce the procedures and geometry of the device fabrication (Section 2.4).
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2.1 Sample Deposition

The thin-film samples of Ta/CoFeB are deposited by RF magnetron sputtering.

Sputtering is a common physical vapor deposition method for thin film with low

deposition temperature, high deposition rate, and uniformity advantages. Under high

vacuum, the incident Ar gas is ionized by a high voltage and then accelerated to

bombard the target. The kinetic energy is transferred to target atoms because of the

collision so that the target atoms can have enough kinetic energy to be ejected onto the

substrate. A strong magnetic field is applied to focus the motion of ions to increase

the sputtering efficiency.

The structure of samples is Subs./Ta(t)/Co20Fe60B20(1)/MgO(2)/Ta(1), where the

numbers or t in the brackets represent the thickness in nanometers. The stacks are

shown as figure 2.1. The thickness t ranges from 2, 3, and 4 nanometers, and 5-

nanometer samples are also deposited for reference. The 1-nm-thick Ta layer on the

top of samples is the capping layer, avoiding oxidization. The Ta layer in the bottom

is in an amorphous state. All the samples are deposited on 1× 1 cm2 size of common

Si/SiO2 substrates with thermal oxidization surface. Firstly, the bare substrates are

cleaned with acetone and alcohol by 43 kHz ultrasonic for 5 mins to remove the dust.

Then, the substrates are baked to remove the possible residue of alcohol. The cleaned

substrates are then loaded onto a sample holder with nine slots, ensuring the samples

with the same structure for different He+ irradiation conditions are identical.

Next, after prevacuumizing, the holder with loaded samples is transferred into

the main deposition chamber. The base pressure is lower than 10−5 Pa. When the

pressure and temperature of the chamber are stable, the deposition is processed at

room temperature. The sample stage with the holder is rotating at a constant speed

for uniform deposition. For depositing the Ta layer, 15 sccm Ar gas flow is passed

into the chamber, and the deposition pressure is held at 0.75 Pa. The power of the RF

generator is set to 30 W. The detailed parameters of Ta and other layers are shown

in Table 2.1. A movable shutter is covered between the target and samples stage,
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and the thickness of the deposited layer is controlled through the time opening the

shutter, depending on the deposition rate calibrated before. The CoFeB, MgO, and

Ta capping layers are deposited subsequently on the Ta layer by the same processes

with corresponding parameters.

After the deposition, the samples are annealed at 300 ◦C and high vacuum in

the same chamber for obtaining perpendicular magnetic anisotropy (PMA). The

magnetization of all samples is confirmed by Magneto-optic Kerr Effect (MOKE)

measurements. The X-ray diffraction patterns are also checked in the next section to

verify whether there is unexpected crystallization in the Ta and CoFeB layers.
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Figure 2.1: The stacks of Ta/CoFeB samples.

Ta CoFeB MgO

Temperature RT RT RT
Ar Flow (sccm) 15 15 15

Target Distance (mm) 100 100 100
Base Pressure (Pa) <10−5 <10−5 <10−5

Deposition Pressure (Pa) 0.75 0.27 0.7
Sputter Power (W) 30 40 50

Table 2.1: The deposition conditions for Ta/CoFeB/MgO thin-film.
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2.2 Characterization

2.2.1 X-ray Diffraction Characterization

X-ray diffraction (XRD) measurements are processed on the samples after an-

nealing to confirm whether there is unexpected crystallization because the annealing

process at 300 ◦C is possible to give rise to the unexpected Ta(110) or Ta(111)

crystallization[7, 8], which leads to disturbance in the subsequent analysis. The mea-

surements are processed with a Rigaku SmartLab 9 kW machine, scanning from 20◦

to 120◦ of 2θ. In the case of the CoFeB layer, during the annealing process, the

CoFe (001) crystallization is expected under the guidance of the MgO layer, leading

to the interfacial perpendicular magnetic anisotropy (iPMA) from the formation of

local bonding or hybridization between ferromagnetic and oxygen atoms. [9, 10]

However, the (001) diffraction peak of the CoFe and MgO are unobservable in the

XRD patterns since the bcc lattice structure, and the secondary (002) peak is too weak

to be separated from the background signal. On the other hand, the crystallization

of the CoFe (110) phase is also possible in the CoFeB layer that is not high-oriented

during the annealing process[10, 11, 12], which is unexpected for the PMA property.

The crystallization of the CoFe will be discussed again in Chapter 3.

The XRD patterns of pristine samples are shown in Figure 2.2. As the XRD

patterns show, there is no characteristic peak of Ta and CoFe spotted in all the

thickness of Ta(tN)/CoFeB(1) samples, which means the Ta layer is still in amorphous

status after the annealing process. And the possible crystallization of the unexpected

CoFe (110) phase can be ignored.

2.2.2 Perpendicular Magnetic Anisotropy Characterization

When light is reflected from a magnetized surface, the polarization will change

depending on the magnetization, called the Magneto-optic Kerr effect (MOKE). The

magnetization of samples can be determined by measuring the change of the polarized



Chapter 2. Sample Deposition and Device Fabrication 14

20 40 60 80 100 120
2  (°)

100

105

1010

In
te

ns
ity

 (
a.

u.
)

Substrate
Ta(5)/CoFeO(1)/MgO(2)
Ta(4)/CoFeO(1)/MgO(2)
Ta(3)/CoFeO(1)/MgO(2)
Ta(2)/CoFeO(1)/MgO(2)

Ta(110) CoFe(110)

Ta(111)

Figure 2.2: XRD patterns of pristine Ta/CoFeB/MgO samples.

The positions of characteristic peaks of Ta and CoFe are marked in
the figure. The patterns are vertically shifted in order of the Ta
thickness.



Chapter 2. Sample Deposition and Device Fabrication 15

angle θk between the incident light and reflected light when an external magnetic

field is applied. MOKE measurement is a very convenient method for quickly and

qualitatively checking the magnetization. To confirm the magnetic anisotropy of our

annealed samples, MOKE is measured under a sweeping magnetic field Hz that is

perpendicular to the plane of samples, and the results of the polarized angle θk are

shown in the figure 2.3. A square hysteresis loop appears in each curve, which is the

signature of a suitable PMA property. θk goes to a constant stage when the magnetic

field Hz over ±50 Oe, which means the magnetization is flipped up or down along

with the Hz and saturated. The noise in the thinner samples is large due to the rough

surface and environmental oscillation but enough to determine the PMA property.
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Figure 2.3: MOKE results of Ta(tN)/CoFeB(1) pristine samples.

(a) Ta(2)/CoFeB(1). (b) Ta(2)/CoFeB(1). (c) Ta(2)/CoFeB(1). (d)
Ta(2)/CoFeB(1).
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2.3 Helium Ion Irradiation

The helium ion irradiation process is supported by Spin-Ion Technologies com-

pany and Dr. Dafiné Ravelosona’s group and performed with a Helium-S facility

as shown in figure 2.4. The working principles of the facility are shown in figure

2.5. The helium plasma is created in the electron cyclotron resonance (ECR) source

by microwave radiation and helium gas. Then the ions are accelerated as an ion

beam through a high electric field, where the voltage is set for the ion energy, and

the amount of ions in the beam over a certain time is controlled by the ECR source.

The ion beam subsequently goes through a filter, where the impurity ions and overly

ionized ions will be removed. Finally, the pure helium ions beam will be focused and

injected into the sample chamber, where the samples are bombarded at a certain angle.

The different irradiation doses are linearly controlled by different irradiated times.

The Helium-S facility is capable of creating a helium beam with energy from 1 to

30 keV to homogeneously irradiate a 15 × 15 mm2 area, therefore multiple samples

of different thicknesses with the same irradiation dose can be irradiated in the same

time for ensuring the same irradiation effects.

The samples are irradiated by Helium ions with an energy of 15 keV, the irradi-

ation doses (fluence) in 1014 ions/cm2 ranged in 0 (pristine), 4, 6, 8, 10, 12, 14 for

Ta(2)/CoFeB(1) and 0 (pristine), 4, 6, 10 for Ta(3,4)/CoFeB(1) samples. All samples

are confirmed to show a good PMA property after the annealing process before the

irradiation process.
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Figure 2.4: Helium-S facility for Helium ion irradiation.[13]

Figure 2.5: The working principles of the Helium-S facility for
irradiation.
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2.4 Device Fabrication

In order to perform electrical transport measurements for properties such as

effective anisotropy Ke and spin-orbit torque, samples are fabricated into devices, or

Hall bars in this work, after finishing the measurements with original thin films. The

fabrication uses ordinary 2-step photolithography to pattern the devices and Ar ion

milling to etch the patterns.

Firstly, the samples are smoothly cleaned by 23 kHz ultrasonic in alcohol for

1 min to remove the dust and dirty things from previous measurements. Then, the

positive photoresist S1813 is covered on the film by spin-coating. The parameters of

spin-coating are in 5000 RPM spin speed for 60 s. The thickness of the photoresist

coating is supposed to be around 1.3 µm according to the recipe.[14] The coated

samples are pre-baked at 115 ◦C for 60 s on a hotplate.

Subsequently, the first step of photolithography for Hall bar patterns is performed.

A mask with patterns of Hall bars is aligned on the samples by a contact optical

aligner and exposed to UV light for 9.7 s. The width and length of the measuring

area are 10 µm and 25 µm, respectively. The geometry is shown in figure 2.6. Then

the exposed samples are smoothly developed in developer for around 40 s until the

patterns are clear as figure 2.7, the coating of the unpatterned region is cleaned.

Then, the samples are placed into an Ar ion milling machine for etching at a high

vacuum level in the order of 10−5 Pa. An accelerated Ar ion beam is created to etch

the samples, and the region without photoresist coating is etched. When the etching

process is completed, the samples are taken out from the chamber to clean in acetone

with 23 kHz ultrasonic for 1 min to remove the residue of photoresis smoothly. The

resistivity of the unpatterned region is simply checked to ensure the film is wholly

etched over the depth of the substrate.

The second step of photolithography is for the patterns of the electrodes of the Hall

bar. The procedures are similar to the first step. The cleaned samples are immediately

spin-coated with the photoresist again to prevent possible oxidization. The region
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of electrodes is exposed for 13.5 s and developed to remove the photoresist on those

areas. The 2-step photolithography is completed now.

After the photolithography process, samples are transferred into an EB-Evaporator

machine for electron-beam physical vapor deposition. 10 nm Ti and 100 nm Au film

are deposited as the electrodes at the vacuum around 10−6 Torr. Finally, the samples

are cleaned in acetone and alcohol again for 1 min to remove the residue of the

photoresist and the undesired region of Ti/Au, respectively. The whole flow of the

sample preparation is shown in figure 2.8.
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2.5 Conclusion

In this chapter, we demonstrate the methods used for sample deposition, charac-

terization, He+ irradiation process, and device fabrication. The basic structure of the

facility setups is explained with images. The details are introduced in each corre-

sponding section, and the parameters, such as the deposition conditions, irradiation

energy, and the geometry of devices, are listed for reproducibility.
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Figure 2.6: The geometry of the Hall bar device

Figure 2.7: The optical image of the Hall bar device
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Figure 2.8: The diagram of the whole flow of sample preparation,
including deposition and device fabrication.



24

Chapter 3

The Effect of He+ Irradiation on the

Magnetic Property

In this chapter, we present how the He+ ion irradiation modifies the magnetic

property of Ta/CoFeB thin films, especially the ms in section 3.1. We found the

ms of Ta(2)/CoFeB(1) is significantly affected by irradiation, showing a significant

difference from the other group of Ta(3,4)/CoFeB(1). In order to figure out its origin,

we performed the XRD measurements on all irradiated samples and, for the first

time, found the increased crystallization of the CoFe (110) phase by irradiation, and

subsequently confirmed by STEM images. According to the mechanism of He+ ion

irradiation, we discussed how the irradiation modifies the crystallinity and the ms.
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3.1 The Effect of He+ Irradiation on Saturation Mag-

netization ms

3.1.1 Vibrating-sample Magnetometry (VSM) of Thin Films

In order to investigate the effect of He+ irradiation on saturation magnetization ms,

VSM measurements are performed with the bare films and irradiated films. VSM is an

instrument to measure materials’ magnetic properties by measuring a magnetic field’s

magnitude and direction. The feasible samples are flexible, including solids, powders,

single crystals, thin films, and liquids,[15]. Therefore, the large-size samples can be

measured non-destructively to extract the small signal.

The schematic of a typical VSM facility is shown in figure 3.1. The sample, in

the form of thin film on a Si substrate with 5 × 10 mm2 size, is vertically mounted

on the end of the sample holder, which is fixed in a specific position for the uniform

magnetic field from an electromagnet, and the direction of the magnetic field is in

perpendicular to the plain of samples along with the easy axis of PMA samples. A

motor drives the sample holder to vibrate along the z-axis when measuring. Pickup

coils surround the sample holder to pick up the signals by Faraday’s law of induction

from the magnetization change from vibrating samples.
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3.1.2 The Magnetization of Irradiated Ta/CoFeB Thin films

In the process of Helium irradiation, the samples are cut into 5 × 10 mm2 size

for each irradiation dose for convenience. In the measurement of VSM, because

the detected signal from samples is the total magnetization Ms, which depends on

the size of each sample, we need to calculate the magnetization per volume ms by

ms = Ms/(S × tF), where S is the size of thin films, and tF is the thickness of

the ferromagnetic CoFeB layer. The accurate size of each sample is determined by

optical photo as shown in figure 3.2, where the accurate number of pixels is read

by ImageJ software and converted to practical millimeters. The uncoating area in

the corner is excluded in the calculation to reduce error because of the cover of the

sample holder in sputtering deposition.
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Figure 3.1: The schematic of a typical VSM facility.[16]
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In the case of the thicker samples Ta(3,4)/CoFeB(1), the magnetization m of the

pristine sample and samples with irradiation doses (4, 6, 10)× 1014 He+/cm2 are

measured as shown in the figure 3.3 for 3 nm and figure 3.4 for 4 nm. The length

of steps of scanning external magnetic field Hz around zero is shortened to show

the hysteresis loop of m clearer. In general, all the Ta(3,4)/CoFeB(1) samples keep

PMA property after irradiation, and the squareness of M-H loops is still good. The

figure 3.5 a and 3.5 b show the ms and hc extracted from the results. The ms keeps

a value that is almost constant in 3 and 4 nm samples, which indicates the stable

magnetic property of thicker Ta/CoFeB(1) thin films. Stable ms values are important

for the thermal stability of the spintronic device applications. The coercive field hc

of both thicknesses shows a similar behavior as shown in figure 3.5 b, decreasing

firstly in the lower doses and increasing again in the high dose 10 × 1014 He+/cm2.

The coercive field hc indicates the intensity of the external field that is just strong

enough to switch the magnetization direction. The intensity of hc is proportional to

the magnetic anisotropy and pining of materials. The decrease in lower doses is as

expected because certain doses of He ion irradiation can rearrange the atoms gently

and cause mixing and alloying, in which the decrease of hc is attributed to the cause

of the reduction in anisotropy.[17, 18] However, when the irradiation is too high,

too many defects or vacancies are created in the film, playing a role as the pinning

centers, which increase the coercivity again.
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Figure 3.2: The Ta(2)/CoFeB(1) samples irradiated with different
doses.

Red numbers indicate the doses in = 1014 He+/cm2. The accurate
size of each sample is read by software from the photo. Other
Ta(tN)/CoFeB(1) samples are treated similarly.
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Figure 3.3: The magnetization of Ta(3)/CoFeB(1) samples from
VSM measuremens.

(a) Pristine sample. Irradiation dose = (b)4 × 1014 He+/cm2. (c)
6 × 1014 He+/cm2. (d) 10 × 1014 He+/cm2.
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In the case of Ta(2)/CoFeB(1), the magnetizaiton m of the pristine sample and

samples with irradiation doses (4, 6, 8, 10, 12) × 1014 He+/cm2 are measured as

shown in the figure 3.6. The length of steps of scanning the external magnetic field

Hz around zero is also shortened, as in the cases of thicker samples. In consistence of

the results of MOKE in figure 2.3, all the samples, including the irradiated samples,

are still in PMA property, which means the irradiation doses are not too high to

significantly change the type of magnetic anisotropy as reported in Ref. [19, 20, 21,

22]. The extracted saturation magnetization ms and the coercive field hc are plotted

depending on the irradiation dose as figure 3.7 a and b for showing the effect of

irradiation visually, respectively.

Although all the Ta(2)/CoFeB(1) samples keep a good PMA, the ms in figure

3.7 a shows a strong modulation from the He ion irradiation, which is very different

from the case of thicker Ta(3,4)/CoFeB(1) samples. In the lower doses (4 − 8 ×

1014 He+/cm2), the ms is increased from 508 emu/cc until 647 emu/cc, which

is the 1.3 time of the pristine sample. In the higher doses (> 8 × 1014 He+/cm2),

the ms decreases again from 647 emu/cc to around 535 emu/cc, showing a non-

monotonic effect as reported [23, 24]. However, the hc in figure 3.7 b also shows a

non-monotonic effect that increases firstly and decreases subsequently, in the opposite

of the expected decreasing tendency. [21, 23, 24, 25, 26] The opposite tendency of

hc suggests the different effects of He ion irradiation on the magnetic properties, and

the same modulation with the ms suggests their possible same origin. Because the re-

lationship between the coercive field and materials properties is usually complicated,

it’s also easy to be impacted by extrinsic properties like roughness.[18] Therefore,

more measurements directly on the material properties are necessary to figure out the

nature, which will discussed in the next section and next chapter.
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Figure 3.4: The magnetization of Ta(4)/CoFeB(1) samples from
VSM measuremens.

(a) Pristine sample. Irradiation dose = (b)4 × 1014 He+/cm2. (c)
6 × 1014 He+/cm2. (d) 10 × 1014 He+/cm2.
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In summary, the M-H loop results of irradiated Ta(tN)/CoFeB(1) samples show

very different behavior between the thicker and thinner samples. It’s convenient to

separate them into two groups, the thicker Ta(3,4)/CoFeB(1) samples and the thinner

Ta(2)/CoFeB(1) samples, to investigate the properties and the physical nature behind

the difference. In the group of thicker samples, the ms keeps constant, and the coercive

field hc decreases in the lower doses, which are advantages for the device application.

In the group of thinner samples, the ms and hc show a significant modulation from

the irradiation doses, suggesting the different effects behind them, requiring more

investigation.
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Figure 3.6: The magnetization of Ta(2)/CoFeB(1) samples from
VSM measuremens.

(a) Pristine sample. Irradiation dose = (b)4 × 1014 He+/cm2. (c)
6 × 1014 He+/cm2. (d) 8 × 1014 He+/cm2. (e)
10 × 1014 He+/cm2. (f) 12 × 1014 He+/cm2. (g)
14 × 1014 He+/cm2.
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Figure 3.7: The magnetic properties ms and hc of Ta(2)/CoFeB(1).



Chapter 3. The Effect of He+ Irradiation on the Magnetic Property 38

3.2 The XRD Patterns and the Crystallization of Ta/CoFeB

Samples

In the last section, the magnetic properties of irradiated Ta/CoFeB samples from

VSM measurements are discussed. The samples are separated into two groups de-

pending on the thicker or thinner thickness of the Ta layer, and the thinner Ta(2)/CoFeB

group shows a peculiar tendency on both ms and hc. The possible crystallization in the

ferromagnetic layer is a reasonable candidate because the crystallization can change

the ms and hc simultaneously, and the increasing grain boundary can explain the in-

crease of coercivity. The possibility of crystallization of CoFe from He ion irradiation

is reasonable because of the rearrangement of atoms.

However, although some previous studies mentioned the existence of crystalliza-

tion increased by He ion irradiation[25, 23, 27, 20, 24], only indirect evidence of

effective magnetic anisotropy Ke f f , the redistribution of atoms, ms, and hc are raised,

the direct evidence especially like XRD characteristic peaks have lacked. That’s

because the signal of the crystallization in the CoFeB layer is very weak due to the

ultra-thin thickness (around 1 nm in usual cases) in PMA samples and the incomplete

crystallization of CoFe.

3.2.1 The Crystallization in Ta(2)/CoFeB(1) Samples

Here, we use the Rigaku SmartLab 9 kW machine to process the XRD measure-

ments on irradiated Ta/CoFeB samples, which offer much higher resolution. Since

the anomalous tendency of ms and hc, we firstly focus on the XRD patterns of

Ta(2)/CoFeB(1) samples, the general view of the complete range of 2θ are shown in

figure 3.8, where there are no significant peaks shown compared with the pattern of

the substrate. It notes that the y-axis is in a logarithm here to show the whole profile

clearly. As for showing the effect of crystallization, a sample is irradiated by a much
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higher dose 100 × 1014 He+/cm2 and measured by the same procedures. Nonethe-

less, if we zoom in on the patterns in a common axis until close to the background

as figure 3.9, the XRD characteristic peak of CoFe (110) can be spotted. Although

the intensity of the characteristic peak is very low, just about 10% higher than the

background, it’s clear to see the appearance of the peak in the samples irradiated by

doses from 4 × 1014 He+/cm2 to 12 × 1014 He+/cm2. In the samples irradiated

by higher doses, the characteristic peak of CoFe (110) is with a significantly stronger

intensity, indicating a clear dose-dependent tendency, which means the signal of the

characteristic peak is not from the background noise.

In the PMA Ta/CoFeB thin films, the CoFe (001) phase should crystallize in

the CoFeB layer with a certain thickness and guidance of the MgO layer after the

annealing process, leading to the out-of-plane easy axis along with (001), and the

Boron atoms are mostly diffused into other adjacent layers.[9] However, the Crystal

of CoFe is in a bcc lattice, where the diffraction peak of (001) is canceled. The

simulated XRD patterns are as shown in figure 3.10, where the 2θ ranging from 20◦

to 120◦. Compared with the measured results in figure 3.8 and simulated patterns,

only the small signal of the characteristic peak of CoFe (110) can be spotted. Since

the good PMA property is already confirmed for all irradiated samples in figure 3.6

of the previous section, we can confirm that the CoFe(001) is the main phase of the

CoFeB layer, and the CoFe (110) is secondary created after He ion irradiation.

For quantitatively analyzing the increase of crystallization, the integrated intensity

of this characteristic peak is extracted. Using profile shape functions to fit measured

XRD patterns is a proper quantitative analysis method. In this work, the raw data

is fitted by the LIPRAS[28], which is software for line-profile analysis based on

MATLAB. The background signal of each sample is modeled by polynomial and

removed for the very small or overlapped signal, then the line profile of only the peak

is fitted by the pseudo-Voigt function.

The extracted results of the integrated intensity N are shown in figure 3.11. The

integrated intensity of the pristine Ta(2)/CoFeB(1) sample is close to 0, indicating
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negligible CoFe (110) crystallization before irradiation. After being irradiated with

the dose of 4× 1014 He+/cm2 to 8× 1014 He+/cm2, the component of CoFe (110)

phase increases quickly until the dose 8× 1014 He+/cm2, and then slightly decrease.

Finally, in the very high doses 14 × 1014 He+/cm2 and 100 × 1014 He+/cm2, the

component of CoFe (110) phase are almost double, indicating the much higher

crystallization.

Compared with the modulation of ms in figure 3.7 a, it’s easy to find that the ms

changed in the same way of the crystallization of CoFe (110) phase in the range of

doses 0 × 1014 He+/cm2 to 12 × 1014 He+/cm2, and the value of ms is increased

to the level of thicker Ta(3,4)/CoFeB(1) samples. It’s reasonable to consider that the

lower doses of He ion irradiation promoted the crystallization of CoFe, increasing

the ms of it. During this process, the crystallinity of the CoFe (110) phase is also

promoted, and the promoted new phase leads to the increase of both ms and hc.
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To further confirm the promoted crystallization in the CoFeB layer, the Scanning

Transmission Electron Microscope (STEM) measurements are used to observe the

lattice of Ta(2)/CoFeB(1) samples. The pristine sample and the sample with the dose

10 × 1014 He+/cm2 are measured as figure 3.12.

In figure 3.12 a, the crystallinity of the CoFeB layer and MgO layer, as marked by

the red dotted lines is not very high, and their directions are not matched totally. The

Fast Fourier Transform (FFT) image is shown in the top left corner. Due to the same

reason as the XRD patterns, the characteristic spot of CoFe(001) is in cancellation,

so there is only a very blurred polycrystalline ring shown in the FFT image, which is

attributed to the tiny amount of CoFe (110) phase generated in the annealing process.

In figure 3.12 b, the crystallinity of the CoFeB layer and MgO layer is obviously higher

than the pristine sample in figure 3.12 a, and the FFT image of an identical size of the

transferred area shows an apparent polycrystalline ring, which is the clear evidence

of the crystallization of CoFe (110) phase. Different from the well-oriented CoFe

(001) phase, the crystallization of CoFe (110) is polycrystalline and random-oriented,

which leads to the increase of hc.

The integrated intensity of the CoFe (110) component in figure 3.11 keeps in-

creasing and almost doubled in the doses higher than 12× 1014 He+/cm2. However,

the ms in figure 3.7 a decreases in the high doses, which can not be explained by the

crystallization of CoFe (110). That’s because only the crystallinity of CoFe (110) can

be quantitatively measured, but not that of CoFe (001), which is the main contribution

to the ms. According to the physics of He ion irradiation, in the lower doses, the

collision of atoms with He ions or the secondary scattered atoms creates Frenkel

pairs, and most of the vacancies are unstable and soon recombined because of the

very short displacement of atoms. Therefore, the apparent effect is rearranging the

atoms and improving the crystallization. In the case of high doses, the accumulation

of stable Frenkel pairs remains in more and more vacancies and interstitial atoms.

Consequently, the crystal is destroyed. The mechanism will be discussed in the

following subsection.
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Figure 3.8: The XRD patterns of Ta(2)/CoFeB(1) samples irradiated
with different doses.

The y-axis is in logarithm. The patterns are vertically shifted in order
of the doses from the bottom to the top. The pattern of the Si
substrate is shown at the bottom for reference. The position of the
peak of CoFe (110) is marked with a red dotted line. The signal is too
weak to be spotted in the common axis due to the stretch of
background signals.
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Figure 3.9: The XRD patterns around 2θ = 44.5◦ of
Ta(2)/CoFeB(1) samples

The samples are irradiated with different doses, where the peak
position of the CoFe (110) direction is marked with a red dotted line.
The y-axis is in a common axis. The patterns are vertically shifted in
order of the doses from the bottom to the top. The pattern of the Si
substrate is shown at the bottom for reference.
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Figure 3.10: The simulated XRD patterns of CoFe crystal.
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Figure 3.11: The integrated intensity of the CoFe (110)
characteristic peak of irradiated Ta(2)/CoFeB(1) samples.
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For verificating this mechanism, the sample of Ta(2)/CoFeB(1) irradiated by very

high dose (100 × 1014 He+/cm2), and measured by VSM. The M-H loop result

is shown in figure 3.13. The scanning external field Hex is from the out-of-plane

direction and in-plane direction in figure 3.13 a and 3.13 b, respectively. Compared

with the good PMA property of other samples shown in figure 3.6, the sample of dose

100× 1014 He+/cm2 lost its PMA property completely after irradiation and changed

into in-plane anisotropy as shown in figure 3.13 b. As known that the PMA property

of Ta/CoFeB comes from the crystallization of the CoFe (001) phase, therefore the

loss of PMA property in the samples irradiated by high doses means the destruction

of CoFe (001) crystal. In the doses that are not too high 8 × 1014 He+/cm2 to 14 ×

1014 He+/cm2), the CoFe (001) phase is still the dominant phase of CoFeB layer,

though the crystallinity already started to decrease. Even if the crystallinity of CoFe

(110) increases, its contribution to ms is much smaller than the dominant phase, and

there are no benefits to the PMA property. Consequently, the samples still keep PMA

property, but the ms turns to decrease from the dose 8 × 1014 He+/cm2.
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a: Pristine Ta(2)/CoFeB(1).

b: Ta(2)/CoFeB(1) with dose 10 × 1014 He+/cm2.

Figure 3.12: The STEM figures of pristine and dose
10 × 1014 He+/cm2 samples.

The FFT image of the white dotted square area is in the top left
corner. The red dotted lines mark the periodic arrangement of atoms.
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3.2.2 The Collision from He Ion Irradiation in Bulk and the Cre-

ated Frenkel Pair

The Frenkel defect is a kind of defect in the bulk created by the displacement of

atoms. When an atom in the lattice is kicked out from the lattice for some reason,

a vacancy and an interstitial atom remain, which is called the Frenkel defect, and

the pair of the vacancy and the interstitial atom is called the Frenkel pair.[29, 30] In

the case of He ion irradiation, the collision of atoms with He ions or the secondary

scattered atoms leads to the displacement of atoms from the lattice, creating a Frenkel

pair.[31] The stability of the Frenkel pair depends on the transferred energy, thus

related to different processes as shown in figure 3.14.[32, 23]

In each collision event, transferred energy T is transferred from the incident

ion or secondary atom to the scattered atom, and the subsequent behavior of the

scattered atom depends on the relationship between the transferred energy T and the

displacement threshold energy Ud. In the case of very small T that we have T < Ud,

the scattered atom is still bonded in the lattice; thus, no Frenkel pair is created, and

the transferred energy T is dissipated into thermal energy of the bulk. In the case

of intermediate T that we have Ud < T < 2.5Ud, the scattered atom is kicked out

from the lattice for a short distance, remaining a vacancy, thus creating a meta-stable

Frenkel pair. This is the most common case in He ion irradiation with doses not too

high. There are two different results of this case. Firstly, the scattered atom may

recombine with the vacancy to the original location within a very short relaxation

time. The result of this collision event is similar to the thermal vibration. Secondly,

the scattered atom may replace another lattice site as a substitution atom, which is the

rearrangement of atoms. When this case happens in the interface between different

layers, the intermixing is modified. In the case of a very high T, the scattered atom is

kicked out far away from the original location, thus the Frenkel pair can not recombine

anymore. This case remains a Frenkel defect in the bulk, and the damage accumulates

more seriously with higher doses, leading to the crystal’s destruction.
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Figure 3.13: The M-H loop of Ta(2)/CoFeB(1) irradiated by dose
100 × 1014 He+/cm2.
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Since the low mass of the Helium ion and the incident energy we choose, the

transferred energy T of most collision events is within the intermediate range. The

rearrangement of atoms modifies the properties as expected, and some original defects

can be repaired. However, according to the normal distribution of the transferred

energy, a small part of the collision with too high T always creates Frenkel defects in

the bulk. With the increase of irradiation dose, the defects accumulate, and finally, the

destructive effect significantly overcomes the improvement from the rearrangement

of atoms, that is, the cases of dose 14 × 1014 He+/cm2 and 100 × 1014 He+/cm2.

In the thinner samples, this negative effect may show much easier due to the high

strain inside or lower quality of the original lattice.
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3.2.3 The XRD Patterns of the Thicker Ta(3,4)/CoFe(1) Samples

Since the situation of the group of thinner Ta(2)/CoFe(1) samples discussed in

the last subsection, the unexpected crystallization of CoFe (110) and damage on the

lattice may happen due to the He ion irradiation, it’s necessary to check crystallization

situation in the other group, the thicker Ta(3,4)/CoFeB(1) samples.

The XRD patterns of Ta(3,4)/CoFe(1) samples are shown in figure 3.15 in the

same way. It notes that the y-axis is in a logarithm here to show the whole profile

clearly. As expected, no characteristic peaks in addition to the substrate are spotted

in the irradiated samples of both Ta(3)/CoFeB(1) and Ta(4)/CoFeB(1) due to the

amorphous Ta and the cancellation of CoFe (110).

To specifically check the crystallization of CoFe (110), the XRD patterns of

Ta(3,4)/CoFe(1) samples are also zoomed in around 2θ = 44.5◦ in common axis

as shown in figure 3.16. There is no signal spotted for the crystallization of CoFe

(110) in both Ta(3,4)/CoFe(1) samples. It shows consistent results compared with

the results of ms in constant in figure 3.5 because the crystallinity CoFe (001) of

thicker samples is higher and no CoFe (110) is created. The coercive field hc in

figure 3.5 b decreases from the pristine sample until the dose 6 × 1014 He+/cm2,

in consistance with previous studies as discussed in the previous section. In the

high dose of 10 × 1014 He+/cm2, the damage from the irradiation accumulates as

discussed in the last subsection, leading to the increase of domain pinning and thus

the increase of hc. At the same time, the ms is not changed so much because of the

higher crystallinity of CoFe (001) and the absence of the creation of CoFe (110).

In device applications, a stable and gentle modification on ms is usually required in

engineering technology. The thickness of the ferromagnetic layer is usually constant

or in a very narrow range due to the requirement of PMA property. Still, the thickness

of the heavy metal layer may vary widely depending on the specific purpose or design.

In the case of thicker samples, there is no problem with the requirement of stable ms.

However, in some studies with ultrathin films like Ref. [33, 34, 35, 36], it’s better to
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Figure 3.14: The different processes of the creation of Frenkel pair
in bulk.

When the transferred energy T is lower than the threshold energy Ud,
no atoms are kicked out from the lattice. When the T ranges from Ud
to 2.5Ud, a Frenkel pair is created, which may recombine or not.
When the T is much higher than Ud, a stable Frenkel that is never
recombined by itself is created, and the crystal is destroyed. The
colorful circles indicate the individual atoms involved in the collision
event, and the green circle indicates the first scattered atom. Figure
adapted from Ref. [32].
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consider the effect of unexpected crystallization in the ferromagnetic layer.
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Figure 3.15: The XRD patterns of (a) Ta(3)/CoFeB(1) samples and
(b) Ta(4)/CoFeB(1) samples irradiated with different doses.

The y-axis is in logarithm. The patterns are vertically shifted in order
of the doses from the bottom to the top. The pattern of the Si
substrate is shown at the bottom for reference. No characteristic peak
is spotted.
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Figure 3.16: The XRD patterns around 2θ = 44.5◦ of(a)
Ta(3)/CoFeB(1) samples and (b) Ta(4)/CoFeB(1) samples irradiated
with different doses.

The y-axis is in a common axis. The patterns are vertically shifted in
order of the doses from the bottom to the top. The pattern of the Si
substrate is shown at the bottom for reference.
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3.3 Conclusion

In this chapter, the magnetic properties of Ta/CoFeB samples are investigated

by VSM. The M-H loop of samples is measured with an external magnetic field

sweeping along the easy axis (out-of-plane direction). All the pristine samples and

samples with an irradiation dose < 14× 1014 He+/cm2 remain PMA. The different

behaviors of the extracted saturation magnetization ms separate the samples into two

groups: the thicker Ta(3,4)/CoFeB(1) samples and the thinner Ta(2)/CoFeB(1) sam-

ples. The group of Ta(3,4)/CoFeB(1) keeps a constant value of ms after irradiation,

which is suitable for device application as the stability. In comparison, the group

of Ta(2)/CoFeB(1) shows a strong non-monotonic tendency, which increases about

30% until the dose 8 × 1014 He+/cm2 and then decreases. The coercivity field hc

of Ta(2)/CoFeB(1) also shows a similar tendency, suggesting the common origin.

In the Ta/CoFeB samples with PMA, the crystallization of the CoFe (001) phase

after annealing is very important. The change of ms is attributed to the change of

crystallinity of CoFe.

The crystallinity of Ta/CoFeB samples is measured by XRD to elucidate the

reason for the change of ms in the group of Ta(2)/CoFeB(1). The crystallinity of

the new CoFe (110) phase is found in the irradiated Ta(2)/CoFeB(1) samples. The

integrated intensity of XRD is analyzed for a quantitative discussion. In the lower

doses, the results show the increasing crystallinity of the CoFe (110) consistent with

the tendency of ms, which means the increased crystallinity by the irradiation is the

reason for the increased ms. In the high doses, the dominant phase CoFe (001) in

the CoFeB layer is damaged by the accumulated defects, leading to a decrease of

ms because the CoFe (001) is the easy axis of CoFe and the origin of the PMA

property. However, the characteristic peak of CoFe (001) can not be measured since

its bcc lattice. Therefore, we can only estimate the change of it with the change of

ms. On the other hand, no any extra crystallization is found in the irradiated thicker

Ta(3,4)/CoFeB(1) samples, in consistent with the constant ms.
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In conclusion, we measured the magnetic properties of irradiated Ta/CoFeB sam-

ples and found the anomalous behavior of the ms of Ta(2)/CoFeB(1) samples. This

behavior is subsequently explained by the crystallization of the CoFe (110) phase.
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Chapter 4

Thickness-dependent Pinning Density

Modulation on Ta/CoFeB Thin Film

In this chapter, we present the study on the domain wall motion of irradiated

Ta/CoFeB thin film. The domain wall motion is observed with a Kerr microscope

by MOKE. We discuss the effects on different thicknesses of Ta/CoFeB qualitatively

and quantitatively in section 4.1. Based on the model of the creep regime of domain

wall motion, we discuss the different contributions from ms, Ke f f , and ni. For

determining the dominant contributions, the Ke f f is measured by the anomalous Hall

effect in section 4.2. Combining with the data of ms and Ke f f , we demonstrate

the effect of irradiation on the pinning density ni of the thicker Ta(3,4)/CoFeB(1)

samples.
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4.1 Domain Wall Motion Modulated by He Ion Irra-

diation

4.1.1 Introduction

As a competitive memory technology for high storage density and capacity, ad-

vanced racetrack memory devices based on the propagation of domain walls (DW)

have received tremendous interest in recent years[37, 38], where the DW can be

driven by a magnetic field directly, or an effective field through spin-transfer torque

(STT) or spin-orbit torque (SOT).[39, 40, 4] One of the critical challenges before the

practical application of racetrack memory is the sensitive dependence on the defects

of materials because DW motion is interacted by both intrinsic defects related to the

properties of materials and extrinsic defects that are introduced by the micro-nano

fabrication processes and it usually uneasy to separate the different origins of defects

in practical devices. Therefore, observing the motion of domain wall expansion di-

rectly on the samples before device fabrication is useful for investigating the effects

on the materials’ properties, including pinning landscape, average pinning energy

barrier, and other magnetic properties. The Magneto-optic Kerr effect (MOKE) is a

kind of magneto-optic effect describing the change of polarity angle and ellipticity

of light reflecting from the surface of magnetic film. The intensity of the change is

usually proportional to the magnetization. With this mechanism, we can measure the

magnetization of samples quickly, as shown in the characterization part in Chapter 2.

When the measured direction of magnetization is perpendicular to the plane of the

surface, it’s called polarized-MOKE (p-MOKE). Combining with Kerr microscopy

and coils for driving magnetic field, the images reflecting the DW motion can be

obtained, where we can extract the information about the DW dynamics from the

expansion of domains.[41] Since no additional treatments or device fabrication is

necessary with this technology, this is a convenient and nondestructive method to
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study the effects of He+ ion irradiation on thin films with PMA avoiding the interfer-

ence from fabrication.

4.1.2 Measurements Methods

The schematic of the measurements setup for domain wall motion observation

is shown in figure 4.1, and the photo of the whole system is shown in figure 4.2,

where the thin-film samples with PMA can be well measured. The sample is placed

on the sample stage beneath the microscope. The sample stage combines magnetic

coils connected to a bipolar DC supply to generate a magnetic field Hz along with

the z-axis. The converted current factor is calibrated with a Hall magnetometer, and

the rise time is confirmed to be ignorable compared with the measuring time. For the

homogeneity of the magnetic field, the diameter of the coils should be large enough

to cover the whole area of samples, and the homogeneity is also confirmed with a Hll

magnetometer. Before measuring, the sample’s magnetization should be saturated by

a high enough applied field. When we apply a short pulse of a particular magnetic

field on the sample, whose intensity depends on materials, a small nucleation would

show on the film. A laser beam is projected on the film, and the reflecting light would

show different polar angles θk depending on the direction of local magnetization as

shown in figure 4.1. Then, the grayscale image of θk is transferred to a computer and

saved.

The sequence of Hz pulses used for measurements is shown in figure 4.3. First,

a high pulse of Hz is applied on the sample for a long enough time (usually more

than 5 s) to saturate the sample, and the saturation is confirmed by the p-MOKE

image. Second, a very short pulse of Hz is applied to create a nucleation of magnetic

domains. The intensity can be high or low depending on the materials, but it does not

impact the results. After the nucleation, we can find the domains by the microscope

as shown in figure 4.4. Then, we can move the sample to focus on one clear domain

as the original image and start the measurements. Pulses of a magnetic field with the
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same intensity and time (e.g., pulses with 5 mT for 20 s) are applied on the sample

one by one, and the Kerr microscope can observe the expansion of domain walls.

The obtained images of the domain wall expansion are combined into a single

image by software for showing the expansion visually and calculating the distance

of each expansion as figure 4.5. We choose the nonoverlapping, parallel, and clear

boundaries as samples, and calculate the average velocity of the domain wall motion.
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4.1.3 Qualitative Analysis of the Domain Wall Motion

The domain patterns of Ta/CoFeB with different thicknesses of Ta show several

different types, as shown in figure 4.6. In figure 4.6, The patterns of Ta(2,3,4,5)/CoFeB(1)

are arranged from left to right. The Ta(2)/CoFeB(1) pattern is a bubble-like domain,

where the domain expands from the original nucleation to the outside isotropic. The

patterns of Ta(3,4)/CoFeB(1) are significantly different, which nucleate from the edge

of samples and then linearly expand toward other parts. With the increasing thick-

ness of the Ta layer, the patterns of domains become more and more rough, and

finally, as shown in the pattern of Ta(5)/CoFeB(1), that is dendritic even though it

is still in linear expansion, indicating the change of the pinning landscape. In the

case of Ta(2)/CoFeB(1), it is easy to define the distance of DW motion, which is

the increase in the bubble’s diameter. In the case of Ta(3,4)/CoFeB(1), the domain

expanse linearly, and we can find the details of the edge remain unchanged during

the expansion, so we can also define the distance of DW motion as the red arrows

shown in figure 4.6. In the case of Ta(5)/CoFeB(1), the pattern of domains becomes

very dendritic due to the texture of the film. Thus, it isn’t easy to define DW motion’s

distance well. Therefore, in this work, we will only focus on the Ta(2,3,4)/CoFeB(1)

samples as mentioned in Chapter 2. The different types between domain patterns of

Ta(2)/CoFeB(1) and Ta(3,4)/CoFeB(1) also naturally separate them into two groups,

consistent with the ms analysis in Chapter 3.
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Figure 4.1: The schematic of the measurements setup.
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Figure 4.2: The photo of the p-MOKE microscopy facility.

The left part includes the Kerr microscopy and accessory facilities for
electric and magnetic control and measurements. The right part is the
enlarged view of the Kerr microscopy.

Figure 4.3: The magnetic field Hz sequence for saturation, domain
nucleation, and domain expansion.
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Figure 4.4: An image of the domain wall motion of pristine
Ta(2)/CoFeB(1) samples.

The red arrows indicate the direction of magnetization, where we
define the up direction as +mz. The yellow circle indicates the
domain wall.
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Figure 4.7 shows the patterns of pristine and irradiated Ta(2)/CoFeB samples

under the same driving magnetic field. Only pristine and irradiation doses 4, 6, 10

1014 He+/cm2 are shown as examples, but all irradiated samples are measured. For

obtaining eligible images, the driving time differs from 10 s to 60 s as the description.

In all different irradiation samples, the domain patterns remain in a bubble-like

shape. The patterns of pristine and irradiation dose 4 and 10 1014 He+/cm2 look

almost the same, except the edge is smoother and isotropic, which may be due

to the modification on pinning sites. However, the pattern of the irradiation dose

6 × 1014 He+/cm2 is specifically rough compared with other samples, which may

be due to the change from magnetic properties and crystallization as discussed in

Chapter 3.
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Figure 4.5: An image of the domain wall expansion of pristine
Ta(2)/CoFeB(1) samples, composite with 3 images.

The red arrows indicate the expansion of domain walls.

Figure 4.6: The different domain patterns of Ta/CoFeB with
different Ta thickness.

The red arrows show the expansion of the domain wall.The driving
magnetic fields from left to right are 4.45 mT, 1.31 mT, 1.31 mT,
2.36 mT, respectively.
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a: Ta(2)/CoFeB(1) pristine. b: Ta(2)/CoFeB(1) dose
4 × 1014 He+/cm2.

c: Ta(2)/CoFeB(1) dose
6 × 1014 He+/cm2.

d: Ta(2)/CoFeB(1) dose
10 × 1014 He+/cm2.

Figure 4.7: The domain patterns of Ta(2)/CoFeB(1) with different
irradiation doses.

(a) Pristine, (b) 4 × 1014 He+/cm2, (c) 6 × 1014 He+/cm2, (d)
10 × 1014 He+/cm2. The driving field Hz = 3.06 mT, the driving
time is 60 s, 10 s, 30 s, 10 s, respectively.
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As shown in figure 4.8, the domain patterns of Ta(3)/CoFeB(1) are significantly

modified a lot by the irradiation. It notes that the driving magnetic field Hz = 1.66 mT

for pristine and irradiation doses 4 × 1014 He+/cm2 and 10 × 1014 He+/cm2 for

comparison, but in sample of 6 × 1014 He+/cm2 it can only reach 1.31 mT in a

reasonable long driving time 4 s since the limitation of the rise time of Hz.

In all samples, the expansion of domains remains in the linear expansion. How-

ever, the texture, or the cracks in the domain, corresponding to the peaks in the

pinning landscape, are modified from random to orderly parallel. In figure 4.8 a,

the cracks in the domain of the pristine sample are growing randomly along with the

expansion of the domain wall. In the figures of irradiated samples 4.8 b c d, espe-

cially very clear in figure 4.8 c, corresponding to the sample with irradiation dose

6 × 1014 He+/cm2. The rearrangement of cracks indicates the effect of irradiation

on the pinning landscape. Such an improvement should be beneficial to the domain

wall motion. In figure 4.8 d, the cracks turn out to be random again, not as parallel

as the sample 6 × 1014 He+/cm2, which means the accumulation defects from the

irradiation tend to damage the structure, in consistency with the mechanism of He+

ion irradiation discussed in Chapter 1.
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a: Ta(3)/CoFeB(1) pristine. b: Ta(3)/CoFeB(1) dose
4 × 1014 He+/cm2.

c: Ta(3)/CoFeB(1) dose
6 × 1014 He+/cm2.

d: Ta(3)/CoFeB(1) dose
10 × 1014 He+/cm2.

Figure 4.8: The domain patterns of Ta(3)/CoFeB(1) with different
irradiation doses.

(a) Pristine, (b) 4 × 1014 He+/cm2, (c) 6 × 1014 He+/cm2, (d)
10 × 1014 He+/cm2. The driving field Hz = 1.66 mT for (a), (b),
(d), and 1.31 mT for (c). The driving time is 5 s, 10 s, 4 s, 5 s,
respectively.
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In the case of Ta(4)/CoFeB(1), as shown in figure 4.9, the situation is similar to the

Ta(3)/CoFeB(1), the domain wall motion of all samples remains in linear expansion

after irradiation, and the cracks in the domain are modified from random to orderly par-

allel by irradiation. However, they are more rough and dendritic than Ta(3)/CoFeB(1).

Specifically, the patterns of the domain in the pristine Ta(4)/CoFeB(1) are becoming

dendritic towards the patterns of Ta(5)/CoFeB(1) in figure 4.6. Therefore, it’s hard

to define the distance of domain wall motion. However, after irradiation, the edge of

patterns are much more smooth and isotropic so that we can measure the distance of

domain wall motion again, showing the strong modification from He+ ion irradiation.

4.1.4 Quantitative Analysis of the Domain Wall Motion

In the last subsection, we discussed the difference in domain patterns between

the pristine and irradiated Ta(tN)/CoFeB(1) thin films. However, although the He+

ion irradiation visually shows different effects on samples with varying thicknesses

of the Ta layer, it is hard to compare the effects quantitatively. In this subsection, the

distance of the domain wall motion driven by different magnetic field intensities Hz

is measured and fitted by the model of creep regime as introduced in subsection ??.

Since the velocity of domain wall motion v in the creep regime is described as

v = v0exp((
−Uc

kBT
)(

Hdep

H
)

1
4 ), (4.1)

where the UC is the pinning energy, Hdep is the depinning field, kB is Boltzmann

constant, T is the temperature, and H is the driving magnetic field Hz in our cases.

If we take the logarithm of both sides, we will have

ln(v) = (
−Uc

kBT
)(

Hdep

H
)

1
4 + v0. (4.2)

From the equation (4.2) we can see the ln(v) should be proportional to H− 1
4 in

single sample. Subsequently we will have the slope ζ =

∣∣∣∣(−Uc
kBT H

1
4
dep)

∣∣∣∣.
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a: Ta(4)/CoFeB(1) pristine. b: Ta(4)/CoFeB(1) dose
4 × 1014 He+/cm2.

c: Ta(4)/CoFeB(1) dose
6 × 1014 He+/cm2.

d: Ta(4)/CoFeB(1) dose
10 × 1014 He+/cm2.

Figure 4.9: The domain patterns of Ta(4)/CoFeB(1) with different
irradiation doses.

(a) pristine, (b) 4 × 1014 He+/cm2, (c) 6 × 1014 He+/cm2, (d)
10 × 1014 He+/cm2. The driving field Hz = 1.31 mT for all
samples. The driving time is 5 s.
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In the ideal cases, if we can scan the magnetic field Hz to high intensity for covering

the whole creep regime, we can directly extract the parameter Hdep. However, because

the velocity is exponentially increasing with increasing Hz, it is impossible to cover

the whole creep regime in our samples due to the limitations of the field of view of

the Kerr microscope and the rise time of the magnetic field.

Furthermore, the parameters Uc and Hdep in equation (4.1) and (4.2) are the

physical parameters of the model, it would be better to convert them into material

parameters that we can directly measure. In the model of domain wall motion, the

physical parameters are relative to the magnetic properties of thin films, we have

Uc ∝
√

Ke f f n
1
3
i , (4.3)

and

Hdep ∝

√
Ke f f n

2
3
i

ms
, (4.4)

where the Ke f f is the effective anisotropy, ni is the pinning density, and ms is the

saturation magnetization.[24]

Combining the equations (4.3) and (4.4) into the equation (4.2), we can extract

the relationship between the slope ζ and the materials properties ms, Ke f f , and ni as

ζ ∝ m− 1
4

s K
5
8
e f f n

1
2
i . (4.5)

In equation (4.5), the materials parameters ms and Ke f f can be directly measured.

Thus, such a conversion would be very convenient for the analysis.

According to the model of the creep regime, we take the logarithm of the velocity

of domain wall motion and the H−1/4
z as figure 4.10, which shows a linear relationship

as expected. The curves of different irradiation doses are vertically shifted for a clearer

visual since the intercept is not crucial in our analysis.

With the method introduced above, the slope ζ of each curve of Ta(2,3,4)/CoFeB(1)
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Figure 4.10: The domain wall motion velocity of Ta(2)/CoFeB(1).

The velocity is in logarithm, and the x-axis is H−1/4
z . The curves are

vertically shifted from bottom to top in the order of irradiation dose.
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is extracted by linear fitting as shown in figure 4.11. The tendency of slopes can be

obviously separated into two groups, Ta(2)/CoFeB(1) and Ta(3,4)/CoFeB(1), which

is consistent with the previous discussion. The group of Ta(2)/CoFeB(1) shows an

entirely different tendency from Ta(3,4)/CoFeB(1), suggesting the different physical

origin behind it.

In the group of Ta(3,4)/CoFeB(1), both thicknesses show an identical tendency

opposite to Ta(2)/CoFeB(1) depending on the irradiation dose, just different in the

values. The slope ζ determines the exponential relationship between the driving

magnetic field and the velocity of domain wall motion. Thus, the lower slope ζ means

the easier controlled by the magnetic field. From the view of the device application,

lower values of ζ would be more desirable for STT- or SOT-based devices because

lower modulation on switching current is needed. In figure 4.11, Ta(2)/CoFeB(1)

and Ta(3)/CoFeB(1) have similarly low values, meaning their better adaptability in

device application. However, as discussed in Chapter 3, the ms of Ta(2)/CoFeB(1)

is not stable due to the unexpected crystallization of CoFe (110), so it should be

avoided. On the other hand, the ζ of Ta(3)/CoFeB(1) is significantly decreased in

the irradiation dose 6 × 1014 He+/cm2, showing an excellent improvement in the

performance.

Subsequently, we can discuss the different effects of the He+ ion irradiation on

the two groups of samples. As shown in equation (4.5), we have ζ ∝ m− 1
4

s K
5
8
e f f n

1
2
i ,

which means there are 3 main contribution to the slope ζ. As for the group of

Ta(3,4)/CoFeB(1), the slope ζ and ms are compared in figure 4.12, where the ms

is measured in Chapter 3. The ms of both Ta(3,4)/CoFeB(1) keep constant after

irradiation, instead of the inverse relationship as shown in equation (4.5), which

means the slope ζ is not modulated through the ms.



Chapter 4. Thickness-dependent Pinning Density Modulation on Ta/CoFeB Thin

Film
76

0 4 6 8 10 12 14

Dose (1014 He+/cm2)

20

25

30

35

40

45

50

|s
lo

pe
| 

Ta 2nm
Ta 3nm
Ta 4nm

Figure 4.11: The extracted slope ζ of Ta/CoFeB.
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In the group of Ta(2)/CoFeB(1), the slope ζ and ms are compared in figure 4.13.

Although both the ζ and ms are strongly modulated by irradiation and reach the

summit in the irradiation dose 8 × 1014 He+/cm2, they show the same tendency

instead of the inverse relationship as shown in equation (4.5), therefore the ms is

nether the main contribution the ζ in this case.
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a: The extracted slope ζ of Ta(3,4)/CoFeB(1).
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b: The saturation magnetization ms of Ta(3,4)/CoFeB(1).

Figure 4.12: The comparison between the extracted slope ζ and ms
of Ta(3,4)/CoFeB(1).
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The summary of the contribution to the slope ζ is shown in the figure 4.14.

As discussed above, ms is confirmed not the dominant contribution in all irradiated

samples. According to the relationship 4.5, the remaining contributions are Ke f f and

ni. The Ke f f will be discussed in the next section.
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a: The extracted slope ζ of Ta(2)/CoFeB(1).
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Figure 4.13: The comparison between the extracted slope ζ and ms
of Ta(2)/CoFeB(1).
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4.2 Measuring Magnetic Anisotropy by Anomalous

Hall Effect

In the previous section, the effective anisotropy Ke f f is demonstrated as one of

the possible contributions to the slope ζ. The Ke f f can be measured by measuring the

magnetization with a scanning magnetic field along with the easy axis and the hard

axis. However, due to the limitation of the VSM facility, measuring the magnetization

directly along the hard axis is difficult. In the anomalous Hall effect (AHE), the

transverse resistance of a ferromagnet/metal bilayer increases anomalously when a

magnetic field is applied due to the magnetization tilted by the field, and the AHE

signal is proportional to the z-component of magnetization.[42, 43] Therefore, here,

we will measure the AHE of Hall bar structures instead of the magnetization of bare

films, which have a much higher sensitivity.

The thin-film samples are fabricated into Hall bar structures with the standard

photolithography method, as shown in Chapter 2. The geometry of the Hall bar

structures and the schematic of the electrical circuit for AHE measurements are

shown in figure 4.15. The probe current is 0.1 mA DC by a YOKOGAWA GS200

DC source. The transverse voltage is measured by a Keysight 34411A 61/2 Digit

Multimeter.

4.2.1 Generalized Sucksmith-Thompson Method

Since the limitation of the scanning magnetic field for our probe station is only

800 mT in the x-y plane, it is difficult to saturate the magnetization along the hard axis

sufficiently. Here, we follow the generalized Sucksmith-Thompson (GST) method to

fit the anomalous Hall resistance data to extract the 1st-order perpendicular magnetic

anisotropy field.[44, 45, 46, 25] It notes that the obtained 1st order anisotropy fields

are the effective anisotropy, including the demagnetization effect.
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Figure 4.14: The summary table of the contribution to the slope ζ.

The crosses mean the parameters are confirmed as not a dominant
origin. The thickness notes the thicknesses of Ta layers.

Figure 4.15: The geometry of the Hall bar structures and the
schematic of the electrical circuit for AHE measurements.
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In the GST method, for the anisotropy energy E(θM) of a certain polar angle of

the tilted magnetizaiton θM we have

E(θM) = Ke f f
1 sin2θM + K2sin4θM, (4.6)

where the Ke f f
1 and K2 are the 1st and 2nd order effective anisotropy field,

respectively.

The measured parameters follow the equation,

He f f
K1 + HK2(1 − m2) = αHex, (4.7)

α =
msinθH −

√
1 − m2cosθH

m
√

1 − m2
, (4.8)

where the He f f
K1 and HK2 are the 1st and 2nd order PMA effective field, respec-

tively. m = cosθM = RH(Hex/RAHE) is the normalized magnetization, RAHE is

the anomalous resistance, RH(Hex) is the transverse Hall resistance under an external

magnetic field Hex. θH is the polar angle of the external magnetic field, which is

θH = 85◦ in our measurements setup. Subsequently, from the extracted parameters

He f f
K1 and HK2 we have

Ke f f
1 =

(He f f
K1 + 4πms)ms

2
, (4.9)

and

K2 =
HK2ms

4
. (4.10)

In figure 4.16, the raw data of the Hall resistance of pristine Ta(3)/CoFeB(1) is

shown as an example. The GST method is applied to analyze the Hall resistance in

which the external field scans along the x-axis or the current direction (figure 4.16 b).

The raw Hall resistance is firstly normalized for the normalized magnetization m
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as shown in figure 4.17. The spikes in the raw data originate from the electrical noise

and environmental oscillation, which will be ignored by processing with scripts in

the following fitting.

Combining with the ms values measured in Chapter 3, the values of α are calcu-

lated, and the αHex via 1− m2 is plotted as the example in figure 4.18. Then the data

is linearly fitted for extracting the intercept parameter, which is the 1st order PMA

effective field in equation 4.7 and 4.9, thus the 1st order effective anisotropy field

Ke f f
1 can be extracted following equation 4.9.
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4.2.2 Extracted 1st Effective Anisotropy Ke f f
1

The Ke f f
1 extracted by GST method of Ta(2,3,4)/CoFeB(1) are shown in figure

4.19. The situation of Ke f f
1 is very similar to the ms, separated into 2 groups,

Ta(2)/CoFeB(1) and Ta(3,4)/CoFeB(1), and the tendencies of them are also similar.

The Ke f f
1 of Ta(3,4)/CoFeB(1) almost keep constant after irradiation. In contrast, the

Ke f f
1 of Ta(2)/CoFeB(1) increase to almost double in the dose 8× 1014 He+/cm2 and

then decrease in higher doses, showing a strong relationship with the crystallization

of CoFe (110) as the ms discussed in Chapter 3.

According to equation (4.5), we have ζ ∝ K
5
8
e f f , so the Ke f f should show the

same tendency with the slope ζ if anisotropy is the dominant contribution. The

compared results of 2 groups between Ke f f
1 and slope ζ are shown in figure 4.20 for

Ta(2)/CoFeB(1) and figure 4.21 for Ta(3,4)/CoFeB(1).

In the group of Ta(2)/CoFeB(1), the Ke f f
1 has a similar non-monotonic tendency

compared with the slope ζ in figure 4.20. Therefore, the Ke f f
1 should be a strong

contribution to the change of slope ζ as expected. The irradiation on Ta(2)/CoFeB(1)

increases the crystallinity of CoFe in lower doses, especially the crystallization of

CoFe(110), which increases both ms and Ke f f . In the higher doses, the accumulated

defects damage the crystallinity of CoFe(001) and reduce the ms and Ke f f . Such

an effect modulates the domain wall motion by changing the Ke f f . However, the

pinning density ni in equation (4.5) remains unknown, and it is possible to show a

similar non-monotonic tendency as the qualitative discussion in section 4.1.3, thus

the contribution from ni can not be excluded.

In the group of Ta(3,4)/CoFeB(1), the anisotropy Ke f f is not changed so much by

the irradiation. At the same time, the slope ζ shows a strong modulation from the

irradiation, which means the Ke f f is not the dominant contribution to ζ. According

to the equation (4.5), only the 3 parameters, ms, Ke f f , and ni, are relative to the slope

ζ, and the contribution from ms and Ke f f are already excluded. Therefore, the only

remaining factor is the ni, and the tendency of ζ is actually reflecting the tendency of
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a: The Hall resistance of pristine Ta(3)/CoFeB(1). Hex scanning along the
out-of-plane direction.
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b: The Hall resistance of pristine Ta(3)/CoFeB(1). Hex scanning along the x
direction (current direction).

Figure 4.16: The Hall resistance of pristine Ta(3)/CoFeB(1) for
example.
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Figure 4.17: The normalized anomalous Hall resistance.
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Figure 4.18: The converted data and the fitting result.
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Figure 4.19: The Ke f f
1 extracted by GST method of

Ta(2,3,4)/CoFeB(1).
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ni.

Following this deduction, we can divide the measured ms and Ke f f from ζ to

clearly show the tendency of ni as shown in figure 4.22. The values of the ni

in figure 4.22 are not important because the constant factors of Ta(3)/CoFeB(1)

and Ta(4)/CoFeB(1) may be different. However, the results show that the He+

ion irradiation has a strong effect on the modulation of the pinning density ni of

Ta(3,4)/CoFeB(1). Especially in dose 6 × 1014 He+/cm2, irradiation significantly

promotes the domain wall motion by reducing the pinning density.
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4.3 Conclusion

In this chapter, the velocity of domain wall motion in Ta/CoFeB is measured, and

the slope ζ in the logarithm relationship is extracted. According to the model of the

domain wall motion in the creep regime, the slope ζ describes the controllability of

the DW velocity by a magnetic field, and a lower value of slope ζ is more satisfying

because the demand to an external magnetic field or effective field is reduced. Further-

more, more information on the landscape of the pinning barrier, such as the pinning

energy Uc and the depinning field Hdep, can be extracted from the slope ζ. Therefore,

the slope ζ of materials is directly relative to the performance of DW-based devices,

and as expected, the thinner Ta(2)/CoFeB(1) and thicker Ta(3)/CoFeB(1) show op-

posite dependence on the irradiation dose, especially the Ta(3)/CoFeB(1), whose ζ

is significantly reduced in the dose 6 × 1014 He+/cm2, meaning the superiority in

DW-based device application within the three thicknesses.

Subsequently, According to the proportional or the inverse proportional relation-

ship on the Ke f f and ms, the contribution of them to ζ is determined or excluded,

which is summarized in figure 4.23. In the case of the thicker Ta(3,4)/CoFeB(1)

samples, because the almost constant Ke f f and ms are contradictory with the ten-

dency of the slope ζ, meaning that Ke f f or ms can not be the reason of the change

of ζ, the modification on the pinning density ni is confirmed to be the dominant

contribution, sharing the same tendency with the slope ζ. Therefore, the optimal

point in the ζ of Ta(3)/CoFeB(1) is also the optimal point in the pinning density ni.

The large decrease of ni in dose 6 × 1014 He+/cm2 demonstrated the improvement

on defects by the He+ ion irradiation. On the other hand, the tendency of the slope ζ

of Ta(2)/CoFeB(1) is the same as the tendency of the effective magnetic anisotropy

Ke f f , meaning that the Ke f f should be the dominant contribution to the change of the

slope ζ after irradiation. However, the pinning density ni can not be determined in

this case, so the contribution from ni can not be excluded.

In conclusion, the performance on domain wall motion of He+ irradiated Ta/CoFeB
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Figure 4.20: The similar tendencies of (a) Ke f f
1 and (b) slope ζ of

Ta(2)/CoFeB(1).
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Figure 4.21: The irrelevant tendencies of (a) Ke f f
1 and (b) slope ζ of

Ta(3,4)/CoFeB(1).
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is measured by Kerr microscopy, the Ta(3)/CoFeB(1) irradiated by the dose 6 ×

1014 He+/cm2 is the optimal point. By excluding the contribution from the change

of magnetic properties, the dominant contribution from irradiation to the improve-

ment of domain wall motion is determined.
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Figure 4.23: The summary table of the contribution to the slope ζ.

The crosses mean the parameters are confirmed not dominant, the
circles mean the dominant contribution, and the solid triangle means
the possible unknown contribution. The thickness notes the
thicknesses of Ta layers.
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Chapter 5

The Effect of He+ Irradiation on

Spin-Orbit Torque

In this chapter, we investigate the spin-orbit torque (SOT) property of irradiated

Ta/CoFeB thin films. In the previous chapters, the magnetic properties and domain

wall dynamics of the irradiated samples are discussed and are consistent with other

studies. However, it lacked research on the He+ ion irradiation on the SOT property.

Here, we measured the SOT by harmonic Hall measurements and demonstrated that

the thickness of the Ta layer is essential to the SOT modulation by the He+ ion

irradiation.
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5.1 Measurement Method

As a typical structure widely studied by many researchers, thin films of Ta/CoFeB

with PMA properties are reported to have a strong spin Hall effect (SHE), Rashba

effect, and large spin Hall angle,[47, 48, 49, 50, 51] showing an attractive potential

in spintronics devices application. Among many different measurement methods

for investigating the spin-orbit torque (SOT) property, the harmonic Hall analysis is

a powerful tool to probe the current-induced SOT by measuring the magnetization

dynamics because of its precision and convenience (it only needs a low-frequency

AC source).

In order to investigate the SOT property of He+ ion irradiated Ta/CoFeB thin

films, harmonic measurements are performed on the samples.[52, 47, 53] In a system

with inversion asymmetry like a ferromagnet/normal metal (FM/NM) bilayer sys-

tem, the coupling between the spin and orbital degrees of freedom generates strong

SOT.[52] The SOT originates from the structure asymmetry SHE or interface asym-

metry Dresselhaus-Rashba effect. The SHE refers to the spin-dependent deviation of

the electron trajectory, contributed by the scattering (skew jump and side jump) and

the intrinsic mechanisms[54, 55], transferring a damping-like torque into the magne-

tization of the ferromagnet layer. The Rashba effect is an interface effect, leading to

the spin polarization of the conduction electrons at the interface of a material with

broken inversion symmetry.[56, 57] The SOT property of material has been studied

extensively for its significant advantages in spintronic device applications.

5.1.1 Spin-orbit Torque Driven Harmonic signals

The harmonic Hall measurements need a Hall bar structure, which is shown in

figure 5.1 When an AC current is applied in a device with a Hall bar structure, periodic

oscillations of the magnetization are generated due to the SOT, creating a periodic

oscillating transverse voltage signal:
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Vxy(t) = Rxy(t)I0sin(ωt), (5.1)

where Rxy(t) is the oscillating transverse resistance or Hall resistance, I0sin(ωt)

is the oscillating AC current.

When an external magnetic field is applied, the Hall resistance is affected by both

the external field and SOT, thus we have

Rxy(t) = R(Bex + BI(t)), (5.2)

where the BI(t)means the current-induced effective field, including damping-like

effective field and field-like effective field, which generates damping-like (DL) torque

and field-like (FL) torque on the magnetization.

Since Bex is a constant magnetic field compared with the oscillating field BI(t),

R(t) can be approximately expansed as

Rxy(t) ≈ Rxy(Bex) +
dR
dBI

· BIsin(ωt). (5.3)

Combining the equation (5.1) and (5.3), we have

Vxy(t) ≈ I0[R0 + R1ω
xy sin(ωt) + R2ω

xy cos(2ωt)], (5.4)

where Vxy is the transverse Hall voltage, R1ω
xy and R2ω

xy are the 1st and 2nd order

harmonic resistance, respectively.

The R1ω
xy equals the Hall signal in the case of DC measurements, and we have

R1ω
xy = RAHEcosθ + RPHEsin2θsin(2φ), (5.5)

where RPHE is the planar Hall effect resistance, θ is the polar angle and φ is the

azimuthal angle of the magnetization vector.

As for the R2ω
xy we have
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R2ω
xy = (RAHE − 2RPHEcosθsin(2φ))

dcosθ

dBI
· BI + RPHEsin2θ

dsin(2φ)

dBI
· BI ,

(5.6)

where BI is the current induced effective field.

In the case that magnetic field sweeping along the x axis or y axis, combining with

the equation (5.4), (5.5), and (5.6), we have R0
xy = 1

2
dRxy
dBI

· BI , R1ω
xy = Rxy(Bex), and

R2ω
xy = −1

2
dR1ω

xy
dBI

· BI .

Compared with the steady DC measurements, the harmonic signal R2ω
xy is a

dynamic signal, including both the current-induced effects such as HDL, HFL, and

the thermoelectric effects such as the anomalous Nernst effect (ANE), which will be

eliminated in the analysis.

5.1.2 Measurement Setup

The harmonic measurements are performed on the same Hall bar device with the

anisotropy measurements in Chapter 4 for reducing fabrication procedures and error.

The measurements are performed with a Wave Factory 1941 as the AC current

source, supplying an AC current with 13 Hz, the amplitude is adjusted to keep the

same current density in all samples with different thicknesses. The applied current

I0 is determined by the voltage of the reference resistor Vre f , measured by a Keysight

34411A 61/2 Digit Multimeter real-time. The harmonic signal of the Hall bar is

measured simultaneously by 2 Stanford Research Systems SR830 lock-in amplifiers.

The samples are slightly tilted out-of-plane (≈ 5◦).

Take the data of pristine Ta(2)/CoFeB(1) as an example to show the analysis

procedures. As discussed in the last subsection, in PMA samples, the first harmonic

signal is equivalent to the anomalous Hall resistance in DC measurements. In the

range of sweeping field around zero, the signal R1ω
xy can be fitted by a quadratic

formula as shown in figure 5.3, where the Hex sweeps in a x direction and b y

direction.



Chapter 5. The Effect of He+ Irradiation on Spin-Orbit Torque 101

Figure 5.1: The diagram of a harmonic Hall measurements setup for
FM/NM thin films with PMA.

Jω
C is an AC current at frequency ω, causing the magnetization M to

oscillate due to SOT. The external magnetic field sweeps
longitudinally (Hx) or transversely (Hy), corresponding to the signal
of the damping-like effective field HDL (left) and the field-like
effective field HFL (right), respectively. Adapted from Ref. [53]

Figure 5.2: The electrical circuit of the harmonic measurement
setup.
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The second harmonic signal as shown in figure 5.4, where the Hex sweeps in a x

direction and b y direction. The second harmonic signal is a dynamic signal originat-

ing from the oscillating magnetization by SOT. Therefore, the scanning direction in

figure 5.4 a x-axis and b y-axis correspond to the longitudinal and transverse effective

field, respectively. In the range of sweeping field around zero, the signal R2ω
xy can

be fitted by a linear formula. In the case of the x-scan, the positive part of raw data

(corresponding to the up magnetization M+) and the negative part of raw data (cor-

responding to the down magnetization M−) are parallel. On the other hand, in the

case of the y-scan, the slopes of the positive part and the negative part are opposite.

As per the previous discussion, the thermoelectric effect also contributes to the

second harmonic signal, which is the anomalous Nernst effect (ANE). In our system,

ANE shows a hysteresis in figure 5.4, and the values remain constant in the upper and

lower branches, respectively. Therefore, we can directly subtract the intercept from

both branches to remove the ANE contribution.

In addition, after removing the contribution from ANE, the mixing contribution

to the second harmonic signal from anomalous Hall effect (AHE) and planar Hall

effect (PHE) should be considered. The mixing factor depends on the ratio between

the AHE and PHE, which we define as ξ = ∆RPHE
∆RAHE

. With the method from Ref. [58],

the value of ξ can be determined.

In the first harmonic signal, Rxy follows the sin(2φ) dependence on the azimuthal

angle, thus it is eliminated at φ = 0◦ and maximized at φ = 45◦, while the AHE

contribution remains unchanged. The difference can be written as

∆Rxy = R45
xy − R0

xy =
1
2

∆RPHEsin2θ. (5.7)

After normalizing the R45
xy and R0

xy, we have the normalized version of equation

(5.7) as
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Figure 5.3: The first harmonic Hall resistance of pristine
Ta(2)/CoFeB(1) sample.

(a) Magnetic field sweeping along the x-axis, (b) magnetic field
sweeping along the y-axis. The red dotted line is the quadratic fitting
results.
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Figure 5.4: The second harmonic Hall resistance of pristine
Ta(2)/CoFeB(1) sample

(a) Magnetic field sweeping along the x-axis, (b) magnetic field
sweeping along the y-axis. The red dotted line is the linear fitting
results.
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∆R̃xy = R̃45
xy − R̃0

xy = (cosθ +
∆RPHE

∆RAHE
sin2θ)− cosθ =

∆RPHE

∆RAHE
[1 − (R̃0

xy)
2].

(5.8)

The normalized R1ω
xy of the data at φ = 0◦ and φ = 45◦ are shown in figure

5.5, and the plot of ∆R̃xy vs (1 − (R̃0
xy)

2) is shown in figure 5.6, showing a good

consistence with the linear fitting. From the linear fitting, we can obtain the slope of

the fitting curve, which is the ratio ξ = ∆RPHE
∆RAHE

in equation (5.8).

According to the discussion in the previous subsection, the longitudinal effective

field (Bx) and the transverse effective field (By) can be written as [47]

Bx = 2
∂R2ω

xy
∂Hx

∂2R1ω
xy

∂H2
x

, (5.9)

and

By = 2

∂R2ω
xy

∂Hy

∂2R1ω
xy

∂H2
y

. (5.10)

In considering the contribution from PHE, we can correct them from the Bx and

By to obtain the damping-like effective field (HDL) and field-like effective field (HFL)

HDL =
Bx + 2ξBy

1 − 4ξ2 , (5.11)

and

HFL =
By + 2ξBx

1 − 4ξ2 . (5.12)

Furthermore, the spin Hall angle θSH can be calculated [59, 50] with the equations

HDL

J
=

H∞
DL
J

(1 − sech(
tN

λ
)), (5.13)
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Figure 5.5: The normalized first harmonic Hall resistance at φ = 0◦

and φ = 45◦.
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where the J is the current density, tN is the thickness of the Ta layer, λ is the spin

diffusion length of Ta, and λ = 0.33 nm according to the previous research on the

materials grown by the same way[50], and

θSH =
2emstF

h̄
H∞

DL
J

, (5.14)

where the e is the elementary charge, ms is the saturation magnetization, tF is the

thickness of ferromagnetic layer, and h̄ is the reduced Planck constant.
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5.2 SOT Property of Irradiated Samples

Following the methods described in the last section, the SOT effective field HDL

and HFL are calculated. The results of Ta(2)/CoFeB(1) are shown in figure 5.7.

From figure 5.7 a and b we can see that both the HDL and HFL share a very similar

tendency, both are decreasing from pristine until the dose 8 × 1014 He+/cm2, and

then increase again in higher doses. The HDL comes from the SHE in bulk, which

is very relative to the scattering or defects because of the skew-jump and side-jump

mechanism.[54, 55, 60] Therefore, we measured the resistivity ρ of all samples as

shown in figure 5.9.

As expected, the ρ of Ta(2)/CoFeB(1) is the highest within all the thicknesses.

Compared with the resistivity of Ta(3,4)/CoFeB(1), which changes only a little after

irradiation, the resistivity of Ta(2)/CoFeB(1) fluctuates enormously depending on the

irradiation doses (around ±15 %), showing a similar non-monotonic tendency with

the minimum at dose 8× 1014 He+/cm2 with HDL. There are two possible reasons:

first, the irradiation increases the crystallinity of both CoFe (001) and CoFe (110)

in lower doses, as discussed in Chapter 3, which leads to the lower resistivity of the

CoFeB layer and thus stronger current shutting effect. If the current flowing through

the Ta layer is smaller than expected, the effective field would be smaller. When the

dose increases and the crystallinity of CoFe (001) becomes damaged, the shutting

effect turns weaker again. Thus, we have a stronger effective field in higher doses.

Second, the lower doses of He+ ion irradiation can rearrange the atoms, which helps

reduce defects in low doses, and consequently, the SHE becomes weaker. In the

higher doses, the accumulated defects increase and enhance the SHE again, leading

to higher HDL. More investigation is needed to figure out the reasons. Besides, for

directly comparing the charge-spin conversion efficiency, the spin Hall angle θSH is

calculated as figure 5.8, which shows the same tendency with HDL.

Compared with the slope ζ extracted from the domain wall motion, which is

shown in figure 5.10, which shows the domain wall dynamic properties, we can
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see the Ta(2)/CoFeB(1) has the lowest effective field and worst domain wall motion

in the irradiation dose 8 × 1014 He+/cm2, and the ms of it is easily changed by

irradiation. In general, the disadvantages overcome the advantages a lot in this

structure. Therefore the Ta(2)/CoFeB(1) is not suitable for the application of He+ ion

irradiation technology.

In the group of Ta(3,4)/CoFeB(1) samples, the situations are different from the

Ta(2)/CoFeB(1). As shown in figure 5.11, the SOT properties show very different ten-

dencies. Especially in the case of the SOT of Ta(3)/CoFeB(1), which offers a strong

increase in the dose 6× 1014 He+/cm2, both HDL and HFL are increased more than

two times. At the same time, we can check the results of slope ζ in figure 5.12,

Ta(3)/CoFeB(1) also shows the best performance in the dose 6 × 1014 He+/cm2,

which means the dose 6× 1014 He+/cm2 is a sweet spot of Ta(3)/CoFeB(1) satisfy-

ing the requirement in all the magnetic properties, domain wall dynamics, and SOT

property. In general, the performance of Ta(3)/CoFeB(1) is significantly improved in

domain wall motion, and SOT property by He+ ion irradiation, showing completely

different results from the Ta(2)/CoFeB(1), and the magnetic property remain stable

at the same time.

On the other hand, although the Ta(4)/CoFeB(1) is as good as Ta(3)/CoFeB(1) in

magnetic properties and similarly good in domain wall dynamics, its tendency of SOT

property via the irradiation doses seems to be shifted to higher doses. Especially in the

HDL shown in figure 5.11 a, where the HDL of Ta(3)/CoFeB(1) reaches the maximum

in dose 6× 1014 He+/cm2, and then decrease. However, the HDL of Ta(4)/CoFeB(1)

just starts to increase from 6 × 1014 He+/cm2, and reach the similar value in dose

10 × 1014 He+/cm2. Even if it reached a higher HDL with much higher doses, the

slope ζ in figure 5.12 would become much higher and worse, which means the effect

on SOT property doesn’t match the effect on domain wall dynamics.

Therefore, according to the above discussion, the effects of He+ ion irradiation are

highly relative to the thickness of the sample and show strong potential on the spin-

tronic device application of Ta/CoFeB thin films. Even only the difference of 1 nm,
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Figure 5.7: The SOT of Ta(2)/CoFeB(1).

(a) The damping-like field HDL and (b) the field-like field HFL of
Ta(2)/CoFeB(1).
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Figure 5.8: The spin Hall angle θSH of Ta(2)/CoFeB(1) samples.
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Figure 5.9: The resistivity for Ta(2,3,4)/CoFeB(1) samples,
measured by the same Hall bar structure with DC current.
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Figure 5.10: The slope ζ of Ta(2)/CoFeB(1) from Chapter 4.
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the effects may be completely different (Ta(2)/CoFeB(1) and Ta(3,4)/CoFeB(1)), or

miss the sweet spot (Ta(3)/CoFeB(1) and Ta(4)/CoFeB(1)).
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Figure 5.11: The SOT of Ta(3,4)/CoFeB(1).

(a) The damping-like field HDL and (b) the field-like field HFL of
Ta(3,4)/CoFeB(1).
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Figure 5.12: The slope ζ of Ta(3,4)/CoFeB(1) from Chapter 4.
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5.3 Conclusion

In the previous sections, the SOT of irradiated Ta/CoFeB thin films is well in-

vestigated. In the demands for the device application, the higher SOT of materials

is critical and pleasing because the higher SOT can reduce the switching current,

increase the efficiency, and reduce Joule heat. As discussed in Chapter 3 and 4,

the samples should be divided into two groups, the thinner Ta(2)/CoFeB(1) and the

thicker Ta(3,4)/CoFeB(1). Here, we summarized the conclusions combined with the

previous results on the magnetic properties and domain wall dynamics.

In the group of Ta(2)/CoFeB(1) thin films, the summary of results is shown in

figure 5.13. In all properties, Ta(2)/CoFeB(1) are strongly modulated by the He+ ion

irradiation, showing a very relative tendency and getting the worst point in dose 8 ×

1014 He+/cm2. The reason for those changes is demonstrated to be the crystallinity

changed by irradiation. Such effects show that the structure Ta(2)/CoFeB(1) is

unsuitable for He+ ion irradiation in the device application.

In the group of Ta(3,4)/CoFeB(1), those samples have similar results in the mag-

netic properties and domain wall dynamics, but they are slightly different in the SOT

property. As shown in figure 5.14, the Ta(3)/CoFeB(1) has stable ms and the best

result in both SOT and ζ in irradiation dose 6 × 1014 He+/cm2, which means that

would be a sweet spot for the He+ ion irradiation.

However, in the case of Ta(4)/CoFeB(1), as shown in figure 5.15, the SOT ten-

dency depending on the irradiation dose seems to be shifted towards high doses,

leading to the mismatch in the domain wall dynamics. Thus, the performance of

the too-thick Ta/CoFeB thin film would not be as good as that of Ta(3)/CoFeB(1).

Besides, the change of the field-like effective field HFL of Ta(4)/CoFeB(1) is always

decreasing after irradiation until the maximum dose 10 × 1014 He+/cm2, which is

very different from the Ta(2)/CoFeB(1) and Ta(3)/CoFeB(1). The reason is unclear

so far. Samples irradiated by higher doses would help reveal the whole tendency of

it.
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Figure 5.13: The summary of results of Ta(2)/CoFeB(1).

Figure 5.14: The summary of results of Ta(3)/CoFeB(1).
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The high dependence of He+ irradiation on the thickness of the Ta layer means that

we should carefully consider the thickness of the thin film in the application of this

technology. On the one hand, the He+ ion irradiation shows an impressively excellent

improvement on different properties when it meets the sweet spot of Ta/CoFeB,

showing the great potential on the device application. On the other hand, this

technology is highly sensitive to the thickness, which may limit the design and stacks

of spintronic devices.
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Figure 5.15: The summary of results of Ta(4)/CoFeB(1).
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Chapter 6

Conclusion
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6.1 Conclusion

As a non-destructive and convenient method modifying the properties of mate-

rials, He+ ion irradiation technology has attracted great interest in investigating the

mechanism and effects for promoting its application on spintronic devices, especially

the domain-based devices like racetrack memory. However, most of the studies are

only focusing on the domain wall motion or the magnetic properties such as ms and

Ke f f , and lack of studies on the SOT properties, which is also critical for the spin-

tronic devices. On the other hand, He+ ion irradiation often shows different effects in

different systems or even similar systems, which can not be well understood before.

Therefore, the objective of this thesis is to clarify the effects of He+ ion irradiation

on both domain wall motion and spin-orbit torque in Ta/CoFeB thin film for domain

wall devices. To achieve this objective, we break it into three sub-objectives:

Sub-objective 1: The dose-dependent effect on the magnetic properties and the

origin of it. Magnetic properties attracted most of the attention in previous studies and

are highly relative to the domain wall motion. In Chapter 3, we demonstrated that the

dose-dependent effects differ on thinner and thicker Ta/CoFeB thin films. In the case

of the thicker Ta(3,4)/CoFeB(1) samples, the magnetic properties keep constant with

different doses. In comparison, in the case of the thinner Ta(2)/CoFeB(1) samples,

the magnetic properties are highly modulated by the irradiation doses. Furthermore,

we conclude that the origin of the modulation in Ta(2)/CoFeB(1) is the change of

crystallinity and first demonstrates the crystallization of the CoFeB (110) phase.

Sub-objective 2: To clarify the domain wall motion of irradiated samples, figuring

out the microscopic pinning properties. In Chapter 4, we present the analysis, which

shows a significant improvement in the thicker Ta(3,4)/CoFeB(1) with irradiation

dose 6 × 1014 He+/cm2. To clarify the dominant contribution to the improvement

in domain wall motion, we measured the ms and Ke f f of the irradiated samples, which

are proved not the dominant contribution. By excluding the ms and Ke f f , the only

remaining candidate pinning density ni is determined. The results elucidate that the
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He+ ion irradiation can modify and improve the microscopic pinning properties.

Sub-objective 3: To analyze the spin-orbit torque of irradiated samples for deter-

mining the modulation from He+ ion irradiation using the harmonic Hall method. In

Chapter 5, we present the results of SOT properties modulated by He+ ion irradiation.

In the case of Ta(2)/CoFeB(1), the effect of irradiation generally behaves as damage,

and the SOT gets worst in the irradiation dose 8 × 1014 He+/cm2, which is also the

worst point of domain wall dynamics, suggesting the negative effect of irradiation.

In the case of Ta(3,4)/CoFeB(1), the Ta(3)/CoFeB(1) shows the strongest SOT in the

irradiation dose 6 × 1014 He+/cm2, which is also the best point of other properties.

The irradiation dose 6× 1014 He+/cm2 is a sweet spot of Ta(3)/CoFeB(1), where the

best value of the main properties can be reached simultaneously. However, the SOT

of Ta(4)/CoFeB(1) seems to be different in that it needs a higher dose to improve the

damping-like effective field, which makes it miss the sweet spot of other properties.

Combining with the sub-objectives, we first finished a systemic study on the

effects of He+ ion irradiation for the spintronic device application, clarified the

different contributions of them, and pointing out that the He+ ion irradiation is highly

sensitive to the thickness of samples.
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6.2 Outlook

This thesis clarified the different effects of He+ ion irradiation on Ta/CoFeB

thin films, and pointting out the sensitivity to the thickness. Devices with high

performance by modifying the properties with ion irradiation are possible to succeed

in the future. In addition, the sensitivity to the thickness also hinders the application

of this technology. To solve this problem, the dependence between the parameters of

He+ ion irradiation (e.g. energy, beam density, temperature...) should be investigated.

If we can control the sweet spot of thickness by controlling those parameters, the

application of He+ ion irradiation technology would be much pushed.
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