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ABSTRACT OF THE DISSERTATION 

 

Topological Insulators and Ferrimagnets for Efficient and Fast Magnetization Manipulation 

 

by 

 

Quanjun Pan 

Doctor of Philosophy in Electrical and Computer Engineering  

University of California, Los Angeles, 2022 

 Professor Kang Lung Wang, Chair 

 

Since the dawn of Big Data, the exponentially increasing demands for larger data volumes and 

higher information processing speeds have given the field of spintronics an astonishing momentum. 

In spintronics, the electron spins and their associated magnetic moments interplay with electronic 

charges, lattices, and even photons. These diverse interactions open endless possibilities for a new 

generation of fast, efficient, and non-volatile memory and logic devices to serve and fuel Big Data. 

Lying at the heart of innovating spintronic memory and logic devices is the search for advanced 

materials and mechanisms to control spin and magnetism. 

Following this line of research, this dissertation focuses on exploring two emerging material 

classes, namely, topological insulators and ferrimagnets, which hold great promise for efficient 

and fast magnetization manipulation. More specifically, topological insulators exhibit an 

extraordinary charge-spin conversion efficiency owing to their exotic surface states and can be 

employed to manipulate magnetic moments with minimal energy. Ferrimagnets, by contrast, are 
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of technical interest for fast magnetization manipulation because their two non-equivalent and 

antiparallel aligned sublattices uniquely combine the antiferromagnet-like ultrafast dynamics with 

the ferromagnet-like readability/controllability for well-established techniques. However, these 

novel materials have been difficult to investigate using conventional magnetometers or magnetic 

resonance techniques. To address these challenges, an experimental platform integrating a 

magneto-optical Kerr effect magnetometer, a femtosecond optical pump-probe technique, and 

common magneto-transport measurements, was first established.  

Using this experimental platform, the charge-spin conversion efficiency was investigated and 

accurately quantified for a topological insulator-based magnetic bilayer, and a critical role of the 

topological surface states with spin-momentum locking was unveiled. With innovative material 

engineering, topological insulators were integrated with widely used metallic ferromagnet in a 

topological insulator/Mo/CoFeB/MgO structure. This topological insulator/Mo/CoFeB/MgO 

structure demonstrates high thermal stability, robust magnetic properties, and efficient 

magnetization switching driven by spin-orbit torques. The systematically calibrated efficiency 

confirms that, for a room temperature magnetic memory, topological insulators are at least one 

order of magnitude more efficient than conventional heavy metals. Moreover, the annealing effects 

were carefully studied in this structure, and desirable thermal compatibility with modern CMOS 

technology has also been achieved, empowering the development of advanced spintronic 

applications.  

To realize faster control of magnetic moments, the dynamical characteristics of a compensated 

ferrimagnetic GdFeCo film with a vertical compositional gradient were investigated through the 

laser-induced ultrafast spin dynamics. It is found that the vertical composition gradient 

significantly alters the ultrafast spin dynamics. Surprisingly, these distinct spin dynamics can be 
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handily controlled by tuning the power of laser excitation, indicating the existence of more 

efficient energy pathways to control magnetization with high speed. These observations motivate 

ferrimagnets with a composition gradient as an ideal candidate for efficient and fast magnetization 

manipulation. 

Emboldened by the findings in this dissertation, topological insulators and ferrimagnets 

undoubtedly possess a vast potential to increase the efficiency and speed of magnetization 

manipulation for advancing spintronic memory and logic devices. 
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CHAPTER 1. Introduction 

1.1 Magnetic Memory 

Magnetic materials and their correlated phenomena, from the compass to modern spintronics, have 

been attractive to people since the dawn of humans.(1) A varieties of magnetic phenomena proceed 

on vastly different timescales, ranging from the magnetic patterns in a hard disk drive that stably 

store information against external perturbation without energy supply for tens of years down to the 

exchange interaction between electron spins that accelerates the switching of a magnet to a sub-

picosecond regime.(2) These fascinating properties, together with the ever-growing demands for 

faster information processing speeds and larger data volumes to fuel Big Data, have been 

continuously pushing the frontier of modern magnetic applications, or spintronics devices as the 

central to this is the manipulation of the spin degree of freedom of electrons. 

One critical milestone in the field of spintronics is the development of the modern magnetic-

resistive random-access memory (MRAM), which will arguably revolutionize the contemporary 

architecture of memory systems. Historically, the MRAM is a new type of non-volatile memory 

developed based on the pioneering discovery of giant magneto-resistance (GMR)(3, 4) and 

tunneling magneto-resistance (TMR)(5, 6) and has shown tremendous potential in creating a 

universal memory and reforming the existing memory system based on the complementary metal-

oxide-semiconductor (CMOS) technology.(7) The core component in MRAM is the magnetic 

tunnel junction (MTJ) which consists of two ferromagnetic layers separated by an insulating layer. 

An illustrative case of MTJ is shown in Figure 1-1.(8–10) Conceptually, when the magnetic 

moments of the two ferromagnetic films are aligned antiparallelly, the MTJ is in a high resistance 

state. In contrast, the MTJ is in a low resistance state when the magnetic moments are aligned 

parallelly. These binary resistance states can be utilized to magnetically encode the digital data ‘0’ 
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and ‘1’, and handy readouts of the stored data can be achieved by passing a tunneling current 

vertically through the sandwich structure to probe the resistance states. This exploitation of both 

the magnetic and electronic properties in layered material structures can bring several 

groundbreaking functionalities to modern electronics in terms of read/write endurance, scalability, 

non-volatility, and power efficiency.(11) To date, MTJs have indeed opened up new perspectives 

not only for memory and data storage but also for high-performance magnetic sensors,(12) non-

volatile programmable logic elements,(13, 14) and brain-inspired applications.(15) 

In practice, the magnetization of one layer (i.e., the fixed layer) always remains unchanged during 

operation, while the second layer (i.e., the free layer) can be switched between the two stable 

magnetic states. Therefore, data can be written into an MTJ by reversing the magnetization 

direction of the free layer, as illustrated in Figure 1-1. In order for the information stored in a 

miniaturized MTJ to remain highly non-volatile, a high energy barrier between the two 

magnetization states of the free layer is needed, which on the other hand, means a more 

considerable amount of energy is required to switch the magnetization during data writing. So far, 

in the quest to deliver high thermal stability for non-volatility, small feature size, and low power 

consumption concurrently, magnetic materials with easy-axis anisotropy, i.e., perpendicular 

magnetic anisotropy (PMA), have been strongly favored over those with easy-plane anisotropy for 

free layer.(16, 17) Despite the rapid advances in MRAM in recent years, to compete with the 

current transistor-based memory devices and ultimately revolutionize the existing CMOS 

technology, the search for novel approaches and spintronic materials to manipulate magnetism 

with higher efficiency and speed is recognized as the central task in the development of MRAM 

and for the broader field of spintronics and modern magnetism.  
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Figure 1-1. The illustrative basic structure of a magnetic tunnel junction (MTJ) with 

perpendicular magnetic anisotropy. The MTJ is a core component of modern spintronic devices. 

A typical MTJ consists of two ferromagnetic layers separated by an insulating layer. In an MTJ, a 

bit of data is stored by the relative alignment between the free layer and the fixed layer, or simply, 

the magnetization direction of the free layer. When the magnetizations of two ferromagnetic layers 

are aligned antiparallelly, the MTJ is in the high resistance state. When the magnetizations of two 

ferromagnetic layers are aligned parallelly, the MTJ is in the low resistance state. The resistance 

states can be read by passing a vertical tunneling current. For the development of high-performance 

MTJ, magnetic materials with perpendicular anisotropy are strongly preferred.  

 

1.2 Spin-Orbit Torque Magneto-Resistive Random Access Memory  

Spin-orbit torque is an exciting newly-discovered approach to electrically control magnetic 

moments, which has received extensive studies for developing next-generation MTJ in MRAM 

over the past decade.(18–20) The spin-orbit torque is generated by materials with strong spin-orbit 

coupling (SOC), which is described in the following Hamiltonian derived from the reduction of 

Dirac equation to non-relativistic limit:(21, 22) 

High Resistance Low Resistance

Ferromagnet
(Free Layer)
Insulator

(Tunnel Barrier)
Ferromagnet
(Fixed Layer)
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𝐻"!"# =
ℏ

2𝑚$𝑐%
(𝛁𝑉 × 𝐩-) ∙ 𝝈- (1-1) 

where 𝑚$ is the electron mass, ℏ is the reduced Planck’s constant, and 𝑐 is the speed of light. 𝝈- 

represents the vectorial Pauli-spin matrices, 𝐩- is the momentum operator, and 𝛁𝑉  is the local 

electric field experienced by the electron. As reflected in the above Hamiltonian of SOC, the 

electron momentum is directly coupled with the electron spin in SOC materials. Consequently, 

SOC gives rise to the spin-Hall effect in bulk materials(23, 24), the Rashba-Edelstein effect at 

interfaces lacking structural inversion symmetry(21, 22), and many other peculiar phenomena. 

Regardless of the underlying mechanism, when a charge current 𝑱# is injected through the SOC 

layer in a prototypical SOC material/magnetic material heterostructure, the moving electrons are 

deflected transversely depending on their spin direction, accumulating opposite spin on the 

opposite sides of the SOC material. Naturally, this can be seen as a spin current source, converting 

the charge current 𝑱#  to a transverse spin current 𝑱!  with an efficiency quantified using the 

effective spin-Hall angle (tangent) defined as(18)  

tan 𝜃!& = (2𝑒 ℏ⁄ ) |𝑱!| |𝑱#|⁄  (1-2) 

Interfacing the SOC material with the magnetic material, this spin current transfers a considerable 

amount of spin angular momentum to the neighboring magnetic material, reorientating its 

magnetization direction. The influence of this spin current originating from the SOC on the 

magnetic layer can be treated as exerting so-called spin torques, or applying magnetic fields 

associated with the spin torques, onto the magnetic materials.(25) Given their origins in SOC, these 

spin torques and fields are called spin-orbit torque (SOT) and spin-orbit field (SOF), respectively. 

Throughout this dissertation, the terms SOF and SOT are often used interchangeably. There are 

two types of SOFs, namely, the damping-like SOF (DL-SOF) denoted as 𝑯'( and the field-like 
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SOF (FL-SOF) denoted as 𝑯)(. The geometry of these SOFs is illustrated in Figure 1-2a and given 

by  

𝑯'( ≈ 𝜒'((𝑱# × 𝒛) ×𝒎
𝑯)( ≈ 𝜒)((𝒛 × 𝑱#)

 (1-3) 

Here, 𝑱# is the charge current density passing through the SOC layer; 𝒛 and 𝒎 are unit vectors that 

denote the normal direction to the sample plane and the magnetization direction; 𝜒'( and 𝜒)( are 

the coefficients that normalize the strength of 𝑯'(  and 𝑯)(	 to the charge current density, 

respectively. 

The discovery of these current-induced SOFs has inspired an innovative write scheme for MTJ 

with PMA, leading to the development of a new category of MRAM, i.e., SOT-MRAM. In this 

SOT-based write scheme, the reversal of out-of-plane (OP) magnetic moments mainly relies on 

the current-induced 𝑯'( and requires an in-plane (IP) assisting field collinear with the injected 

current. The 𝑯'( and the IP assisting field jointly select one of the four equilibrium positions 

illustrated in Figure 1-2b. Accordingly, the magnetization can be switched between an ‘up’ state 

for data ‘1’ and a ‘down’ state for data ‘0’ by reversing the charge current direction given a fixed 

IP field direction. Noticeably, the polarity of such magnetization switching driven by the current-

induced SOFs changes with the direction of the IP field. This dependence on an external magnetic, 

however, poses one of the most-recognized challenges to the development of SOF-based 

applications as the external fields inevitably interfere with many nano-electronic components and 

necessitates additional power consumption as well as auxiliary circuits. Motivated by this, several 

mechanisms, including the mirror symmetry breaking by structural asymmetry or magnetic 

exchange interactions, the combination of multiple spin torques, and the chiral symmetry breaking 

by tilted magnetic properties, have been proposed and offered numerous attractive research 

opportunities in addition to the search for novel spintronic materials.(26) 



 6 

Nowadays, research into SOFs has become a thriving area of modern magnetism and spintronics 

because of its implications and prospects for higher operating speeds, lower energy consumption, 

and relaxed device designs.(20, 27)   

 

Figure 1-2. Spin-orbit field schematics and magnetization switching induced by spin-orbit 

fields with the assistance of an in-plane field. a. The geometry and orientation of the spin-orbit 

fields (i.e., 𝑯'( and 𝑯)() and the associate spin-orbit torques (i.e., 𝝉'( = 𝒎×𝑯'( and 𝝉)( =

𝒎×𝑯)() generated by an IP current injection with a density of 𝑱#. The 𝒎 is a unit vector that 

denotes the magnetization direction. b. Schematic of the stable magnetization state selected by the 

current-induced SOF alongside the IP assisting field 𝐻* . The exact magnetization direction is 

given by the balancing among the external fields, i.e., 𝒎 ∥ (𝑯'( +𝑯* +𝑯+). At a fixed 𝐻* , 

reversing the direction of charge current leads to deterministic switching of the magnetization state. 

a is adapted from Ref. (25). 
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1.3 Emerging Spintronic Materials for Magnetic Memory 

1.3.1 Topological insulator 

Beyond the conventional SOC materials, such as heavy metal Ta,(18) Pt,(28) W(29), etc., an 

emerging material class with astonishingly strong SOC, topological insulators (TIs), has caught 

researchers’ eyes in recent years.(30, 31) While TI possesses a highly resistive bulk, it differs from 

ordinary insulators in many significant aspects. One of the most profound differences, due to the 

large SOC in TI, is that the energy gap of the insulating TI’s bulk is inverted, which fundamentally 

changes the topological properties of the electronic band structure.(32, 33) When a TI is in contact 

with a normal bandgap material or vacuum, the energy gap must close at the surfaces or interfaces 

as enforced by the continuity of wavefunctions, and unique topological surface states (TSSs) are 

thus formed. Rooted in the exotic band structure of TI (Figure 1-3a), these characteristic TSSs 

enjoy several fascinating properties: 

1. While the bulk of TI is insulating, electrons are allowed to conduct on TI’s “metallic” surface 

due to the bandgap closing in the TSSs. Moreover, the energy-momentum relationship of 

electrons (Figure 1-3a,b) in the TSS is linear as observed experimentally using angle-resolved 

photoemission spectrum (ARPES) measurements(34) and explained theoretically using an 

effective Dirac model.(35) Therefore, the surface electrons can be treated as massless Dirac 

fermions. 

2. A more critical property derived from this effective Dirac model is the spin-momentum locking 

nature of the TSSs.(35–37) This means that for electrons in the TSSs, their spin directions 

always remain perpendicular to their momentum, as depicted in Figure 1-3a. Therefore, when 

these electrons flow directionally and generate currents, high spin polarization is guaranteed. 

As shown in Figure 1-3c, on the upper surface of TI, the forward-flowing current (red) contains 
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only the ‘up’ spin, whereas the backward-flowing current (blue) contains only the ‘down’ spin. 

And this polarity is reversed on the opposite surface. 

3. Moreover, the TSSs are topologically protected by the time-reversal symmetry,(38) meaning 

the electron transport in the TSSs is immune to non-magnetic impurity scatterings or geometric 

perturbation. As shown on the right of Figure 1-3c, when the surface electrons encounter a 

non-magnetic impurity, there are only two paths for them to travel backward as the motion 

reversal is always accompanied by a reversal of the spin direction due to the spin-momentum 

locking. This spin rotation results in a quantum mechanical phase factor of –1 between the two 

back-scattering paths, and hence, causes destructive interference of the two paths.(39) 

Consequently, the electrons can only take a detour along the new surfaces/interfaces around 

the non-magnetic impurity without scattering and keep moving forward.(39) 

 

Figure 1-3. Topological insulator and its surface states. a. Schematic of the spin-polarized 

topological surface electronic band, where the red arrows denote spin direction; b. Experimental 

confirmation of the spin-momentum locking topological surface states by ARPES measurements; 

Topological Surface
States

a

c
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c. Spin-momentum locking itinerate electrons in the topological surface states and prohibition of 

scattering by non-magnetic impurities due to the destructive interference between the two 

backward scattering paths as illustrated on the right of c.  a, b, and c are adapted from Ref. (33); 

Ref. (34); Ref. (39), respectively.  

 

Owing to the three features discussed above, when injecting a charge current into TI, a highly spin-

polarized, low-dissipation current mainly conducted at the interfaces/surfaces is expected, making 

TI a promising candidate capable of delivering spin current with ultrahigh charge-spin conversion 

efficiency and significantly improving the energy performance of SOT-based spintronic memory 

and logic devices. 

 

1.3.2 Ferrimagnet 

Conventional spintronic devices have been predominately developed based on the control of 

ferromagnetism. In recent years, antiferromagnets (AFMs) have gradually emerged as a 

preeminent magnetic system for spintronics. AFMs own a variety of superior functionalities, 

including stability against external magnetic perturbations, virtually zero stray fields that prevent 

crosstalk between magnetic components, and most importantly, the ultrafast spin dynamics driven 

by the antiferromagnetic exchange interaction. Moreover, compared to ferromagnets (FMs), AFM 

orders are expected to be found in more material classes, given that they are permitted in every 

magnetic symmetry group, and there are more diversified arrangements of the magnetic sublattices 

to achieve a zero net magnetization.(40) While AFMs indeed represent a superior, diverse, and 

largely unexplored category of spintronic materials, the lack of net magnetic moments in AFMs, 

alongside the higher spin precession/resonance frequencies, makes it extremely challenging to 
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investigate AFMs using common magneto-transport or magnetic resonance techniques.(41) 

Therefore, at the frontier of developing ultrafast spintronic applications, ferrimagnets (FIM) which 

consist of inequivalent magnetic sublattices with an AFM-like arrangement have recently attracted 

considerable attention as FIM represents a class of intermediate materials between AFMs and FMs 

as shown in Figure 1-4a. As a result, FIMs uniquely combine the advantages of both FM and 

AFM,(42, 43) which stem intrinsically from the two or more inequivalent and 

antiferromagnetically-aligned sublattices in FIMs. More specifically, the antiferromagnetic 

exchange interaction between the sublattices accelerates spin resonance frequencies and 

magnetization dynamics into the ultrafast terahertz range when the sublattices in FIMs are 

magnetically compensated like an AFM. Concurrently, unlike AFMs, the inequivalence between 

the sublattices gives rise to finite magneto-transport/-optical effects and element-specific signals 

even when the FIM is fully magnetically compensated, allowing for easy control and detection of 

the magnetic states in FIMs with well-established methods like those applied to FMs. 

In addition to this unique combination of the AFM-like ultrafast spin dynamics and the FM-like 

easy accessibility to the internal magnetic states, the inequivalent sublattices also provide extra 

degrees of freedom for materials engineering and integrating of novel functionalities. It is well 

known that the properties of FIMs can be continuously tuned by varying their composition, i.e., 

the ratio between the constituent spin sublattices.  The most exciting features of FIMs are the two 

types of compensating behaviors (Figure 1-4b): (1) Magnetization compensation (MC) point 

where ∑ 𝑥,𝑴,, = 0  (𝑥,  and 𝑴,  denote the composition ratio and magnetization of the 𝑖 -th 

sublattice in the FIM) is achieved. At this compensation condition, the net magnetization is nearly 

zero, resulting in a large coercivity field and high magnetic anisotropy energy; (2) Angular 

momentum compensation (AMC) point where ∑ 𝑥,𝑴, 𝛾,⁄, = 0 (𝛾, denotes the gyromagnetic ratio 
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of the 𝑖-th sublattice in the FIM) is achieved, suggesting the total angular momentum of FIM 

vanishes while a finite net magnetic moment remains. Therefore, on approaching this angular 

momentum compensation point, the spin dynamics accelerate dramatically, as shown in Figure 1-

4c, and the nonzero magnetic moment can still acutely couple to external fields.(44, 45) Apparently, 

these compensation points can be reached by choosing proper compositions. In addition to tunning 

the composition, the two compensation conditions can also be met by varying the temperature, 

namely, reaching either the magnetization compensation temperature 𝑇-#  or the angular 

momentum compensation temperature 𝑇.-# (Figure 1-4b). However, it should be noted that since 

the inequivalent sublattices have different gyromagnetic ratios, these two compensation conditions 

are generally not satisfied concurrently. Nevertheless, the unique combination of FM-like easy 

control/detection with the AFM-like ultrafast spin dynamics and the greater flexibility in material 

engineering highlights the potential of FIM as a near-term material platform for efficient and fast 

spintronic applications. 

 

Figure 1-4. Ferrimagnets and their compensation points. a. Schematic of the alignment of 

magnetic moments in a ferromagnet (FM), an antiferromagnet (AFM), and a ferrimagnet (FIM); 

Compared to FMs and AFMs, FIMs uniquely consist of inequivalent magnetic sublattices and can 
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be viewed as a class of intermediate materials between AFMs and FMs; b. The two types of 

compensating behaviors in FIMs. The parameter can be either temperature or composition; 

c. Temperature dependence of the spin precession frequencies of a prototypical FIM GdFeCo. Spin 

dynamics are significantly accelerated near the angular momentum compensation point. a and b 

are adapted from Ref. (43) with modifications, and c is adapted from Ref. (46) 

 

1.4 Magneto-Optical Characterization for Spintronic Materials 

Light interacts with all kinds of magnetic materials or regular matters that are subjected to 

magnetic fields through a great number of magnetic-optical effects(47), offering ideal detection 

techniques for the field of magnetism. Among which, the magneto-optical Kerr effect (MOKE)(48) 

is one of the most extensively studied and is of great importance from both the fundamental science 

and application points of view. The MOKE describes the changes in the polarization of an 

electromagnetic wave upon reflected from a magnetic surface, as shown in Figure 1-5.(48)  

 

Figure 1-5. Illustration of the magneto-optical Kerr effect. The magneto-optical Kerr effect 

(MOKE) describes the changes to light reflected from materials with magnetic ordering or subject 

to an external magnetic field. Conceptually, upon interacting with and being reflected from a 

magnetized surface, the linearly polarized incident light is changed into an elliptically polarized 
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beam. The changes in the polarization of light, denoted by a Kerr rotation (𝜃/) and a Kerr ellipticity 

(𝑒/), quantitatively contain the information of the magnetic sample. Generally, the MOKE signal 

is proportional to the 𝒌 ∙ 𝑴, where 𝒌 is the wavevector of the incident light, and 𝑴 denotes the 

magnetization.  

 

By measuring the changes in reflected light, the magnetic states of a material can be quantitively 

reconstructed. For decades, the applications of MOKE in studying magnetic media have been 

known for their high sensitivity, local probing/non-contact nature, and technological simplicity. 

Moreover, the magnetization and its associated dynamics can be optically probed with high spatial 

and temporal resolutions by incorporating various imaging/focusing optics and optical pump-

probe techniques.(2, 49, 50) Particularly in the cases of exploring TIs as well as FIMs covered in 

this dissertation and addressing the unique challenges that come along, MOKE becomes even more 

appealing for the detailed reasons listed below 

1. The exotic topological surface states, together with their strong dependence on the carrier 

concentration, the fermi level, and the bulk bands in TIs, convolute the electronic signals 

obtained using conventional electrical transport and ferromagnetic resonance (FMR) 

techniques. In this case, MOKE can serve as alternative access to the underlying electronic and 

magnetic states, providing additional insights into these materials.    

2. The high frequencies inherent to ferrimagnetic spin dynamics, ranging from tens of gigahertzes 

to a few terahertzes, prohibit them from comprehensively characterized using conventional 

FMR techniques. Femtosecond laser pulses, on the other hand, are one of the shortest man-

made events and enjoy the capability of probing magnetic dynamics on a timescale that 

corresponds to the shortest characteristics time of magnetic interactions. Indeed, the time-
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resolved MOKE technique that incorporates the strength of ultrashort laser pulses with the 

sensitivity of MOKE offers a temporal resolution limited only by the pulse duration and the 

speed of light, allowing magnetic signals of up to several terahertzes to be measured at ease. 

Furthermore, unlike FMR, the time-resolved MOKE is a time domain technique capable of 

directly revealing the temporal trace of a magnetic process, especially for the magnetic 

response to an impulse. 

3. To make the above issue worse for standard FMR techniques, the highest frequencies in FIMs 

is usually reached when the net magnetic moment is minimized, and the magnetic volumes of 

modern spintronic devices are typically on the scale of a few nanometers, posing additional 

challenges to standard FMR techniques. In contrast, the wavelength dependence and the 

superior surface sensitivity of MOKE can mitigate these issues.      

4. Lastly, for many emerging spintronics materials, including topological insulators and low-

dimension materials, how the device fabrication and the associated size effects can modify the 

material properties have received relatively limited investigation. While most FMR techniques 

and magneto-transport measurements require extra fabrication steps that might inevitably alter 

the material properties, MOKE measurements can be performed on pristine thin films. 

Additionally, by employing different imaging and focusing optics, the MOKE measurements 

can locally probe the materials and nanostructures (e.g., magnetic domains, magnetic 

skyrmions, etc.) with a high spatial resolution. 

Given the important usage of MOKE-based detection techniques in this thesis, details regarding 

the formulation and experimental implementation of MOKE are discussed in Chapter 2. 
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1.5 Dissertation Outline  

This dissertation consists of three parts centered around exploring the applicability of TIs and FIMs 

for efficient and fast magnetization manipulation and providing informative guidance and material 

information on developing next-generation SOT-based logic and memory spintronic devices. First, 

in Chapter 2, two custom-built MOKE-based detection techniques are introduced. One is designed 

to quantify the charge-spin conversion efficiency, while the other is for tracking the ultrafast 

dynamics. These techniques are essential for investigating the desired properties of TIs and FIMs 

and have been deployed to acquire the main experimental results presented in this dissertation. 

Chapter 3 covers two projects focusing on topological insulators. To begin with, systematic 

measurements of the charge-spin conversion efficiency of TI are presented, and the observed 

consistency among results obtained by fundamentally different detection techniques resolves the 

long-standing discrepancies regarding the efficiency of TI. Empowered by a better and more 

accurate understanding of TI, a TI/Mo/CoFeB/MgO structure with room temperature 

perpendicular magnetic anisotropy, efficient magnetization switching, and high thermal tolerance 

is developed, highlighting the vast potential of TI in improving the efficiency of applicable 

spintronics devices. Next, in Chapter 4, the basic dynamical properties of a novel ferrimagnetic 

structure, namely, GdFeCo with a vertical composition gradient, are characterized using the time-

resolved MOKE technique. By conducting comprehensive fluence-dependent and field-dependent 

measurements, a previously unseen spin precession mode is found in the ferrimagnet with a 

vertical composition gradient. The main findings in Chapter 4 suggest a tremendous potential of 

ferrimagnets with a vertical composition gradient in realizing high-speed and efficient spintronic 

components. Finally, Chapter 5 concludes this dissertation and provides an outlook for future 

research. 
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CHAPTER 2. Magneto-Optical Kerr Effect Detection Techniques 

2.1 Overview 

To harness the merits of MOKE summarized in Section 1.4, two detection strategies based on 

MOKE and their experimental implementation are introduced in this chapter: (1) A 

SOF magnetometer based on MOKE (51–53) for probing the static magnetic properties and 

optically quantifying the charge-spin conversion efficiency of a material; (2) An all-optical pump-

probe approach to access the dynamical magnetic information and transient magnetic states by 

measuring the time-resolved MOKE signals. In order to put both techniques into practice, a single 

experimental platform that integrates both measurement schemes has been established. This 

integrated experimental setup was primarily built based on the all-optical pump-probe scheme and 

has been used to acquire most of the experimental results presented in this thesis.  

Chapter 2 starts with the basics and formulation of MOKE, followed by the introduction of two 

detection techniques mentioned above. Next, each technique's essential characteristics, theoretical 

considerations, experimental implementation, and instrumental setup are presented in detail. Note 

that this chapter focuses only on the most general and basic descriptions for these MOKE-based 

techniques, and the detection techniques are reviewed with additional details/modifications along 

with the specific research projects in the following chapters. 

 

2.2 Magneto-Optical Kerr Effect 

The magneto-optical Kerr effect (MOKE), which is the essence of the experimental techniques 

described in this chapter, manifests as the changes in the polarization of an electromagnetic wave 

upon reflected from a magnetic surface. The origin of MOKE can be phenomenologically 

explained in the context of dielectric tensor. Conceptually, any polarized light can be decomposed 
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into a left circularly polarized light and a right circularly polarized light. Upon interacting with a 

magnetic medium, in which the dielectric tensor contains non-zero antisymmetric, off-diagonal 

elements, the two circularly polarized components respectively undergo reflection with different 

phase shifts and absorption. As a result, the polarization of the reflected light is changed with 

respect to the incident light. Based on this interpretation, the MOKE produces several observables 

in the reflected light as shown in Figure 1-4: (1) the rotation of the polarization plane (of a linearly 

polarized light) or the principal axis (of a circularly polarized light); (2) the change in ellipticity; 

and (3) the modification of intensity. Here, the most common case, where the light source is 

linearly polarized, is adopted, and the rotation of the polarization plane, i.e., the Kerr rotation 𝜃+, 

is chosen as the target observable to implement the magneto-optical detection techniques. The Kerr 

rotation 𝜃+ is approximately proportional to the projection of the magnetization 𝑴 onto the wave 

vector 𝒌 of the incident light, i.e., 𝜃+ ∝ 𝑴 ∙ 𝒌. Therefore, a polar MOKE geometry with normal 

incidence (as shown in Figure 2-1) on a sample is employed for the experimental setup. This 

configuration is technically and experimentally preferred because of: (1) the technological interests 

and advances in magnetic materials with PMA; (2) the experimental simplicity, as will be 

discussed in detail in the next section.(51, 52) With this experimental configuration, the 𝜃+ adapts 

a simple form(49): 

𝜃+ = 𝑓0𝑚1 + 𝑓∥𝑚3𝑚4 (2-1) 

where 𝑓0 and 𝑓∥ are the first- and second-order dimensionless magneto-optical coefficients that 

parameterize the coupling between the light and the magnetic moments; 𝒎 = (𝑚*, 𝑚5, 𝑚1) is a 

normalized unit vector that denotes the magnetization direction (i.e., 𝒎 = 𝑴 |𝑴|⁄ ) and 𝑚1 is the 

OP component of 𝒎, while 𝑚4 and 𝑚3 are the longitudinal and transverse IP components of 𝒎 

with respect to the polarization plane of laser(49), i.e. 
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L
𝑚4 = 𝑚* cos𝜑 +𝑚5 sin𝜑
𝑚3 = −𝑚* sin𝜑 +𝑚5 cos𝜑

 (2-2) 

and 𝜑 is the angle between the polarization plane of the laser and the 𝑥-axis; In principle, the first 

term 𝑓0𝑚1   in Equation (2-1) is the linear contribution that stems from the polar MOKE and 

generally predominates the 𝜃+ , while the second term 𝑓∥𝑚3𝑚4  originated from the non-linear 

quadratic MOKE usually makes a minor contribution; Apparently, the quadratic MOKE 

contribution depends on the laser polarization while the polar MOKE does not, and hence, these 

two contributions can be separated by carrying out polarization-dependent experiments. 

 

Figure 2-1. Polar magneto-optical Kerr effect configuration.  The polar MOKE is the most 

frequently studied geometry for MOKE experiments. In the context of polar MOKE, the magnetic 

component of interest is parallel to the plane of incidence and normal to the sample/reflection 

surface. Near-normal angles of incidence and reflection are usually adapted as the polar MOKE 

signals dominate in this case, maximizing the signal given 𝜃+ ∝ 𝑴 ∙ 𝒌 (where 𝒌 denotes the wave 

vector of the incident beam) while simplifying the experimental setup and data analysis. The blue 

arrow indicates the orientation of magnetization, and the red arrows indicate the propagation of 

sensing light.  

 

a Laser
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Based on the above formulation and the preferred geometry, a critical task for deploying MOKE-

based detection techniques is to precisely and quantitatively measure the rotation of the 

polarization plane of the reflected beam with respect to the incident beam. To this end, a detection 

module schematically shown in Figure 2-2 is built.(49)  

 

Figure 2-2. Schematic of the experimental implementation for measuring MOKE signals. 

This detection module and the optical layout are designed on the basis of polar MOKE, where the 

rotation of the principal axis of a linearly polarized light upon normally reflected from a 

magnetized sample surface is measured to quantitatively restructure the magnetic state of the 

sample. The module takes a linearly polarized beam as input, and a portion of the incident beam 

is reflected by a beam splitter into a power meter to monitor the intensity fluctuations. The 

remainder is used for probing and is focused normally onto the sample surface by a lens or a long 

working distance microscope objective. These focusing optics enable measurements to be 

performed on micro-devices (e.g., a 20 μm × 130 μm Hall bar structure). After that, the magnetic 
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states at the focused laser spot are locally probed via polar MOKE and are encoded in the reflected 

light. The reflected light is then collected by the same lens/microscope objective and directed by 

the beam splitter to where the polar MOKE signal is extracted and analyzed using a half-wave 

plate, a Wollaston prism, and a balanced photodetector. Here, the Wollaston prism is used to 

decompose the beam into two orthogonally polarized components, and the balanced photodetector 

outputs the difference between the two components, in which the polarization state of a linearly 

polarized light can be reconstructed. The half-wave plate is used for zeroing the signals. 

 

Starting with a linearly polarized beam, the module is equipped with a lens mounted on a 3-axis 

optical translational stage to focus the beam normally into a spot size of ~100 μm in diameter on 

the sample surface. For measurements on micro devices (e.g., a 20 μm × 130 μm Hall bar structure) 

that require a finer spatial resolution, the lens can be replaced with a microscope objective which 

gives a spot size of ~5 μm. The magnetic states at the focused laser spot are locally probed via 

MOKE, and the beam carrying the magnetic information is reflected normally. Then, the reflected 

beam is collected by the same lens/microscope objective. Thereafter, a beam splitter directs the 

beam to where its Kerr rotation 𝜃+ is extracted and analyzed using a half-wave plate, a Wollaston 

prism, and a balanced photodetector. Here, the Wollaston prism is used to decompose the beam 

into two orthogonally polarized components, and the balanced photodetector outputs the difference 

between the two components. In the small angle approximation, this output is linearly proportional 

to the Kerr rotation, and the half-wave plate is used for zeroing the signals. Meanwhile, the sample 

is mounted on a 3-axis translational stage with electrical connections and is placed in an 

electromagnet. The maximum field strength that can be applied along the 𝑧-direction is 0.5 T, and 

for fields applied within the sample plane, the field strength can reach 1.4 T. Note that the mounted 
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sample can also rotate freely around the 𝑧-axis. For low-temperature measurements, the sample is 

placed in a Janis® ST-100 optical cryostat with a temperature range of ~2 to ~500 K. Careful 

optical alignment was taken to assure normal incidence onto the sample plane in this detection 

module. To enhance the signal-to-noise ratio, the incident laser undergoes intensity/polarization 

modulation, and thus the output from the balanced photodetector can be denoised with lock-in 

amplifiers. With appropriate modulation, the Kerr rotation can be measured with an accuracy of 

~1 μrad in most experiments. The details regarding the modulation and the associated lock-in 

techniques will be presented in the following sections for different MOKE detection techniques. 

In addition, a portion of the incident light is directed by the beam splitter to an optical power meter 

to monitor fluctuations in its intensity throughout the measurements.  

 

2.3 Time-Resolved Magneto-Optical Kerr Effect Measurements 

The detection module described above was then integrated with a femtosecond laser system and 

other necessary optics and optomechanical components into an ultrafast all-optical pump-probe 

setup. Conceptually, an intensive laser pulse is used as a pump to stimulate the sample bringing it 

into a highly non-equilibrium transient state and initiating a certain ultrafast dynamical process, 

while a weaker pulse is used to probe the sample state at the given time delay after the pump 

excitation. By recording the probe signals as a function of the time delay, the ultrafast dynamics 

and the highly non-equilibrium transient states can be reconstructed with an ultrashort temporal 

resolution, providing one of the most powerful tools to investigate the high-frequency behaviors 

of matters. Although this experimental platform was primarily built based on a pump-probe 

scheme, its flexible design and instrumental setup allow for other measurement schemes to be 

integrated as well.  
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As schematically shown in Figure 2-3a, this experimental platform is sourced by an amplified 

ultrafast Ti:Sapphire laser system. This laser system manufactured by Spectra-Physics can emit 

femtosecond pulses with extremely high pulse energy and consists of two core pieces: (1) a Mai 

Tai SP Ti:Sapphire oscillator that provides high-quality, transform-limited femtosecond pulses, 

and (2) a Spitfire Ace Ti:Sapphire regenerative amplifier that boosts the pulse energy by 5–6 orders. 

The Mai Tai SP laser delivers 35-fs laser pulses with a center wavelength of 800 nm at a repetition 

rate of 42 MHz. This train of femtosecond laser pulses is used to seed the Spitfire Ace amplifier, 

which outputs 35-fs laser pulses with a center wavelength of 800 nm and amplified pulse energy 

of 1 mJ at a repetition rate of 1 kHz. Immediately at the output, the laser pulses from Spitfire Ace 

are resized and attenuated and then split into two arms unequally using a 90:10 thin film beam 

splitter (BS1). The weaker beam serves as the probe and travels subsequentially through an optical 

delay stage, a pair of linear polarizers that keep the light linearly polarized and enable handy 

adjustment of the probe intensity, and finally, enters the detection module described in Section 2.2 

to monitor the magnetic states of samples via polar MOKE. In comparison with Figure 2-2, the 

additional half-wave plates HWP1 and HWP2 in Figure 2-3a are used to compensate for the 

nonnegligible polarization responses from the beam splitter as well as the focusing optics and 

control the polarization direction of the linearly polarized probe pulses, respectively.(52) The more 

intensive beam from BS1 is used as the pump to excite the sample, and therefore, it travels through 

a simpler optical path in order to minimize additional attenuation and potential damage to the 

optics. The two polarizers and the half-wave plate (i.e., LP3, LP4, and HWP4 in Figure 2-3a) on 

this pump arm function similarly to those on the probe arm. Given the high pulse energy provided 

by Spitfire Ace, two ultrafast thin plano-convex lenses with focal lengths of 200 mm and 250 mm 

are selected to respectively focus down the probe and pump beams to ~100 μm spots on the sample.  
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Figure 2-3. Schematic of the femtosecond laser-based magneto-optical platform. a. 

Experimental setup and optical layout for the all-optical time-resolved pump-probe technique 

described in Section 2.3; b. Experimental setup for the statice MOKE measurements and optical 

quantification of spin-orbit field (MOKE spin-orbit field magnetometer) described in Section 2.4. 

Note that the optical layout in b is built by reusing much of a, and the unused parts are grayed out. 
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Therefore, the two measurement schemes are compactly integrated into a single optical platform 

where the conversion from a to b is completed by deploying a flip mirror that externally switches 

the system light source from SpitFire Ace to Mai Tai and adding a photo-elastic modulator. This 

design requires minimal realignment of optics and adds experimental flexibility to allow for rapid 

and comprehensive characterization of materials' spintronic properties by combining various 

optical measurements.  

 

The difference in focal lengths results in a smaller probe spot than the pump spot, ensuring uniform 

excitation in the measurement area once careful optical alignment is taken so that the pump and 

the probe overlap. As depicted in Figure 2-3a, while the probe is at normal incidence, the pump 

makes a slight angle with respect to the film normal, i.e., 𝑧-axis. This incident angle can be varied 

from nearly 0 degrees to 16 degrees from the 𝑧-axis by adjusting the focusing lens or the last mirror 

on the pump arm. An optomechanical delay stage with a retro-reflector is placed in the probe arm 

and change the optical path length of the probe arm to introduce and control the time delay between 

the pump and the probe. This delay stage has a maximum translation distance of ~150 mm, 

corresponding to a time delay of ~1 ns. To isolate the pump-induced signals, an optical chopper is 

deployed to modulate the pump arm, and hence, feeding the outputs of the photodetector into a 

lock-in amplifier (SR830 by Stanford Research Systems Inc.) that is locked to the frequency of the 

optical chopper yields only the pump-induced signals with low noise. 

 

2.4 Static MOKE Magnetometer and Optical Quantification of Spin-Orbit Field 

While this experimental platform is implemented based on an all-optical pump-probe scheme, it 

can be conveniently modified to adapt to other measurement schemes. Another useful 
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experimental setup incorporated into this platform is the MOKE spin-orbit field magnetometer 

first developed in Ref. (51). This optical magnetometer is a valuable tool for characterizing static 

magnetic properties and quantifying the spin-orbit fields.  

Unlike the pump-probe scheme, only one beam is needed in this case. A flip mirror (denoted by 

FM in Figure 2-3b) is used to guide the direct outputs from Mai Tai to source the setup, as shown 

in Figure 2-3b. The direct outputs from Mai Tai are more suitable for measuring the static magnetic 

properties and the spin-orbit fields because:  

1. The repetition rate of Mai Tai is 42 MHz which is considerably higher than that of SpitFire 

Ace, and therefore, enables high-frequency modulation that can significantly enhance the sign-

to-noise ratio; Note that the repetition rate of Mai Tai (42 MHz) exceeds the limit of the SR830 

lock-in amplifier (100 kHz), and therefore, an external modulator (i.e., the photo-elastic 

modulator, or PEM, in Figure 2-3b) is needed.  

2. As the high energy pulses (~1 mJ) from SpinFire Ace can damage the optics more easily when 

focusing, the lower pulse energy (~1 nJ) of Mai Tai allows for tighter focusing with microscope 

objective such that the experiments can be performed on patterned micro-size devices, which 

is generally required for generating spin-orbit fields by charge current injection, or on low-

dimensional materials with small sample sizes. With a typical 20× long working distance 

microscope objective, a spot size <5 μm in diameter can be achieved on the sample. 

3. Most of the emerging quantum materials and low-dimensional materials are vulnerable to laser 

excitation and only manifest their exotic properties at cryogenic temperatures. Thus, the lower 

pulse energy of Mai Tai can better prevent unwanted damage and minimize the influence of 

local heating on the materials.       
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In principle, the MOKE spin-orbit field magnetometer operates based on the current-driven 

macroscopic magnetization oscillation via SOF,(51) which is also the essence of the widely-used 

2nd-harmonic measurements for quantifying spin-orbit fields.(54) In the presence of an a.c. current, 

the SOFs produced by SOC materials (e.g., heavy metals, topological insulators) oscillate the 

magnetic moments around their equilibrium position, as illustrated in Figure 2-4a. This 

magnetization oscillation gives rise to current-induced changes in the Kerr angle (∆𝜃+ = 𝐽#
67!
68"

 

where 𝐽# is the amplitude of the a.c. charge current), and hence, the information about SOFs is 

optically encoded into ∆𝜃+ for subsequent quantification. The detailed relation between SOFs and 

∆𝜃+ can be derived from the quasi-equilibrium condition given by 𝒎×𝑯9:: = V𝒎; + 𝐽#
6𝒎
68"
W ×

V𝑯; + 𝐽#
6𝑯#$$
68"

W = 𝟎 where 𝒎; and 𝑯;, respectively, denote the equilibrium values of 𝒎 and 𝑯9:: 

in the absence of in-plane a.c. current injection (i.e., in the absence of SOFs-driven magnetization 

oscillation). Apparently, it has 𝒎; ×𝑯; = 0 and the equilibrium condition can thus be reduced to 

Y𝒎; ×
𝜕𝑯9::

𝜕𝐽#
+
𝜕𝒎
𝜕𝐽#

×𝑯;[ = 0 (2-3) 

In a commonly adapted experimental configuration where both the a.c. current and the external 

magnetic field point along the 𝑥-axis, the total effective field exerted on the sample magnetization:  

𝑯9:: = 𝑯; +𝑯>$ +𝑯/ +𝑯)( +𝑯'( = 𝐻* ∙ 𝒙 + 𝐻"9 ∙ 𝒚 + 𝐻+𝑚1 ∙ 𝒛 + 𝑯)( +𝑯'( (2-4) 

where 𝑯; = 𝐻* ∙ 𝒙 is the applied magnetic field; 𝑯"9 = 𝐻"9 ∙ 𝒚 = 𝜒"9 ∙ 𝐽# ∙ 𝒚 is the Oersted field 

generated at the device center by the current pulses; 𝑯/ = 𝐻+𝑚? ∙ 𝒛  represents the effective 

anisotropy field; 𝑯)( and 𝑯'( are the damping-like spin-orbit field and field-like spin-orbit field, 

respectively. When 𝐻* ≫ 𝐻+ , 𝒎;  is aligned along the 𝑥 –axis and can be approximated as 

(1, 0, 0) . In this case, 𝑯)(  points along the 𝑦 -axis and can be expressed as 𝜒)( ∙ 𝐽# ∙ 𝒚 

while	𝑯'( points along the 𝑧-axis and can be expressed as 𝜒'( ∙ 𝐽# ∙ 𝒛 based on Equation (1-3). 
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Substituting these expressions of 𝑯)( and 𝑯'( into Equation (2-4) and the term 6𝑯#$$
68"

 in Equation 

(2-3) acquires the form below: 

𝜕𝑯9::

𝜕𝐽#
= Y0, 𝜒>$ + 𝜒)(, 𝐻+

𝜕𝑚1

𝜕𝐽#
+ 𝜒.([ (2-5) 

Thereby replacing the associated terms in Equation (2-3) with the result of Equation (2-5), 𝒎; =

(1, 0, 0), and 𝑯; = (𝐻* , 0, 0) to solve for 6𝒎
68"

 yields:  

⎩
⎪
⎨

⎪
⎧𝜕𝑚5

𝜕𝐽#
=
𝜒"9 + 𝜒)(

𝐻*
𝜕𝑚1

𝜕𝐽#
=

𝜒'(
|𝐻* − 𝐻+|

 (2-6) 

By substituting these results into ∆𝜃+ = 𝐽#
67!
68"

= 𝐽#
6
68"

(𝑓0𝑚1 + 𝑓∥𝑚3𝑚4) where 𝑚3  and 𝑚4  are 

given by Equation (2-2) will reach:  

∆𝜃+ =
𝑓0𝐻'(

|𝐻* − 𝐻+|
+
𝑓∥(𝐻"9 + 𝐻)()

𝐻*
cos 2𝜑 ≈

𝜃!𝐻'(
|𝐻* − 𝐻+|

 (2-7) 

where 𝜑 is the polarization angle of incident laser defined as the angle between the polarization 

plane of incident laser and 𝑥-axis. Note that the second term (from the quadratic MOKE) in 

Equation (2-7) can be reasonably neglected when 𝐻+ > 0 and 𝑓0 ≫ 𝑓∥ for magnetic materials with 

strong PMA. According to Equation (2-1), 𝑓0 can be approximated as the saturation Kerr rotation 

(𝜃! ) extracted from the OP optical hysteresis loop as shown in Figure 2-4c. Based on the 

formulation in Equation (2-7), a MOKE-based SOF magnetometer with the normal incidence 

geometry was implemented. As schematically illustrated in Figure 2-4b, a laser beam from Mai 

Tai is linearly polarized and incidents perpendicularly onto the sample. A 20´ microscopic 

objective is deployed to focus the laser into a 5 µm ´ 5 µm spot, where the magnetization and spin 

dynamics are probed. The same detection module described in Section 2.2 is used to extract the 
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total Kerr rotation with the a.c. current modulation. In this case, the output voltage signals from 

the photodetector are ∝ cos(𝜔@) [𝜃+ + cos(𝜔%) ∆𝜃+] where 𝜔@~100 kHz is the frequency of the 

PEM that modulates the laser intensity and 𝜔%~673 Hz is the frequency of the a.c. current with no 

d.c. offset. With this modulation, it is handy to extract 𝜃+ and ∆𝜃+ with two consecutive lock-in 

amplifiers. In particular, the first lock-in amplifier locks to the reference frequency at 𝜔@ to yield 

the magnitude of 𝜃+ and the second lock-in amplifier was locked to another reference frequency 

at 𝜔% and outputs the magnitude of ΔθK. To demonstrate the equivalence between this optical 

approach and the well-established 2nd-harmonic transport approach for quantifying SOFs, as these 

two approaches are developed on the same basis of the SOF-driven magnetization oscillation, both 

measurements were also conducted simultaneously on a prototypical ferromagnetic sample with 

robust PMA, and the results obtained with 𝐽;~1.2´105 A cm–2 under IP field scan are presented in 

Figure 2-4c&d. Given that both the optical and transport signals originate from the SOF-driven 

magnetization oscillation, these results unsurprisingly show an excellent agreement as the 

following relation(51, 54) 

∆𝜃+
𝜃!

≈
𝐻'(

|𝐻* − 𝐻+|
≈ −2

𝑅.&A%B

𝑅!
 (2-8) 

This clear consistency between the transport and optical results firmly validates the formulation, 

usage, and relevance of the MOKE-based SOF magnetometer for investigating SOF-related 

phenomena. Furthermore, compared to the magneto-transport techniques, this optical technique 

employs two different modulation frequencies (𝜔@~100 kHz and 𝜔%~673 Hz) so that the optical 

signals (∆𝜃+) are purely linear in current density and minimize the contributions from other effects 

(e.g., Joule heating, asymmetric magnon scattering) that are in higher orders of the current density. 
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Figure 2-4. Optical quantification of spin-orbit torques. a. The schematics show the geometry 

of the magnetic fields involved in the measurement. An a.c. current injection oscillates the 

magnetic moments (denoted by ∆𝑚1) by generating spin-orbit fields. The perpendicular magnetic 

components (𝑚1) are linearly reflected by 𝜃+ (optical signals) or 𝑅.&A (transport signals), while 

the SOF-driven magnetization oscillations along the OP direction are linearly reflected as ∆𝜃+ or 

𝑅CDE%B . b. Schematic drawing of the experimental setup for the MOKE SOF magnetometer; c. 

Comparison between OP hysteresis loops measured by the optical and transport. The saturation 

Kerr rotation 𝜃!  and saturation anomalous Hall resistance 𝑅!  can be extracted from these OP 
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hysteresis loops. d. Direct comparison between the current-driven dynamical magnetic signals (i.e., 

∆𝜃+  and 𝑅.&A%B ), which encode the information about SOTs, from the magneto-optical Kerr 

measurements and magneto-transport Hall measurements. The optical and transport signals both 

originated from macroscopic magnetization oscillation and agreed well with each other. Figure 2-

4 is adapted from Ref. (55) (Q. Pan’s publication). 
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CHAPTER 3. Topological Insulator-Based Magnetic Structures for Efficient Magnetization 

Switching through Spin-Orbit Field  

3.1 Overview 

Since its discovery, TI has been extensively studied for both generic condensed matter physics and 

applied spintronics.(56) It has been demonstrated that the strong spin-orbit coupling in TI leads to 

full spin-momentum locking in its topological surface states and suppresses electron scattering 

from non-magnetic impurities.(33) These properties make TIs an ideal spin current source for 

generating SOFs with an energy efficiency unmatched by conventional heavy metals. The TI-

based magnetic heterostructures have thus been envisioned as a promising building block for next-

generation high-performance spintronic memory and logic devices. Whereas the amplitudes of 

SOFs, as well as the charge-spin conversion efficiencies in TIs measured by a variety of 

conventional electrical means, show apparent inconsistencies, and the interpretation of these 

results was also controversial. This disagreement unavoidably makes it more difficult to 

comprehend the fundamentals of SOC-related phenomena in TIs and the subsequent development 

of TI-based spintronic devices. 

With aims to tackle these problems, Chapter 3 begins with exploiting the capability of the MOKE 

detection technique described in Chapter 2 to quantify TI’s charge-spin conversion efficiency 

directly. More specifically, the 𝜃!& as defined by Equation (1-2), which is the figure of merit for 

charge-spin conversion of a SOC material, is investigated using the MOKE SOF magnetometer 

(see Section 2.4) for a prototypical magnetically-doped TI/TI bilayer sample. Unlike the previous 

transport signals, the experimental results by MOKE measurements evidently originated from 

SOFs. These optical results are further compared with those independently obtained by measuring 

the current-induced shifts in the hysteresis loop, and quantitative consistency is achieved, revealing 
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that both measurement schemes can provide reliable and quantitative results for unraveling the 

SOC-related physics in TI-based structures. Empowered by the established technique for 

quantifying the strength of SOC, subsequent studies on how temperature and carrier concentration 

affect the charge-spin conversion efficiency of TI considerably resolve the wide discrepancies 

among the earlier reports. Moreover, the unprecedentedly large 𝜃!& in TI is solidly confirmed, and 

a critical role of the TSSs in generating giant SOFs is also elucidated.(57) 

With these insights into the TSSs and SOFs in TI, however, a key question that remains is whether 

TI is truly applicable to and can greatly innovate the spintronics devices that are required to operate 

at room temperature, given that most of the previous research related to TI is limited to cryogenic 

temperature. Although this concern has been partly mitigated by the recent advances in the 

development of TI-FM heterostructures at room temperature, promising an innovative avenue in 

spin-orbit torque non-volatile magnetic memory and low dissipation electronics. However, direct 

integration of TIs with perpendicularly magnetized ferromagnet while retaining an extraordinary 

charge-spin conversion efficiency (𝜃!&  >100%), remains a major challenge. In addition, the 

indispensable thermal compatibility with modern CMOS technologies has not yet been 

demonstrated in TI-based structures. In the second part of Chapter 3, the high-quality integration 

of a perpendicularly magnetized CoFeB/MgO system with TI was achieved by adding a Mo 

insertion layer, and efficient current-induced magnetization switching at ambient temperature was 

demonstrated. The calibrated energy efficiency of TIs is at least one order of magnitude larger than 

those found in heavy metals. Moreover, it was demonstrated that the perpendicular anisotropy of 

the integrated CoFeB/MgO system and the current-induced magnetization switching behavior are 

well-preserved after annealing at >350 °C, offering a wide temperature window for thermal 

treatments. This thermal compatibility with the modern CMOS back-end-of-line process, high-
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quality integration with the technically preferred magnetic system, and low energy consumption 

switching at room temperature in these TI-based structures pave the way toward TI-based low-

dissipation spintronic applications. 

 

3.2 Magneto-Optical Determination of Spin-Orbit Torque in a Magnetically Doped 

Topological Insulator Heterostructure 

With a particular focus on the intrinsic properties of TI and physics related to SOFs, bilayer TI/Cr-

doped TI heterostructure consists of two quintuple layers of BixSb2–xTe3 on top and five quintuple 

layers of Cr-doped BixSb2–xTe3 at the bottom was selected for the study in this section. The sample 

was grown by molecular beam epitaxy (MBE) on insulating GaAs(111) substrates. The 

introduction of uniform Cr dopant into the lower TI layers establishes a robust ferromagnetic order， 

which is developed through the bulk van Vleck mechanism and/or surface carrier-mediated 

magnetism(58). Using the detection technique covered in Section 2.2, the MOKE responses of the 

sample to OP and IP magnetic fields at 12 K are shown in Figure 3-1a, manifesting the more 

pronounced ferromagnetism and more robust perpendicular anisotropy compared to other 

magnetically-doped topological insulators. When the applied external field is along the OP 

direction, the magnetization saturates when µ;𝐻1  > 100 mT, and the coercivity field 𝐻#  is 

estimated to be ~4 mT. The OP hysteresis loops were also characterized at different temperatures 

using both the MOKE magnetometer and a superconducting quantum interference device (SQUID). 

The temperature dependence of the saturation Kerr rotation 𝜃! and the saturation magnetization 

𝑀! are summarized in Figure 3-1b, from which the Curie temperature is estimated to be ~27 K. 

Note that the saturation magnetization was obtained from SQUID measurements conducted on a 

thicker sample (~50 nm) with identical growth conditions. The temperature dependence of 𝜃! 



 34 

extracted from the 𝜃+ − 𝐻1 curves is in excellent agreement with that of saturation magnetization 

𝑀!, and the relationship between 𝜃! and 𝑀! strongly suggests that the MOKE signals are most 

sensitive to and remain linearly proportional to the OP component of magnetization. Therefore, 

the 𝜃+ serves as a direct probe to the OP magnetization in the following sections. 

 

Figure 3-1. Magnetic properties of the TI/Cr-doped TI bilayer structure. a. The Kerr rotation 

𝜃+ as functions of OP and IP external fields with respect to the sample plane at 12 K. The TI/Cr-

doped TI bilayer structure exhibits ferromagnetism with perpendicular magnetic anisotropy. b. 

The temperature dependence of saturation Kerr rotation (𝜃!) and saturation magnetization (𝑀!) 

extracted from the OP hysteresis loops. The 𝜃! is obtained using the static MOKE setup described 

in Section 2.2 and the 𝑀! is extracted from SQUID measurements conducted on a thicker sample 

(~50 nm) with identical growth conditions. 

 

To evaluate the efficiency of current-induced SOFs in TIs, the films were then patterned into 50 

μm × 800 μm Hall bar devices by standard photolithographic and dry etching techniques. Owing 

to the TSSs in TI, an IP charge current injected into the heterostructure conducts on the top and 

bottom surfaces of the bilayer structure and becomes highly spin-polarized. As a result of the Cr 

a b
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dopant-introduced structural asymmetry, the top and bottom spin-momentum locking TSSs 

produce non-equal SOFs; hence, a non-zero net SOF tilts the magnetic moments of the Cr-doped 

TI off their equilibrium position. As depicted in Figure 3-2, if an a.c. IP current is applied, the 

alternating SOF will oscillate the magnetic moments (i.e., ∆𝑚1), and hence, will be reflected as 

current-induced modulations to the Kerr rotation 𝜃+. Accordingly, the strength of SOF and the 

charge-spin conversion efficiency in TIs can be evaluated from these current-driven modulations 

to 𝜃+ based on the technique introduced in Section 2.4 and Ref. (51).  

In brief, as introduced in Section 1.2 and defined in Equation (1-3), there are two types of SOFs, 

the DL-SOF 𝑯'( ≈ 𝜒'((𝑱# × 𝒛) ×𝒎  and the FL-SOF 𝑯)( ≈ 𝜒)((𝒛 × 𝑱#) . Based on this 

expression of 𝑯'(, the DL-SOF always remains perpendicular to the magnetic moments so that it 

is capable of efficiently rotating the magnetic moment in the plane defined by the direction of 

injection current and the direction of sample norm, and it is of primary interest for applicative 

SOT-switching devices.  The following sections will mainly focus on the 𝑯'(. By adapting the 

experimental configuration described in Section 2.4 (i.e., both the a.c. current and the external field 

are applied along the 𝑥-axis) to optically measure 𝑯'(, a quantitative relationship between the 

optical signals and the SOFs as derived in Equation (2-7) is established. This experimental 

configuration is summarily presented in Figure 3-2. Noticeably, the precession frequency of Cr-

doped TI is on the order of a few GHz which is much higher compared to the frequency of a.c. 

current (~673 Hz) that drives the magnetization dynamics during the measurements. For this 

reason, it is safe to assume the magnetization in Cr-doped TI adiabatically follows the overall 

effective field that includes an applied magnetic field 𝐻*, effective perpendicular anisotropy field 

𝑯+ , and current-induced DL-SOF 𝑯'( . The Oersted field is estimated to be <0.1 Oe at the 

maximum current density applied in the measurements, and thus, its influence is omitted here. Due 
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to the low Curie temperature of Cr-doped TI, the devices were placed inside a cryostat, where the 

major measurements were conducted and cooled down to 12K using liquid helium flow. This 

temperature has taken into account the influence of the local heating effect from the laser and 

thermal radiation through the optical window, which is achieved by careful calibration based on 

the comparison between the shapes of optical hysteresis loops and magnetic hysteresis loops.  

 

Figure 3-2. Schematic of the current-induced magnetization dynamics for optical probe of 

SOFs. When an IP current passes through the TI/Cr-doped TI bilayer structure, it produces a giant 

SOF owing to the spin-momentum locking in TI’s surfaces and the different conditions on the top 

and bottom surfaces. This SOF can reorientate magnetic moments and drive magnetization 

dynamics. If the injected current is an a.c. current and a collinear IP field 𝐻* is present, the DL-

SOF will excite an OP magnetization oscillation (∆𝑚1), which contains quantitative information 

about the SOF and can be probed optically. The frequency of the a.c. current is ~673 Hz, which is 

much lower than the typical ferromagnetic resonance/precession frequency. The black arrow 

denotes the IP magnetic field 𝐻*; The violet arrow denotes the effective field of the perpendicular 
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anisotropy (𝐻+); The solid (dashed) red arrows denote the magnetization orientation without (with) 

the IP current injection/the current-induced DL-SOF.  

 

Figure 3-3a depicts the optically measured ∆𝜃+ as a function of 𝐻* at 12K for 𝐽F.H. = 4.3×104 A 

cm–2 by assuming a uniform current density throughout the bilayer. The dependence of ∆𝜃+ on 𝐻* 

is qualitatively consistent with the picture of SOF-induced macroscopic magnetization oscillations 

as evidenced by the following 𝐻*-dependent features observed in Figure 3-3a: (1) ∆𝜃+ = 0 at 𝐻* 

= 0. As in the absence of an external magnetic field, the magnetic moments spontaneously orientate 

along the 𝑧-axis due to the perpendicular anisotropy and make the SOF-induced magnetization 

oscillation contain no OP component, i.e., 𝑯'( ∥ (𝑱# × 𝒛) ×𝒎 ∥ 𝑥-axis and ∆𝑚1 = 0; (2) Next, 

∆𝜃+  increases as 𝐻*  increases because the tilted magnetic moments now result in a finite 𝑧-

component in the DL-SOF (𝑯'( ∥ (𝑱# × 𝒛) ×𝒎) as well as the SOF-induced magnetization 

oscillation. (3) Then, this non-zero 𝑧-component reaches its maximum at 𝐻*  ≈ 𝐻+  where the 

magnetization of the Cr-doped TI layer is fully aligned along the 𝑥-axis such that the SOF-driven 

magnetization oscillation is completely along the 𝑧 -axis, i.e., 𝑯'( ∥ (𝑱# × 𝒛) ×𝒎 ∥ 𝑧 -axis. 

Therefore, the effective perpendicular anisotropy field 𝐻+ can be approximately inferred from the 

peak position of ∆𝜃+, as marked by the dashed lines in Figure 3-3a. As a result, it is estimated 𝐻+ 

≈ ±100 mT for the TI/Cr-TI bilayer structure from Figure 3-3a; (4) When 𝐻* further increases 

beyond 𝐻+, the external field acts against the SOF-induced magnetization oscillation, and ∆𝜃+ 

starts to decrease with a simple 1 |𝐻* − 𝐻+|⁄  scaling as derived in Section 2.4 and Equation (2-7). 

In Equation (2-7), the parameter 𝑓0 is indeed the saturation Kerr angle (i.e., 𝑓0 = 𝜃!) extracted 

from the OP hysteresis loop (Figure 3-1a) and the 𝐻+ can be treated as a free parameter or takes 

the value inferred from the peak position of ∆𝜃+ − 𝐻* curve. Figure 3-3b presents the ∆𝜃+ signals 
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collected from a reversed structure, i.e., five quintuple layers of Cr-doped BixSb2–xTe3 on top and 

two quintuple layers of BixSb2–xTe3 at the bottom, using the same measurements. Compared with 

Figure 3-3a, the results in Figure 3-3b manifest similar features but with opposite polarity. This 

polarity reversal of signals is consistent with the definition of SOF as the helicity of surface 

conduction is opposite for the top and bottom TSSs,(59) demonstrating again a good agreement 

with the picture of SOF-induced magnetization oscillation.   

The optical signals at the high field regime (i.e., 𝐻* > 𝐻+ ) are of particular importance for 

quantifying the SOFs. In this regime, while the OP magnetization oscillation is mainly driven by 

the 𝐻'(  and is expected to dominate the ∆𝜃+  signal via polar MOKE effect, an IP oscillation 

induced by 𝑯)( ∥ 𝒛 × 𝑱# ∥ 𝑦 -axis can potentially make a minor contribution to ∆𝜃+  through 

quadratic MOKE. Based on Equation (2-7), this contribution from 𝑯)(  should depend on the 

polarization plane of the laser, and hence, it can be distinguished from the 𝐻'( -induced 

contributions by analyzing the polarization dependence of ∆𝜃+ . To this end, polarization-

dependent measurements were conducted with a fixed current density 𝐽F.H. = 4.3×104 A cm–2. The 

polarization of the laser is designated by the angle 𝜑 between the polarization plane and the 𝑥-axis. 

The results at different polarization angle 𝜑 ranging from 0º to 90º are shown in Figure 3-3c. The 

experimental data were offset and normalized to the 𝜃!  for clarity. As verified by these 

experimental results, ∆𝜃+  demonstrates no significant dependence on the laser polarization, 

indicating the contribution from 𝐻)( is negligible, and hence, ∆𝜃+ is predominated by the 𝐻'(-

induced OP oscillation in this experimental configuration. This absence of the 𝐻)(-induced term 

is expected as the IP reorientation contributes to the ∆𝜃+ through a second order non-linear effect, 

which is usually much smaller compared to the linear effect.  
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Figure 3-3. Measurements of current-induced magnetization dynamics and SOFs in TI/Cr-

doped TI bilayer heterostructure. a. the current-induced changes in Kerr rotation (∆𝜃+) as a 

function applied field along 𝑥-axis for 𝐽F.H. = 4.3×104 A cm–2 at 12 K. The magnitude of SOF can 

be obtained by fitting the experimental data with Equation (2-7) and the effective anisotropy field 

can be estimated from the peak position of ∆𝜃+ as indicated by the black dashed line. b. ∆𝜃+ probe 

with an identical experimental setup to those in a in a reversed magnetically-doped TI bilayer that 

consists of five quintuple layers of Cr-doped BixSb2–xTe3 on the top and two quintuple layers of 

BixSb2–xTe3 at the bottom. c. The normalized ∆𝜃+ as a function of 𝐻*  at different polarization 

a b

c d
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angles ranging from 0º to 90º. The signals reveal no significant polarization dependence, indicating 

the 𝐻'(-induced OP magnetization oscillation predominates the ∆𝜃+ signals via the polar MOKE 

effect. d. The optical quantification of DL-SOF as a function of the a.c. current. A linear fitting to 

the 𝐻'( yields 𝜒'( = µ;𝐻'(/𝐽F.H. of 4.91 × 10–5 mT A–1 cm2, which will be used to evaluate the 

charge-spin conversion efficiency in the following section.  

 

Based on the findings above, fitting the ∆𝜃+ signals at the high field to the first term in Equation 

(2-7) yields 𝐻'( ~ 1.90 ± 0.02 mT for 𝐽F.H. = 4.3×104 A cm–2. The direction of 𝐻'( points along 

either +𝑧  or –𝑧  depending on the sign of 𝐻* . The perfect fitting of experimental data to the 

Equation (2-7) firmly proves that ∆𝜃+ is governed by SOF-induced macroscopic magnetization 

oscillation. The current dependence of 𝐻'(  is summarized in Figure 3-3d for current density 

ranging from 7.1×103 A cm–2 to 4.3×104 A cm–2, and 𝐻'( scales linearly with the a.c. current 

indicating the Ohmic heating is insignificant. The linear fitting to the results in Figure 3-3d yields 

a SOF efficiency 𝜒'( = µ;𝐻'(/𝐽F.H.  of 4.91 × 10–5 mT A–1 cm2, which is two orders larger 

compared to those reported in conventional heavy metals. 

To further confirm the accuracy and reliability of these MOKE results, the current-induced 

hysteresis shift method is employed, as schematically illustrated in Figure 3-4a.(60) It has been 

widely reported that the hysteresis shift method, which is developed on the basis of the Néel-type 

domain walls (DWs) formed during the magnetization reversal process, is a viable technique in 

determining the SOFs in a variety of magnetic devices.(60–62) Fundamentally, the presence of 

either bulk or interfacial Dzyaloshinskii-Moriya interaction (DMI) in most magnetic 

heterostructures stabilizes Néel-type DWs within the transitional area between ‘up’ and ‘down’ 

magnetic domains or during the magnetization switching process.(63, 64) More importantly,  the 
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DMI lifts the chiral degeneracy and determines the spin textures inside the DWs as shown in the 

left of Figure 3-4a.(60, 65) When the DL-SOFs generated by an IP d.c. current act on these Néel-

type DWs in the absence of an IP magnetic field, the DWs on opposite sides of a magnetic domain 

are driven to move in the same direction, producing zero net influence on the expansion or 

shrinkage of domains. However, when an IP field collinear with the current injection is applied to 

counteract the DMI and aligns the spin textures of DWs, the current-induced DL-SOFs can now 

produce a net effect on the domain expansion, as shown in the right of Figure 3-4b. In other words, 

the IP current-induced DL-SOFs preferentially facilitate the expansion of one magnetic state while 

suppressing the other in this case. Accordingly, in the presence of an IP current injection and a 

colinear IP magnetic field, the OP hysteresis loop will shift toward either the +𝐻1 or the −𝐻1 

direction, depending on the sign of DMI. By integrating the 𝑧-component of SOF exerted onto the 

non-uniform spin texture inside the Néel-type DWs, the 𝐻'( can be quantitatively estimated as 

(𝐻I + 𝐻J) 𝜋⁄  where 𝐻I and 𝐻J represents the experimentally observed shift in the OP hysteresis 

loop for a positive or a negative IP current injection, respectively. Since the Cr-doped TI/TI bilayer 

also possesses an appreciable DMI,(66) this hysteresis shift method can be used to determine the 

SOF in TIs as an alternative to the MOKE techniques. Obviously, this hysteresis shift method is 

entirely independent of the MOKE technique because the primary mechanism of this method 

outlined above is fundamentally different from the magnetization oscillations underlying the 

MOKE SOF magnetometer.  

To experimentally determine 𝐻'( based on this scenario, a large d.c. current is applied to the 

device for generating the SOFs, and a small a.c. current is superposed on top of it simultaneously 

to read out the magnetization via anomalous Hall effect. Typical experimental results are presented 

in Figure 3-4b. Apparently, the hysteresis loop shifts toward opposite directions for opposite d.c. 
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currents, which agrees with the picture mentioned above. To provide a direct comparison with the 

optical results, this measurement was also carried out at 12 K with the presence of an in-plane field 

𝐻*. Nevertheless, if 𝐻* is insufficient to fully overcome the DMI like that on the right of Figure 

3-4a, meaning the spin directions inside the DWs are not completely polarized to the same 

direction, then the measured value of |𝐻'(|  may deviate from the actual value. Indeed, the 

measured |𝐻'(| by the hysteresis shift method will gradually approach to its intrinsic value as 𝐻* 

increases and saturates once the DMI is entirely overcome. To further quantify the exact value of 

𝐻'(, hysteresis shift measurements were performed under different 𝐻*. Figure 3-4c shows the 𝐻*-

dependence of 𝜒'( = µ;𝐻'(/𝐽K.H., from which it is evident that 𝜒'( gradually increases at small 

fields and saturates at µ;𝐻*  > 200 mT with a value of 4.27×10–5 mT A cm2. This result is in 

excellent quantitative agreement with that obtained from the previous MOKE measurements, 

confirming the accuracy of the optical results.  

 

Figure 3-4. Current-induced hysteresis shift method for quantifying SOF. a. Schematic of the 

current-induced SOFs acting on Néel type domain walls of a magnetic system with perpendicular 
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magnetic anisotropy and Dzyaloshinskii-Moriya interaction. Only with the presence of an IP 

magnetic field, the domain walls will be pushed to move in opposite directions, leading to a net 

effect on magnetic domain expansion for magnetization switching. b. The typical current-induced 

shift of hysteresis loops with 𝐼K.H. = ±200 μA. c. The measured 𝜒'( = µ;𝐻'(/𝐽K.H. as a function of 

applied in-plane field along the 𝑥-axis. a is adapted from Ref.(60) with modifications. 

 

In order to explicitly compare TI's performance with other conventional HMs and to better assess 

TI's potential for efficient spin current sources, the figure of merit for intrinsic charge-spin 

conversion efficiency, the (tangent of) 𝜃!&, is calculated from the experimental data using:(18) 

𝜃!& = (2𝑒 ℏ⁄ ) |𝑱!| |𝑱#|⁄ =
2𝑒𝑀!µ;𝐻'(𝑡L

ℏ|𝑱#|
 (3-1) 

where 𝑒  is the electron charge; ℏ is the reduced Planck’s constant; 𝑡L  is the thickness of the 

magnetic layer, which is the Cr-doped TI layer thickness in this case, and 𝑀! is the saturation 

magnetization measured to be 13.5 emu cm–3 at 12 K from Figure 3-1b. The calculated tan(𝜃!&) 

is ~1.01 and its sign is the same as that of Pt, which are both consistent with previous reports on 

TIs(31, 36, 54, 62, 67–76). Additionally, the ∆𝜃+ signals presented in Figure 3-3b for the sample 

with a reversed stacking order yield comparable values of 𝜒'( and 𝜃!& with trivial differences, 

which do not affect the main conclusions and can be attributed to the minor variations in sample 

quality. 

Another unresolved issue regarding the SOFs generated by TI is the huge disagreement among the 

previously reported temperature dependence of SOF strength in TIs.(31, 36, 67, 68, 75, 76). 

Furthermore, a precise investigation into the temperature dependence of charge-spin conversion 

efficiency is critical to answering whether TI is feasible for practical spintronic devices at room 

temperature. To this end, temperature-dependent measurements on SOF in TI were carried out 
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with the same experimental setup, wherein both the external magnetic field and the laser 

polarization were parallel to the current injection at all temperatures. The current density was fixed 

at 4.3×104 A cm–2. As shown in Figure 3-5a,b, the detected ∆𝜃+ reduces rapidly as temperature 

increases while maintaining a characteristic 1/(|𝐻*| − 𝐻+)  dependence on 𝐻*  throughout the 

entire temperature range. Both 𝜃+ and ∆𝜃+ are below the detection threshold when the temperature 

is higher than 21 K. These experimental results, together with the extracted 𝐻'(  and 𝜃!&  for 

temperatures ranging from 12 to 21 K, are illustrated in Figure 3-5c,d.  

 

Figure 3-5. Temperature dependence of MOKE measurements of TI/Cr-doped TI bilayer 

heterostructure.   a,b 𝜃+ and ∆𝜃+ as a function of the external field 𝐻* at 𝐽F.H. = 4.3×104 A cm–2 

μ0Hx (mT)

μ0Hx (mT)
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at different temperatures ranging from 12 K to near Curie temperature (~27 K). Note that the 

detected signals are significantly overwhelmed by noise at temperatures higher than 21 K. 

Throughout the entire temperature range of the MOKE measurements, the experimental data 

possess the features discussed in earlier sections and can be well-fitted to Equation (2-7), indicating 

the SOF origin of ∆𝜃+. c. Temperature dependence of the extracted 𝐻'(. The amplitude of 𝐻'( 

slightly decreases as temperature increases and remains sizeable up to 21 K when the 

ferromagnetism almost vanishes. d. Comparison between the  temperature dependence of 𝜃! and 

the calculated 𝜃!&. The spin Hall angle 𝜃!& shows a similar temperature dependence as	𝜃!. Here, 

the 𝜃! can be treated as a proper representation of the 𝑀! as concluded from Figure 3-1b. 

 

Overall, both 𝐻'( and 𝜃!& reduce as temperature increases, and this observation indicates the loss 

of spin polarization at a higher temperature,(57) which could be attributed to: (1) the thermally-

activated bulk conduction, which leads to a relative reduction of contribution from spin-polarized 

surface conduction(77); (2) the enhancement of inelastic scatterings such as phonon scatterings 

which deteriorates the spin polarization of TSS when the temperature rises. Remarkably, when 

temperature increases, 𝜃!& appears to decay more sharply in comparison with 𝐻'( and it drops to 

nearly zero when the temperature exceeds the Curie temperature of Cr-doped TI while the value 

of 𝐻'( remains appreciable. As suggested by the similar temperature dependence of 	𝜃! (or 𝑀! as 

concluded from Figure 3-1b) and 𝜃!&  shown in Figure 3-5d, the rapid disappearance of 

ferromagnetism in Cr-doped TI, which results in a reduction of spin coherent length and loss of 

channel for transfer angular momentum, could be the major reasons for the diminishing 𝜃!&. These 

findings suggest TIs can serve as an efficient spin source for spintronic applications at room 
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temperature if alternative magnetic materials with high Curie temperature and strong coupling to 

TI’s TSSs can be found.  

Indeed, recent work has demonstrated spin-orbit torque switching in a TI-ferromagnet 

heterostructure with perpendicular magnetic anisotropy at room temperature.(62) This recent 

success in using topological insulators with ferromagnets at room temperature has opened an 

innovative avenue in the field of SOT-based non-volatile magnetic memory and low dissipation 

electronics. Along this line, the next section will focus on developing feasible TI-based SOT 

devices that operate at room temperature. 

 

3.3 Highly-Efficient Switching of Perpendicular Magnetization in Topological 

Insulator/Mo/CoFeB/MgO with High Thermal Tolerance at Room Temperature 

As introduced in previous sections, the spin-orbit torque originating from materials with strong 

spin-orbit coupling has been progressively studied for its capability to efficiently manipulate the 

spin degree of freedom for potential low-dispassion high-speed memory devices. In the 

conventional heavy metal/FM heterostructure, the successful demonstration of SOT-based 

magnetization switching with an in-plane charge current injection(18, 19, 78) and subsequent 

development of applicable magnetic tunneling junctions(17) undoubtedly confirmed the predicted 

technological value of SOT-based memory devices. To further exploit the strength of SOFs beyond 

these conventional heavy metal/FM structures, recently discovered TIs,(32, 33) wherein SOC is 

strong enough to change the band topology, have been experimentally demonstrated to generate 

giant SOTs for manipulating adjacent magnetic moments with unprecedented energy efficiency in 

several TI-based magnetic heterostructures.(31, 54, 62, 71, 73, 79)  
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Regardless of the debatable origins of such giant SOTs, the development of prototypical TI/FM 

structures for either fundamental research or applicable devices remains a key technological 

challenge, namely, the integration of functional perpendicularly magnetized FM with TI for 

modern CMOS technology. Additionally, the widely used back-end-of-line processes in advanced 

CMOS technologies require heat treatments above 350 °C.(30, 80) However, the desirable thermal 

tolerance for these processes has proved to be challenging and has not yet been demonstrated in 

TI/FM structures.  

Based on the conclusions of Section 3.2 and inspired by the recent efforts of incorporating a layer 

of molybdenum (Mo) into heavy metal/FM structures to enhance the interfacial quality and thermal 

tolerance,(81–84) here, high-quality and technologically-preferred CoFeB/MgO layers were 

successfully grown on epitaxial TI by inserting a thin layer of Mo. The structures studied in this 

paper are TI(6)/Mo(2)/CoFeB(1)/MgO(2) stacks (as shown in Figure 3-6a) grown on a sapphire 

substrate (numbers in parenthesis are the layer thickness in nanometer). In this structure, six 

quintuple layers of (Bi0.2Sb0.8)2Te3 TI thin film were first grown on the sapphire substrate using 

MBE. Immediately after the MBE growth, the TI films were transferred to the sputtering chamber 

through the air, and a stack of Mo/CoFeB/MgO with Ta capping was deposited consecutively 

using magnetron sputtering. To evaluate the thermal tolerance, five TI/Mo/CoFeB/MgO samples 

were then respectively annealed at different temperatures ranging from 200 °C to 400 °C for 30 

minutes in a vacuum. 

During the MBE growth of TI, reflection high-energy electron diffraction (RHEED) was 

performed to monitor the crystal quality, thickness, and surface flatness. As shown in Figure 3-6b, 

the high-quality growth of TI films with atomically flat surfaces is manifested by the sharp RHEED 

pattern, and the periodic RHEED oscillation explicitly indicates the layer-by-layer growth process. 
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A total thickness of 6 quintuple layers is determined by the number of peaks in the RHEED 

oscillations. X-ray diffraction (XRD) measurements were also conducted on the as-grown 

(Bi0.2Sb0.8)2Te3 to identify its crystalline structure. As shown in Figure 3-6c, the growth direction 

along the c-axis is clearly indicated by multiple peaks collinear with the (001)  direction, and good 

single crystal growth can be confirmed from the characteristic peaks.(85) With a well-tuned Bi/Sb 

ratio of 2:8 during the growth, the Fermi level of TI thin film is precisely controlled to lie within 

the bulk bandgap(86) as revealed by the electronic properties, namely, the carrier density, mobility, 

and the semiconductor-like temperature dependence of resistivity. 

Figure 3-6d presents the sheet resistivity measured with a unitary length-width ratio as a function 

of temperature. The as-grown (Bi0.2Sb0.8)2Te3 thin films are semiconducting, as revealed by the 

monotonically increasing sheet resistivity as the temperature drops from 300 K to 100 K. The 

carrier density and mobility were also evaluated by measuring the ordinary Hall resistance as a 

function of an OP field (as shown in Figure 3-6e). The (2-dimensional) carrier density (𝑛%' =

µ;𝐻? 𝑒𝑅&⁄ ) is 4.98´1012 cm–2. Meanwhile, the mobility 𝜇 = 1 𝜌MN99O𝑛%'𝑒⁄  is calculated to be 186 

cm2 V–2 s–1, where 𝜌MN99O  = 6.74 kΩ is extracted from Figure 3-6d. The characteristic 

semiconducting behavior, carrier density, and carrier mobility together imply that the high-quality 

growth of TI is achieved, and the Fermi level of the as-grown TI thin film lies inside the bulk band 

gap. It was suggested that such conditions are beneficial for enhancing the charge-spin conversion 

efficiency in TIs.(86)  
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Figure 3-6. Experimental setup for transport measurements and material characterization 

of the (Bi0.2Sb0.8)2Te3/Mo/CoFeB/MgO structures. a. Schematic of the sample and experimental 

a

b c

d e
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setup for measuring anomalous Hall resistance (𝑅.&A) to monitor the magnetization in samples 

and schematic of the current-induced magnetization switching by spin-orbit fields (SOFs) from TI, 

where 𝐻'( , 𝐻)( , 𝐻* , and 𝒎  represent the DL-SOF, FL-SOF, external magnetic field, and 

magnetization direction, respectively. The DL-SOF tilts and eventually switches the magnetic 

moment. b. The RHEED oscillation indicates the high-quality layer-by-layer growth of 

(Bi0.2Sb0.8)2Te3, and the number of layers is indicated by the numbers in blue. c. XRD 

measurements of the as-grown (Bi0.2Sb0.8)2Te3 film on a sapphire substrate. The growth direction 

along the c-axis is indicated by multiple peaks collinear with the (001) direction, and good single 

crystal growth can be confirmed from the characteristic peaks. d. Temperature dependence of sheet 

resistivity for a sample with a unitary length-width ratio. The temperature dependence is 

semiconductor-like, and the sheet resistance is 6.74 kΩ at room temperature. e. The ordinary Hall 

measurement for estimating carrier density and mobility. The semiconducting characteristics 

shown in Figure 3-6 indicate that the Fermi level lies inside the bulk band gap in the as-grown TI 

thin film, which is an optimal condition for enhancing the charge-spin conversion efficiency in 

TIs. Figure 3-6 is reproduced from Ref. (55) (Q. Pan’s publication). 

 

Regarding magnetic properties of  TI/Mo/CoFeB/MgO film stacks, the interfaces (i.e., Mo/CoFeB 

and CoFeB/MgO) play an essential role in achieving robust perpendicular magnetic anisotropy.(17, 

87–89) The key ingredient here is the Mo insertion layer, of which the primary functionality is 

threefold:  

1. Mo serves as a seed layer to grow the perpendicularly magnetized CoFeB/MgO on top of TI. 

It is known that the magnetic anisotropy of CoFeB largely depends on the interfacial 

conditions(89), and the atomic terraces on the surface of TI thin films preferably lead to an 
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easy-plane magnetic anisotropy in CoFeB/MgO if grown directly on TI without this Mo 

insertion layer.(90)  

2. The Mo insertion can suppress the atom diffusion/intermixing across the TI/CoFeB interface at 

high temperatures, and hence, it tremendously enhances the thermal tolerance of the 

structures(91). Moreover, when the samples are annealed at a higher temperature, the 

crystallization of MgO and the quality of interfaces are thereby improved, resulting in a 

stronger PMA.  

3. Mo has weak SOC(92) as well as a sufficiently long spin diffusion length and thus does not 

block the spin current generated by the TI. In terms of designing devices, such as magnetic 

tunnel junctions, the addition of the Mo layer offers an extra degree of freedom to lower the 

write energy by choosing a proper Mo thickness.(90) 

To characterize the magnetic properties, SQUID measurements were performed on the annealed 

film stacks, and micron-size Hall bars for magneto-transport measurements were then fabricated 

by standard photolithography and dry etching techniques. Every magneto-transport result was 

verified by performing multiple device measurements, and high reproducibility was achieved. 

Figure 3-7a and 3-7b present the magnetization 𝑀 and the anomalous Hall resistance 𝑅.&A  as 

functions of an external OP magnetic field for all annealed samples. While the as-deposited sample 

does not show desirable magnetic properties, the samples annealed at different temperatures all 

have an open, nearly rectangular OP hysteresis loop with a sizeable coercivity field 𝐻# > 2 mT. 

On the other hand, sharp magnetization reversal is not observed in the corresponding IP 𝑀 −𝐻 

curves (Figure 3-7c). The IP 𝑅.&A − 𝐻 measurements were also carried out, and the results are 

presented in Figure 3-7d. Unlike the OP curves, the IP 𝑀 −𝐻  curves differ a lot from the 

corresponding 𝑅.&A − 𝐻 curves, which is due to the fact that the SQUID signals mainly reflect 
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the IP component of magnetization (i.e., 𝑀* ) while the 𝑅.&A  reflects the OP component of 

magnetization (i.e., 𝑀1) in the experimental configuration. It should be noted that in the 𝑅.&A − 𝐻 

curves, the sharp switching is likely caused by the applied field not being perfectly aligned within 

the film plane. Additionally, the 𝑅.&A  values at zero field are comparable to the saturation 

anomalous Hall resistance 𝑅!, which means the spontaneous magnetization is fully aligned along 

the OP direction. These IP 𝑀 −𝐻 curves are useful for characterizing the key magnetic properties 

of the sample, as the effective perpendicular anisotropy fields 𝐻+ can be conveniently estimated 

as the IP saturation field, as shown in Figure 3-7c. Here, the IP saturation field (indicated by black 

arrows) is determined from the intersection of the extension lines of the saturation regions and a 

straight line with a slope fitted to the low-field region. The OP and IP hysteresis loops together 

undoubtedly confirm the presence of pronounced ferromagnetism with a clear OP easy axis at 

room temperature in all TI/Mo/CoFeB/MgO film stacks after annealing. To evaluate the thermal 

tolerance of the magnetic properties, the saturation magnetization 𝑀! and the effective anisotropy 

field 𝐻+ as functions of the annealing temperature 𝑇. are plotted in Figure 3-7e. The 𝑀! is ~525 

emu cm–3 (~660 mT) and exhibits no apparent dependence on 𝑇. . These 𝑀!  values are lower 

compared to those (>1000 emu cm–3) for CoFeB/MgO systems deposited on typical underlayers, 

indicating the potential existence of a magnetic dead layer in the structures.(91) At the same time, 

the smaller 𝑀! results in weaker demagnetization energy, and hence, helps the PMA originated 

from the CoFeB/MgO interface dominate. Likewise, the saturation anomalous Hall resistance 𝑅! 

obtained from Figure 3-7b is 2.4 W, 3.1 W, 2.6 W, 2.9 W, 3.0 W for 𝑇. = 200 °C, 250 °C, 300 °C, 

350 °C, 400 °C, respectively. The 𝑅! demonstrates a good correlation with 𝑀!, and we consider 

the magneto-transport results as proper reference to the magnetization state of the samples in the 

following sections.  
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Figure 3-7. Magnetic properties of the (Bi0.2Sb0.8)2Te3/Mo/CoFeB/MgO structures. a, b. The 

room temperature magnetization 𝑀  and anomalous hall resistance 𝑅.&A  as functions of an 

external magnetic field along the 𝑧-axis (the OP direction) for the TI/Mo/CoFeB/MgO samples 

a b

e

c d



 54 

annealed at different temperatures. The presence of pronounced ferromagnetism with a clear OP 

easy axis can be observed definitely. c. The room temperature magnetization (normalized to the 

saturation magnetization 𝑀! extracted from a) as a function of an IP external magnetic field (𝐻*). 

The dashed black lines are the extension lines of the saturation regions and the straight lines with 

a slope fitted to the low-field region for estimating the IP saturation fields. The black arrows 

indicate the estimated effective anisotropy field 𝐻+, which is 170 mT, 100 mT, 270 mT, 330 mT, 

260 mT for 𝑇. = 200 °C, 250 °C, 300 °C, 350 °C, 400 °C, respectively. d. The room temperature 

𝑅.&A (normalized to the saturation anomalous Hall resistance 𝑅! extracted from b) as a function 

of 𝐻* for the TI/Mo/CoFeB/MgO samples with different annealing temperatures. The 𝑅.&A − 𝐻 

curves differ from the corresponding 𝑀 −𝐻 curves because the SQUID signals mainly reflect the 

IP component of magnetization (i.e., 𝑀* ) while the 𝑅.&A  reflects the OP component of 

magnetization (i.e., 𝑀1 ). e. the dependences of saturation magnetization 𝑀!  and effective 

anisotropy field 𝐻+ on the annealing temperature. No obvious deterioration of magnetic properties 

is observed at an increased annealing temperature up to 400 °C. Figure 3-7 is reproduced from 

Ref. (55) (Q. Pan’s publication). 

 

In contrast to 𝑀!, an apparent improvement in 𝐻+ is observed at elevated annealing temperatures. 

As shown in Figure 3-7e, the 𝐻+ is smaller than 180 mT for 𝑇. < 300 °C and increases rapidly to 

>270 mT for 𝑇. ³ 300 °C. Based on the measured 𝑀! and 𝐻+, the PMA can be quantified using 

the anisotropy energy density 𝐾 = 𝑀!𝐻+ 2⁄ , which ranges from 2.8´104 J m–3 to 8.6´104 J m–3 

with a trend of increasing with 𝑇. (Figure 3-8a). It is worth noting that for samples annealed at 

between 300 °C  to 400 °C , the PMA energy is sufficiently high to provide a thermal stability ∆=

𝐾𝑉 𝑘P𝑇⁄  > 45 (where 𝑉 is the volume of the 1 nm CoFeB layer, 𝑘P is the Boltzmann constant, and 
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𝑇 = 298 K for room temperature) at a scaled device size of 60 nm in diameter, satisfying the typical 

requirements for applicable memory devices.(93) This enhancement of PMA at higher annealing 

temperatures has most likely resulted from the improved CoFeB/MgO interface quality. Here, the 

interfacial contribution to the PMA is quantified using the interfacial anisotropy 𝐾Q, which can be 

calculated from the relation: 

𝐾 = v𝐾R − 2𝜋𝑀!
%w +

𝐾Q
𝑡L

 (3-2) 

where 𝐾R is the bulk anisotropy which is negligible for the CoFeB/MgO system,(17, 94) −2𝜋𝑀!
%  

is the demagnetization energy, and 𝑡L is the magnetic layer thickness, which is 1 nm in this case. 

Figure 3-8b presents the obtained 𝐾Q as a function of 𝑇.. As 𝑇. rises from 200 °C to 400 °C, the 

𝐾Q gradually increases by 78% from 1.66´10–4 J m–2 to 2.96´10–4 J m–2 indicating the improvement 

of CoFeB/MgO interface quality. 

 

Figure 3-8. Anisotropy energy density and interfacial anisotropy in TI/Mo/CoFeB/MgO. The 

dependence of a. PMA energy density 𝐾 and b. the interfacial anisotropy 𝐾Q  on the annealing 

temperature 𝑇.. The 𝐾Q is calculated from Equation (3-2) by assuming 𝐾R = 0 for the CoFeB/MgO 

system.(17, 94). Both the PMA energy density 𝐾  and the interfacial anisotropy 𝐾Q  gradually 

a b
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increase with the annealing temperature, indicating an enhancement in the interfacial quality due 

to the annealing treatment. Figure 3-8 is reproduced from Ref. (55) (Q. Pan’s publication). 

 

To gain further insights into the high thermal tolerance and the annealing-enhanced PMA in the 

TI-based device with the Mo insertion, high-resolution transmission electron microscope (HR-

TEM) measurements were carried out for the samples annealed at 200 °C and 400 °C. Figure 3-9a 

shows the TEM image for the 200 °C–annealed sample with the view axis along the [101x0] axis 

of the TI layer. While the lattice fringe of TI can be clearly identified, the Mo layer and CoFeB 

layer are not well distinguishable owing to a bad contrast between these two materials and their 

amorphous nature.(91) The MgO layer is not well crystallized, and the CoFeB/MgO interface is 

blurry. Figure 3-9b presents the TEM image for the 400 °C–annealed sample, and the view axis is 

changed to [2x110] of the TI layer for better image contrast. Given the changes in the view axes, 

the lattice fringes of TI in Figure 3-9a and 3-9b are different. Two critical features, which do not 

depend on the view axis, can be clearly observed in Figure 3-9b. First, the crystal structure of the 

TI layer is well-preserved, and the interface between TI with the Mo layer is intact. As 

demonstrated in other studies, this is likely because the Mo insertion layer remains stable at 400 

°C, which gives effective prevention of undesirable interdiffusion of neighboring elements and 

results in a high thermal tolerance.(91) Moreover, the thereby allowed annealing treatment up to 

400 °C promotes crystallization in the samples and brings out the second observable feature in 

Figure 3-9b, that is, a better-crystallized MgO layer and a neat CoFeB/MgO interface at 𝑇. = 400 

°C. It has been theoretically(95) and experimentally(94, 96, 97) reported that the PMA of the 

CoFeB/MgO system originates entirely from the interfacial anisotropy. Accordingly, the PMA is 

more robust with a high-quality CoFeB/MgO interface. Consistent with these TEM observations, 
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the interfacial anisotropy of the TI/Mo/CoFeB/MgO film stack also exhibits a gradual increase 

with 𝑇. as given in Figure 3-8b. Hence, the enhancement of PMA can be mainly attributed to the 

improved interfaces at a higher 𝑇. within the range of this study. 

Taken together, these results demonstrate that pronounced room temperature ferromagnetism with 

PMA is successfully integrated onto TI with the insertion of Mo. More remarkably, the key 

magnetic properties in the TI/Mo/CoFeB/MgO film stacks are well maintained within a wide 

annealing temperature window, offering high thermal tolerance for modern CMOS processes and 

device optimization, such as optimizing the 𝑇.  to realize high magnetoresistance in magnetic 

tunnel junctions. 

 

Figure 3-9. The cross-section HR-TEM image of TI/Mo/CoFeB/MgO stack. a. The TEM 

image for the 200 °C annealed sample with the view axis along [101x0] of the TI layer. b. The 

TEM image for the 400 °C annealed sample with the view axis along [2x110] of the TI layer. Figure 

3-9 is reproduced from Ref. (55) (Q. Pan’s publication). 
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With the successful incorporation of the perpendicularly magnetized CoFeB/MgO system onto TI, 

the current control on magnetization in this TI-based structure can be examined. To demonstrate 

the current-induced magnetization switching, a sequence of magnitude-varying IP current pulses 

and a collinear external magnetic field 𝐻*, are applied along the longitudinal direction of the Hall 

bar device (i.e., the 𝑥 -axis). This configuration is employed based on such current-induced 

magnetization switching is caused by the DL-SOF generated by TI,(25) which is schematically 

depicted in Figure 3-6a and will be discussed in detail in the next section. The injected charge 

current pulses have a duration of 1 ms and can change the magnetization orientation, resembling 

the writing process in a SOT-based memory unit cell. Following each write current pulse, another 

pulse with a much smaller magnitude (~0.5 mA) was sent through the device to read the modified 

magnetization via the anomalous Hall effect. The sequence of write and read pulses is depicted in 

Figure 3-10a (bottom). Given the much smaller magnitude of the read pulse compared to the write 

pulse, it is reasonable to assume the read pulse does not significantly alter the magnetization. While 

no recognizable magnetization switching is observed for samples annealed at 200 °C, switching 

between two magnetic states by IP current pulses is realized for samples with 𝑇. = 250 °C ~ 400 

°C. A typical current-induced switching loop observed in these samples with a collinear external 

magnetic field of  ±30 mT is shown in Figure 3-10a. One of the signatures of SOT-driven 

magnetization switching, the reversal of switching curve polarity when the IP field direction is 

changed, is observed and excludes the possibility of current-induced Oersted field or Joule heating 

being the main switching mechanism. In all these switchable samples, the difference between the 

initial and final anomalous Hall resistance (∆𝑅.&A) in current-induced switching is comparable to 

the 2𝑅! extracted from OP hysteresis loops. Namely, the switching ratio defined as ∆𝑅.&A 2𝑅!⁄  is 

~100% and hints a complete magnetization reversal by current injection is achieved in all samples 
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with 𝑇. = 250 °C ~ 400 °C. Two reasons can account for the small discrepancy between the total 

𝑅.&A changes in current-driven and field-driven magnetization switching: 1) The current does not 

spread to the voltage pins of the Hall bar, and hence, the SOT-assisted expansion of reversed 

domains ceases and leads to some small unswitched area at the voltage pins; 2) The 𝐻* applied in 

these measurements tilts the magnetic orders slightly off the OP direction, which reduces the 𝑅.&A. 

To fully demonstrate the switching behaviors of samples, the current-induced switching 

experiments at different 𝐻* were carried out and the critical switching current 𝐼!S (defined as the 

magnitude of the current pulse at which 𝑅.&A crosses zero during the switching) as a function of 

𝐻* is summarized in the phase diagram in Figure 3-10b. Under the conditions when both 𝐻* and 

IP current pulse are large, i.e., at the four corner panels in Figure 3-10b, the magnetization state is 

deterministic; When 𝐻* is small but non-zero, the deterministic switching behaviors between two 

distinct magnetization states are still preserved but with a smaller switching ratio. Whereas, if IP 

current injection is smaller than the 𝐼!S, the up and down magnetization states are both possible 

as the hysteresis windows shown in Figure 3-10a. It is known that during SOT-induced 

magnetization switching, the 𝐻*  acts against the DMI and boosts the switching efficiency. 

Consequently, the 𝐼!S  drops as 𝐻*  increases and then saturates when the DMI is completely 

overcome by 𝐻* .(60) The nearly constant 𝐼!S  at different 𝐻* , as observed in Figure 3-10b, 

indicates the DMI in TI/Mo/CoFeB/MgO stack is relatively small and is overcome by a 𝐻* ~ 2.5 

mT. For samples with different 𝑇., the 𝐼!S ranges from 3.7 mA to 5.8 mA, of which only ~7.5% 

passes through the TI layer estimated with a parallel resistance model. The converted critical 

current density (𝐽!S) inside the TI layer ranges from 2.5´105 A cm–2 to 3.6´105 A cm–2 (Figure 3-

10c), which is significantly lower than those in heavy metals (on the order of 106 A cm–2  to 107 A 

cm–2) and even some TIs in other reports,(62) highlighting the efficient electrical manipulation of 
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magnetization in the TI/Mo/CoFeB/MgO structures. Note that a recent study also 

demonstrated reversible current-induced magnetization switching in Mo-based 

magnetic heterostructures.(92) To rule out the possibility of Mo being the predominant cause of 

the current-driven magnetization switching, a control sample Mo(2)/CoFeB(1)/MgO(2)/Ta(2) was 

prepared with identical growth conditions except for the absence of the TI layer. This control 

sample acquires pronounced ferromagnetism with PMA, as shown in Figure 3-11a. The IP current 

injection experiments were carried out in the same manner as described above, and the 

magnetization states at different current magnitudes and external magnetic fields are summarized 

in Figure 3-11b and Figure 3-11c for positive and negative IP fields, respectively. No current-

induced switching between the opposite magnetization states is observed with 𝐼TUVM9 up to 30 mA 

(the TI/Mo/CoFeB/MgO samples show current-induced magnetization reversal with 𝐼TUVM9 < 15 

mA) and further increasing the 𝐼TUVM9 beyond 30 mA damages the sample. It can be concluded 

from these results that the Mo layer cannot induce switching in this study. Therefore, the efficient 

current-induced switching in these samples is predominately attributed and correlated to the TI 

layer. 
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Figure 3-10. Current-induced magnetization switching via SOTs produced by TI. a. The 

current-induced switching assisted by an external magnetic field µ;𝐻*  =  ±30 mT at room 

temperature for samples with annealing temperatures of 350 °C. The insets depict how the final 

states are determined by the combined action of current-induced SOFs and 𝐻* for the switching 

process. The solid (dashed) arrows denote the scenario for µ;𝐻* = -30 mT (µ;𝐻* = +30 mT). The 

𝑅.&A is normalized to the saturation anomalous Hall resistance (𝑅!) for a better demonstration of 

the complete magnetization switching from +𝑅! to −𝑅!. The bottom inset shows the sequence of 

current pulses applied for demonstrating current-induced magnetization switching in 

TI/Mo/CoFeB/MgO. The maximal pulse applied in the experiments is  ~15 mA. b. A typical phase 

diagram of the magnetization states depicting the critical switching currents as a function of 𝐻*. 
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The critical switching current 𝐼!S is defined as the magnitude of the current pulse at which 𝑅.&A 

crosses the boundaries (𝑅.&A = 0) between the different magnetization states. 𝑀1 (¯) indicates 

the magnetization orientation of the stable state is “up” (“down”), i.e., 𝑅.&A > 0 (𝑅.&A  < 0), after 

switching. The gray region indicates no current-induced switching is observed for |µ;𝐻*| < 2.5 

mT. c. 𝐽!S  and the switching ratio ∆𝑅.&A 2𝑅!⁄  as functions of 𝑇. . Based on these results, 

complete magnetization switching can be achieved with a current density of ~105 A cm–2 for all 

presented samples. Figure 3-10 is reproduced from Ref. (55) (Q. Pan’s publication). 

 

A comparison in both the 𝐽!S and the switching ratio ∆𝑅.&A 2𝑅!⁄  for samples with different 𝑇. 

(Figure 3-10c) reveals that the magnetization switching behaviors are almost independent on 𝑇.. 

Overall, the results in this section suggest that highly efficient electrical controllability of 

magnetization is realized in the TI/Mo/CoFeB/MgO structures and can be well sustained at 𝑇. 

between 250 °C to 400 °C. The outstanding energy efficiency, along with the enhanced thermal 

tolerance, makes the TI/Mo/CoFeB/MgO structure a promising building block for modern 

spintronics devices.  
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Figure 3-11. Control experiments on Mo(2)/CoFeB(1)/MgO(2)/Ta(2). a. Hysteresis loop 

(monitored using 𝑅.&A) of a Mo/CoFeB/MgO/Ta control sample. A robust ferromagnetic order 

with perpendicular anisotropy can be clearly observed. (b and c) The normalized 𝑅.&A  of 

Mo/CoFeB/MgO sample in responses to the IP current pulse injection at different 𝐻* . No 

detectable magnetization switching is observed. These results exclude the possibility of Mo being 

the major reason for the current-driven magnetization reversal. Figure 3-11 is reproduced from 

Ref. (55) (Q. Pan’s publication). 

 

The efficient magnetization manipulation achieved in these TI/Mo/CoFeB/MgO structures is 

ascribed to the current-induced SOFs from TI. In TI, the prominent spin-orbit coupling modifies 
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its band topology and results in the spin-momentum locking nature of its surface states.(32, 33) 

One manifestation of this nature is that the conducting electrons on the surfaces of TI become 

completely spin-polarized and provide the dominant spin accumulation in the direction transverse 

to the electron motion, as shown in Figure 3-2.(36, 72) Given that Mo has a spin diffusion 

length(98, 99) that is considerably longer than its thickness (~2 nm) in the samples, the 

accumulated spin can diffuse over the Mo layer without loss and transfer angular momentum into 

the ferromagnetic CoFeB layer to reorient its magnetization. This current-induced effect can be 

viewed as applying SOFs onto the CoFeB free layer. More specifically, the damping-like SOF 

𝑯'( is of primary interest for applicative magnetization switching in this thesis and is described 

by 𝑯'( ≈ 𝜒'((𝑱# × 𝒛) ×𝒎.(25) When an external magnetic field and a current pulse are applied 

collinearly along 𝑥–axis, the combined action of 𝐻'( and 𝐻* selects a particular magnetization 

orientation in the CoFeB layer to be the final stable state (as illustrated in the insets of Figure 3-

10a) for the switching process.(54, 65, 100, 101) In the four cases shown in Figure 3-10a, the two 

where the current and the external field are applied in parallel result in a “down” magnetization 

state (𝑅.&A < 0) after the switching process. Likewise, an “up” magnetization state (𝑅.&A > 0) is 

preferred when the current and the external field are applied antiparallelly. These observations 

indicate the 𝐻'( produced by the top surface of TI has the same sign as that of Pt.(19, 102) In short, 

when assisted by a collinear external magnetic field, the IP current pulses through the TI layer can 

deterministically switch the magnetization state of the CoFeB layer via the SOF. To quantify the 

strength of such a SOF originating from the TSSs, well-established second-harmonic 

measurements were performed. In the presence of SOF induced by a moderate a.c charge current 

𝐽; sin𝜔𝑡 going through TI, the magnetic moment will oscillate around its rest position (i.e., when 

𝐽;  = 0), and manifest as a second-harmonic anomalous Hall resistance 𝑅.&A%B  which can be 
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measured using lock-in techniques.(25, 54, 86, 103, 104) Note that the essence of this second-

harmonic measurement is also the magnetization oscillation excited by an a.c. current and an 

external field along the 𝑥-axis, which is inherently the same as those discussed in Section 2.4 and 

Section 3.2. The principal difference is whether the magnetic moments are probed optically or 

electrically. Following the same formulation in Section 2.4 and Section 3.2, with a sufficiently 

large 𝐻* (i.e., 𝐻* > 𝐻+) to polarize the magnetic moments uniformly along the 𝑥-axis as a single 

domain state, 𝑅.&A%B  acquires a simple form(51, 54) 

𝑅.&A%B = −
1
2

𝑅!𝐻'(
|𝐻*| − 𝐻+

 (3-3) 

where 𝑅!  is the saturation anomalous Hall resistance and 𝐻+  is the effective anisotropy field. 

Figure 3-12a and 3-12b depict the typical 𝑅.&A − 𝐻* curves and high-field 𝑅.&A%B  signals produced 

by an a.c. current of 𝐽; = 9´104 A cm–2 and the frequency of ~173 Hz through the TI layer. Curves 

are normalized to 𝑅!, enlarged, and offset for clarity. In all studied samples, the spontaneous Hall 

resistance at zero field during the IP-field scans virtually reaches 𝑅!, which strongly suggests a 

large exchange interaction is capable of spontaneously aligning all magnetic moments and retains 

samples in a single domain state during the measurements, validating the assumption for second-

harmonic method. In the high-field region (i.e., 𝐻* > 𝐻+), the nearly zero 𝑅.&A (i.e., |𝑅.&A 𝑅!⁄ | 

< 10% where 𝑅! is obtained from Figure 3-7d) implies the magnetic moments of the CoFeB layer 

are fully aligned with the sufficiently strong 𝐻* and the 𝑅.&A%B  signal monotonically scales down 

with a 1 (|𝐻*| − 𝐻+)⁄  field dependence indicating the SOF origin of 𝑅.&A%B  as predicted. 

Additionally, the antisymmetric profile of 𝑅.&A%B  as a function of 𝐻*  is also consistent with 

the picture of SOF-induced macroscopic magnetization oscillation. Fitting the experimental results 

of 𝑅.&A%B  to Equation (3-3) at the high field region (shown by the black dashed lines in Figure 3-
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12b) yields the 𝐻'( strength and the 𝐻'( extracted from the positive and negative fields have the 

same value but opposite signs. The perfect fitting of experimental data to the Equation (3-3) 

signifies that the 𝑅.&A%B  stems from the SOF-induced macroscopic magnetization oscillation. 

Moreover, the high linearity observed in the current dependency of 𝐻'(, as summarized in Figure 

3-12c, allows safely assuming that the contributions due to Joule heating and deviation of the 

dynamics from the linear regime are not prominent in the transport measurements.  

 

Figure 3-12. Calibration of charge-spin conversion efficiency in TI. a. and b. IP field 

dependence of anomalous Hall resistance (𝑅.&A) and second-harmonic anomalous Hall resistance 

(𝑅.&A%B ) induced by an a.c. current (𝐽;  ~ 9´104 A cm–2 inside TI layer and 𝜔 ~ 173 Hz). The 

switching observed in the IP hysteresis loops is due to the imperfect alignment of the applied fields, 

c d

a b



 67 

which results in a small OP component. Fitting of experimental results to Equation (3-3) at high 

external field region (i.e., 𝐻* > 𝐻+ where 𝐻+  is given in Figure 3-7e) to extract the value of 𝐻'( 

is presented with black dashed curves. Note that the experimental results are normalized to 𝑅!, 

enlarged, and offset for clarity. c. current dependence of 𝐻'( for samples with different annealing 

temperatures. The presented linearity indicates a negligible contribution from nonlinear effects and 

yields the charge-spin conversion efficiency parameterized by 𝜃!&  (or 𝑞W#! ). d. Summary of 

dependence of 𝜃!&  (and 𝑞W#! ) on the annealing temperature. A significantly enhanced 𝜃!&  of 

~3.36 (equals to 𝑞W#!  ~2.24 nm–1) is achieved with annealing temperature 𝑇.  = 400 °C. This 

enhancement is ascribed to the annealing-promoted interfacial quality. Data and results presented 

in Figure 3-12 were also confirmed using the MOKE detection technique described in Section 2.4. 

Figure 3-12 is reproduced from Ref. (55) (Q. Pan’s publication). 

 

These results on 𝐻'(  are further compared with those obtained using the MOKE techniques 

developed in Section 2.4(51) and quantitively consistent results are obtained. In short, 

possible nonlinear effects (e.g., Joule heating, anomalous Nernst effect, and spin Seebeck effect 

∝ 𝐽;%), which are likely involved in the second-harmonic analysis of Hall voltage, do not add to 

the magneto-optical signal since it is a linear response to the current density (i.e., ∝ 𝐽; ). 

Accordingly, the consistency between the transport and optical results firmly excludes the possible 

involvement of these nonlinear effects in the experimental results. 

To quantify the intrinsic charge-spin conversion efficiency of TI, the effective spin Hall angle 

(tangent) 𝜃!& is calculated from the experimental results using Equation (3-1).(18) In this case, 𝑡L 

is the thickness of the CoFeB layer. It should be noted that 𝜃!& is used here as an empirical term 

to quantify the overall efficiency of a spin current source without identifying the governing 
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mechanisms of the spin current generation. To reasonably emphasize the semi-2D TSSs as the 

primary spin generator, especially in this case of TIs with bulk insulating conditions, we estimated 

the interfacial charge-spin conversion efficiency(72) 𝑞W#! = 𝐽! 𝐽#%'⁄ = 𝜃!& 𝑡!⁄ , where  𝐽#%' is the 

surface charge current density and 𝑡! denotes the effective thickness of the SOC layer. With the 

assumption of a completely insulating bulk in the TIs, 𝑡! is the TSS thickness and is estimated to 

be 1.5 nm from the half-thickness of TI, below which the top TSS hybridizes with the bottom 

TSS.(105) Although a completely insulating bulk would oversimplify the situation, a slightly 

conductive bulk should only produce negligible effects on the presented results.(72) Likewise, 𝑡! 

can take the spin-diffusion length or SOC layer thickness (whichever is smaller) for calculating 

𝑞W#! in the 3D heavy metals. Extracting the 𝐻'( 𝐽;⁄  ratios from Figure 3-12c (shown by dashed 

lines) yields 𝜃!& and 𝑞W#! for different annealing temperatures, as presented in Figure 3-12d. In 

stark contrast to the previously reported adverse effects of 𝑇.  on the performance of heavy 

metals,(106) the 𝜃!& of the presented TI-based structures constantly possesses a high value within 

the temperature range of this study. Quantitatively, 𝜃!& > 100% is achieved in samples with 𝑇. 

from 250 °C to 400 °C and an appreciable enhancement in the 𝜃!& is observed when 𝑇. rises above 

350 °C. At 350 °C and 400 °C, which are the heat treatment temperatures usually required in the 

modern CMOS industries,  𝜃!& reaches a value of ~1.75 (𝑞W#! ~1.16 nm–1) and ~3.36 (𝑞W#! ~2.24 

nm–1), respectively, which are 2~4 times of that at 200 °C providing an additional explanation for 

why no switching is achieved at 200 °C. The larger 𝜃!& at 350 °C and 400 °C are likely due to the 

annealing-enhanced interface quality and material properties. The experimentally determined 𝜃!& 

evaluates the overall charge-spin conversion in the TI/Mo/CoFeB/MgO film stack, and hence, 

depends not only on the intrinsic properties of each layer but also on the interfacial quality/spin 

transparency.(25, 89, 107) While in general, annealing treatments rearrange atoms and promote 
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crystallization to improve the quality of materials and interfaces, these benefits are counteracted 

as earlier studies have shown that annealing also lead to atom intermixing/diffusion at the 

interfaces, and thereby sever deterioration of the charge-spin conversion.(106) Therefore, with the 

Mo insert layer serving as a thermal barrier to prevent the atom intermixing/diffusion, the 

annealing treatment now considerably improves the interface quality/transparency and material 

properties in the TI/Mo/CoFeB/MgO stacks. This improvement in the quality of interfaces and 

materials upon annealing is evidenced as (1) the sharper interfaces at TI/Mo, Mo/CoFeB, and 

CoFeB/MgO observed in the TEM images (Figure 3-9b); (2) the annealing-enhanced magnetic 

anisotropy (Figure 3-7e) and interfacial anisotropy energy (Figure 3-8b). It is noteworthy that the 

contribution from shunting current in the Mo insertion should just lead to minor overestimation 

here, given its small 𝜃!& (98, 99). In contrast, other factors such as the spin mixing 

conductance(107, 108) and the spin memory loss(109, 110) at the interfaces can potentially cause 

underestimation of 𝜃!&. Nevertheless, the 𝜃!& >100% in these TI/Mo/CoFeB/MgO structures is at 

least one order of magnitude larger than those previously found for similar thin stacks where TI is 

replaced with heavy metals as the SOC layer(84) (e.g., Ta/Mo/CoFeB/MgO and 

Pt/Mo/CoFeB/MgO) as summarized in Table 3-1.  
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Table 3-1. Room temperature 𝝆, |𝜽𝐒𝐇|, 𝒕𝐒,	|𝒒𝐈𝐂𝐒|,	𝑷 in TIs and heavy metals. 

 𝜌 

[W×m] 

|𝜃!&| 

[dimensionless] 

𝑡! 

[nm] 

|𝑞W#!| 

[nm–1] 

𝑃 ∝ 𝜌 𝜃!&%⁄  b) 

 

(Bi0.2Sb0.8)2Te3 

(this work) 
4.0´10–5  3.36 1.5a) 2.24 0.013 

BixSe(1–x)(71) 1.3´10–4 1.35 1.5a) 0.90 0.250 

BixTe(1–x)(111) 5.2´10–6 0.82 1.5a) 0.55 0.027 

Bi2Se3(112) 1.1´10–2 75.1 1.5a) 50.07 0.007 

Bi2Se3(113) 8.9´10–6 0.35 1.5a) 0.23 0.260 

Bi0.85Sb0.15(114) 3.7´10–5 3.2 1.5a) 2.13 0.235 

Bi0.9Sb0.1(115) 4.0´10–6 52 1.5a) 34.67 1.48´10–4 

Ta(84) 1.6´10–6 0.40 1.9 0.21 0.036 

Pt(84) 4.5´10–7 0.04 7.3 0.01 1.000 

a)These 𝑡! are estimated from Ref. (105); 

b)For normalization, the switching energy uses the Pt/Mo case as a reference, which is ~2.8´10–4 

Ω m 

 

Table 3-1 also includes the 𝜃!& for other recent reports of TI-based SOT switching devices that 

are particularly appealing to industrial applications. The room temperature of perpendicularly 

magnetized FM by TIs was first reported in Ref. (62) and was later achieved with TIs grown by a 

CMOS-industry compatible sputtering process.(71, 111–114) Other researchers also focused on 

TIs with a higher bulk electrical conductivity to reduce the shunting effect on TIs due to the 

presence of common metallic materials in the applicable devices.(115) Indeed, despite the 
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remarkable charge-spin conversion efficiency in TI, doubts were cast on whether TIs could truly 

reduce the power dissipation in applicable devices since TIs are generally more resistive compared 

to other SOC materials, thus leading to a severe shunting effect that counteracts the increased 𝜃!& 

when integrated with widely used magnetic metals. Therefore, we evaluated the normalized 

switching energy per unit magnetic volume (𝑃 ∝ 𝜌 𝜃!&%⁄ ) and summarized it in Table 3-1 for a 

comparison between different SOC materials.(62) As shown in Table 3-1, the presented TI-based 

heterostructure doubtlessly possesses an advantage over conventional heavy metals regarding 

energy efficiency. Furthermore, the 𝜃!&  and the switching power dissipation of the 

TI/Mo/CoFeB/MgO structures after annealing at 𝑇. >350 °C remain comparable to other TI-based 

devices, underlining their outstanding thermal tolerance and great potential in applications. 

 

3.4 Summary 

Motivated by the advantages predicted for TIs as a spin current source with unprecedented charge-

spin conversion efficiency, Chapter 3 presented two research projects that focused on tackling 

some of the key challenges in leveraging TIs to enhance the energy efficiency of spintronic 

applications, particularly for the SOT-based memory and logic devices.  

The first challenge addressed in this chapter was to definitively quantify the intrinsic charge-spin 

conversion efficiency of TIs, as there have been huge unsettle discrepancies among the earlier 

reported data, which seriously hampered the understanding of the SOC-related physics in TIs and 

the development of TI-based spintronic devices. To address this issue, the MOKE SOF 

magnetometer introduced in Section 2.4 was used to investigate the SOC-related phenomena and 

the charge-spin conversion efficiency in a TI/Cr-doped TI heterostructure. Unlike other traditional 

techniques, the MOKE results clearly manifested the characteristics of SOF-driven macroscopic 
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magnetization oscillations. These data's validity and accuracy were further verified by measuring 

the SOF-induced shifts in hysteresis loops and observing a solid consistency. In this respect, this 

work marked a major step toward resolving the previous discrepancies and offering a reliable probe 

to the charge-spin conversion efficiency and the SOF-driven physics in TI-based magnetic systems. 

Using this MOKE SOF magnetometer, a relatively large DL-SOF was confirmed in the TI/Cr-

doped TI heterostructure at 12K, and the temperature dependence of the charge-spin conversion 

efficiency in TIs was also studied. The findings suggest that the giant SOFs produced by TI would 

likely survive at a higher temperature if the coupled magnetic orders could be maintained.  

Along this line, a more applicable TI-based magnetic structure was developed for room 

temperature operation. By inserting a thin layer of Mo, the industrially mainstream ferromagnetic 

CoFeB/MgO system with strong perpendicular anisotropy was successfully grown on TI, and 

highly efficient current-induced magnetization switching was also realized at room temperature. 

Moreover, the studies on these TI/Mo/CoFeB/MgO structures annealed at different temperatures 

revealed that the perpendicular anisotropy and the current control of magnetization were stable 

against an elevated annealing temperature up to 400 °C. This offers superior thermal tolerance and 

a large annealing window for the back-end-of-line processes in the modern semiconductor industry. 

The deterministic switching achieved with the assistance of an in-plane field was attributed to the 

giant SOFs generated by TI under an in-plane charge current injection. Supported by careful 

calibration of the power dissipation and the intrinsic charge-spin conversion efficiency, the energy 

efficiency of these TI/Mo/CoFeB/MgO structures is at least one order of magnitude higher than 

conventional heavy metals at room temperature. Surprisingly, the TI/Mo/CoFeB/MgO structure's 

performance was enhanced as the annealing treatment temperature increased. The analysis of the 

TEM images and the interface quality revealed that the annealing-enhanced interface quality was 
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likely realized because of the protection provided by the Mo insertion layer and was the primary 

contributor to the performance improvement. This outstanding thermal tolerance combined with 

the room temperature efficient magnetization manipulation and the desirable magnetic properties 

in this TI/Mo/CoFeB/MgO structure represents a significant step toward the practical 

implementation of TI-based SOF devices in the semiconductor industry. 

In short, the progress covered in Chapter 3 highlighted a new path towards highly efficient SOT-

based spintronic memory and logic devices using TIs. 
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CHAPTER 4. Laser-Induced Ultrafast Spin Dynamics in a Ferrimagnet with a Vertical 

Composition Gradient 

4.1 Overview 

Modern silicon transistor-based electronics commonly operate in the gigahertz frequency range, 

corresponding to sub-nanosecond timescales. Accordingly, driving spin dynamics or controlling 

the associated magnetic states on a sub-nanosecond or even shorter timescale has become essential 

for spintronic devices to compete with the existing electronic devices and eventually revolutionize 

current technology. At the forefront of developing such ultrafast spintronic applications, 

ferrimagnets (FIM) have attracted considerable attention as they uniquely combine the advantages 

of both ferromagnets (FM) and antiferromagnets (AFM) as briefed in Section 1.3. In addition to 

this unique combination of the AFM-like ultrafast spin dynamics and the FM-like easy 

accessibility to the internal magnetic states, the inequivalent sublattices also provide extra degrees 

of freedom for material engineering and integrating novel functionalities. Indeed, it is well known 

that the properties of FIMs can be continuously tuned by varying their composition, i.e., the ratio 

between the constituent spin sublattices. This flexibility sheds light on several long-standing issues 

that have hindered the widespread use of SOT, which is envisioned as one of the most promising 

approaches to manipulating magnetism with superior efficiency and speed in spintronic devices. 

One of the most-recognized issues regarding SOT devices, as mentioned in the previous sections, 

is the need to break IP structural symmetry to some extent for the deterministic switching of 

perpendicular magnetic moments. This necessity is incompatible with mass production, where 

structural uniformity across the entire wafer is often required.(26) Exploiting the flexibility of 

FIMs, several researchers innovatively introduced a vertical composition gradient into various 

ferrimagnetic systems, and the induced variations in magnetic properties enable deterministic SOT 
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switching while preserving the in-plane structural symmetry.(116–120) These results present a 

major step toward practical SOT-based spintronic devices empowered with high efficiency and 

great thermal stability. However, the spin dynamics in these novel ferrimagnetic systems with 

vertical composition gradients and their suitability for high-speed devices have remained largely 

unexplored.  

Reorientating magnetic moments by applying SOFs takes place on sub-nanosecond timescales and 

generally involves certain spin precession processes, which can be described analytically using the 

Landau–Lifshitz–Gilbert–Slonczewski Equation  

𝜕𝒎
𝜕𝑡 = −𝛾𝒎 ×𝑯9:: + 𝛼𝒎×

𝜕𝒎
𝜕𝑡 + 𝝉 (4-1) 

where 𝒎 is a unit vector along the magnetization direction; 𝛾 is the gyromagnetic ratio; 𝛼 is the 

damping factor; 𝑯9:: is the effective magnetic field experienced by the magnetic moments and 𝝉 

denotes the SOTs associated with the SOFs. Clearly, the magnetic parameters in Equation (4-1), 

including spin precession/resonance frequency 𝑓, damping factor 𝛼, and gyromagnetic ratio 𝛾, 

fundamentally dictate the dynamical processes. Intuitively, these dynamical parameters should 

have strong dependences on the structural uniformity and the exchange interaction between 

sublattices. This is because the inhomogeneous distribution of magnetic moments or magnetic 

anisotropy gives rise to an extra extrinsic damping component in addition to the intrinsic damping 

of materials.(121, 122) Given that the vertical composition gradient naturally introduces additional 

inhomogeneities, it is of great importance to examine whether this incorporation of a vertical 

composition gradient will affect or even degrade the desirable high-frequency features of FIMs. 

Without a doubt, characterizing these ferrimagnetic structures will provide the information and 

potentially spark innovations for developing high-speed SOT-based spintronic memory and logic 

devices.  
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To this end, in Chapter 4, the dynamical properties of a ferrimagnetic GdFeCo thin film with a 

vertical composition gradient are comprehensively characterized using the optical pump-probe 

technique introduced in Section 2.3, i.e., the time-resolved magneto-optical Kerr effect (TR-

MOKE) measurements. With particular emphasis on the dynamics related to SOF-induced 

switching, i.e., the spin precession/resonance motions, the experimental conditions, and material 

systems are carefully optimized and discussed in detail.  

 

Figure 4-1. Ferrimagnetic GdFeCo with a vertical composition gradient. Schematic of the 

GdFeCo thin film with a vertical composition gradient chosen for this study. The thickness of this 

thin film is 5 nm. In GdFeCo, the two magnetic sublattices (Gd and FeCo) are antiparallel coupled. 

Note that the net magnetization is fully compensated with a composition of Gd0.25(FeCo)0.75, and 

hence, the structure is expected to exhibit a Gd-rich behavior at room temperature. The 𝜃& denotes 

the angle between the field direction and 𝑧 -axis and the 𝜃-  denotes the angle between the 

equilibrium magnetization direction and 𝑧-axis. 

 

4.2 Magnetic Properties of a GdFeCo Film with a Vertical Composition Gradient 

GdFeCo is a well-known prototypical metallic FIM in the study of femtosecond magnetism and 

has pronounced magneto-optical effects for the ultrafast magneto-optical recording.(123) In this 

front (0,2); side (1.16,1.84)
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rare earth-transition metal amorphous alloy, the Gd and FeCo sublattices are aligned antiparallelly 

by the strong exchange interaction, and the composition ratio (𝑥\K: 𝑥)9#]) between these two 

sublattices plays a decisive role in both the static and dynamic properties of GdFeCo.(44) The 

counteraction between FeCo and Gd sublattices generally gives rise to two types of compensating 

behaviors in GdFeCo as presented previously in Figure 1-4b of Section 1.3.2: (1) At 𝑥\K𝑀\K =

𝑥)9#]𝑀)9#], the net magnetization is nearly zero like an AFM, resulting in a large coercivity field 

and high magnetic anisotropy energy; (2) At 𝑥\K(𝑀\K 𝛾\K⁄ ) = 𝑥)9#](𝑀)9#] 𝛾)9#]⁄ ), the total 

angular momentum of GdFeCo vanishes while finite net magnetic moments remain. Therefore, on 

approaching this angular momentum compensation point, the spin dynamics accelerate 

dramatically, and the nonzero magnetic moments can still acutely couple to external fields or 

probes.(44, 45) 

The GdFeCo thin films investigated in Chapter 4 were deposited on a Si/SiO2 thermal oxide silicon 

substrate using a radio-frequency magnetron sputtering system in a 3 mTorr sputtering gas of Ar 

at room temperature with a base pressure of 1×10−8 Torr. During the growth, off-axis Gd and FeCo 

targets, which are mounted at the opposite sides of the sputtering chamber, were co-sputtered to 

form Gd1–x(FeCo)x while the substrate was continuously rotated to ensure uniform 

thickness/composition across the entire film.(120, 124) The deposition rates of Gd and FeCo were 

mainly determined by the respective target powers, and hence, the composition of Gd1–x(FeCo)x 

film and the associated magnetic properties can be continuously adjusted by varying the target 

powers. To introduce a vertical composition gradient into the Gd1–x(FeCo)x thin film, the power of 

the Gd target was fixed at 20 W while the target power for FeCo was linearly ramped up from 45 

W to 85 W during the growth, forming a composition profile with Gd0.41(FeCo)0.59 at the bottom 

and Gd0.27(FeCo)0.73 at the top as shown in Figure 4-1. For simplicity, this Gd1–x(FeCo)x thin film 
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with a vertical composition gradient is named 𝑧-gradient GdFeCo throughout this chapter. The 

total thickness of this 𝑧-gradient GdFeCo layer is 5 nm, and by assuming a linear change in the 

composition ratio, the composition gradient is quantified using the gradient in the 

FeCo concentration of, i.e., 𝜕1𝑥)9#] ≈ 0.03 nm–1, corresponding to a gradient in the saturation 

magnetization 𝜕1𝑀! ≈ 82 emu cm–3 nm–1.(79) At room temperature, this 𝑧-gradient GdFeCo is 

expected to resemble a uniform Gd-rich GdFeCo in terms of magnetic signals, given that the lowest 

Gd concentration ~0.27 in this 𝑧 -gradient GdFeCo is still higher than the compensation 

concentration of ~0.25 commonly reported in previous studies.(79, 125, 126) In addition to 

composition, the two compensation conditions can also be satisfied by varying the temperature, 

namely, reaching either the magnetization compensation temperature 𝑇-#  or the angular 

momentum compensation temperature 𝑇.-#. In GdFeCo, the FeCo sublattice possesses a larger 

magnetization than the Gd sublattice at temperatures above the 𝑇-#, which means the magnetic 

moments of the FeCo sublattice will align with the external field while those of the Gd sublattice 

will be aligned antiparallel.  In contrast, at below the 𝑇-#, the Gd sublattice will align with the 

external field while the FeCo is antiparallel to the external field. Based on earlier studies,(46) the 

𝑇.-# is slightly higher than the 𝑇-# in this sample given the respective temperature dependencies 

of the FeCo sublattice and Gd sublattice. For the 𝑧-gradient GdFeCo studied here, the 𝑇-#  is 

evaluated to be 330 K from temperature-dependent SQUID measurements as presented in Figure 

4-2a and 4-2b. In Figure 4-2b, a large positive (negative) field ~500 mT was first applied to saturate 

the sample at a temperature above the 𝑇-# and the temperature dependence of the SQUID signal 

is acquired with a small positive (negative) magnetic field ~10 mT applied to maintain the direction 

of magnetic moments. The magnetization state of each sublattice is marked on the four corns of 

Figure 4-2b, and the curve corresponds to the case of initializing the sample with a positive 
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(negative) field at room temperature is colored in red (blue). From the crossing of the blue and red 

curves, the 𝑇-# is estimated to be ~330 K, which is particularly beneficial for this study as it 

ensures a sufficient temperature margin such that the sample will not be easily heated above 𝑇-# 

or 𝑇.-# by the high-power laser during the experiments described in the next section. From an 

experimental point of view, avoiding the possible involvement of 𝑇.-#  and 𝑇-#  in this way 

considerably facilitates the data analysis for extracting the desirable dynamical parameters.(127) 

In the meantime, the 𝑧-gradient GdFeCo film does not significantly deviate from the compensation 

points where the existence of ultrafast spin dynamics is anticipated, as indicated by a small 𝑀! < 

20 emu cm–3 within the temperature range of 285 K to 360K. Based on such a temperature profile, 

the dominance of Gd in 𝑧-gradient GdFeCo is ensured throughout Chapter 4, and this dominance 

of Gd sublattice was also directly seen from the MOKE signals (𝜃+) of the 𝑧-gradient GdFeCo 

sensed with a 𝜆 = 800 nm laser. In this situation, the MOKE signal of GdFeCo is almost entirely 

contributed from the FeCo sublattice and the opposite polarity of the 𝜃+ − 𝐻1 loop of a 𝑧-gradient 

GdFeCo sample (as shown in Figure 4-2c) with respect to that of the 𝑀 −𝐻1 curve (Figure 4-2a) 

indicates the FeCo sublattice is antiparallelly aligned with the net magnetic moments, concluding 

that the Gd sublattice dominates in this 𝑧-gradient GdFeCo sample. The 𝜃+ − 𝐻1 loop in Figure 4-

2c also yields a saturation magneto-optical Kerr angle 𝜃! ≈ 2.4 mrad, which is used to normalize 

the optical signals throughout Chapter 4. The magnetic properties of this 𝑧-gradient GdFeCo film 

are also characterized using a magneto-transport approach which can provide high-field IP scans. 

For this purpose, the thin film was fabricated into a 20 μm × 130 μm Hall bar structure, and its 

anomalous Hall resistance as functions of external fields along different field directions was 

measured in a Quantum Design physical property measurement system.  
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Figure 4-2 Magnetic properties of a GdFeCo thin film with a vertical composition gradient 

from Gd0.41(FeCo)0.59 at the bottom to Gd0.27(FeCo)0.73 at the top. a. Out-of-plane magnetic 

hysteresis loops measured by a SQUID system at different temperatures. The results imply a 𝑇-# 

~330 K at which the saturation magnetization is diminished and the magnitude of the coercivity 

field diverges. b. Saturation magnetization along the OP direction as a function of temperature. At 

the beginning of the measurement, a large field of ~500 mT was applied to align all the magnetic 

moments. During the measurement, a small field of ~10 mT along the easy axis was used to 

maintain the magnetic states while the temperature increased from room temperature to ~360 K. 

Specifically, the red and blue curves are obtained by initializing the sample with positive and 

a b

c d

Gd

FeCo
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negative fields respectively at room temperature, and the associated magnetization states are 

indicated at the four corns. The magnetization compensation temperature can be precisely 

determined from the crossing of two curves as marked by the black dashed line. c. MOKE 

hysteresis loops with fields applied along OP (blue) and IP (green) directions, respectively. The 

polarity of the optical hysteresis loops reveals the dominance of the Gd sublattice in the 𝑧-gradient 

GdFeCo sample. d. Transport hysteresis loops measured on a Hall bar device with fields applied 

along OP (sky-blue) and IP (red) directions, respectively. The SQUID, optical, and transport 

results all confirm the establishment of strong perpendicular magnetic anisotropy in the sample. 

 

The OP magnetic (Figure 4-2a), MOKE (Figure 4-2c), and magneto-transport (Figure 4-2d) 

hysteresis curves all confirm a strong uniaxial PMA with an easy axis along the 𝑧-direction, and a 

coercivity field 𝐻# of ~5 mT is determined from the optical measurements. From the high-field 

magneto-transport measurement, an IP saturation field of ~4 T is obtained, which is commonly 

used as an estimate of the effective anisotropy field 𝐻+. Accordingly, the anisotropy energy density 

𝐾 = 𝑀!𝐻+ 2⁄  is on the order of 105 J m–3, revealing a substantial PMA in this 𝑧-gradient GdFeCo 

sample, which is no surprise given its nearly compensated condition. This PMA energy can easily 

satisfy the requirement for achieving a thermal stability factor ∆ > 45 at room temperature for a 

miniaturized device size of <50 nm.  It should be noted that the discrepancies between these 

hysteresis loops can be simply ascribed to the different sizes of the probing region and the largely 

distinct test sample preparation required for each probing technique. 
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4.3 Characteristics of Laser-Induced Ultrafast Spin Dynamics 

The dynamical responses of the magnetic material play a central role in determining the operating 

speed of spintronics devices. Hence, to fully exploit and examine the potentials of 𝑧-gradient 

GdFeCo for high-speed spintronic applications, comprehensive characterization and insights into 

the dynamical properties of this system are essential. Aiming for this, an all-optical pump-probe 

technique was deployed to measure the time-resolved magneto-optical Kerr effect in the 𝑧-gradient 

GdFeCo. Considering the technological relevance of the precessional switching to most near-term 

methods for controlling magnetization, this pump-probe technique utilizes femtosecond laser 

pulses to thermally trigger the spin precession dynamics in the sample for the investigation. By 

probing the TR-MOKE signals, which capture these dynamics, key dynamical parameters such as 

spin resonance/precession frequency and damping factor could be obtained. This section will 

elaborate on the experimental setup and theoretical considerations for the TR-MOKE 

measurements on top of Section 2.3. Additionally, the magnetization dynamics and the extracted 

dynamical properties as functions of external fields are presented and discussed in detail.    

As briefly covered in Chapter 2, the all-optical pump-probe setup employed for TR-MOKE 

measurements is sourced with an amplified Ti:Sapphire femtosecond laser. This femtosecond laser 

features a central wavelength 𝜆 = 800 nm and a repetition rate of 1 kHz. The laser beam is split 

into two with an intensity ratio of 9:1 for pumping and probing, respectively. To thermally excite 

the ultrafast spin dynamics, the pump beam is incident onto the sample with an angle of ~16º from 

the 𝑧-axis, and a lens with a focal length of 250 mm is used to focus the pump pulse into a spot of 

100 μm in diameter, producing a fluence of 0.1 mJ cm–2 to 10 mJ cm–2 per pulse on the sample. 

To probe the excited transient magnetic states, a time-delayed probe pulse is set to normal 

incidence and focused into a smaller spot that overlaps with the pump spot using a 200 mm lens. In 
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this normal incidence geometry, the polar MOKE dominates, and hence, the optical signals are 

most sensitive and linearly proportional to the 𝑧 -component of magnetization of the FeCo 

sublattice.(49) Compared to the pump arm, additional optics are added to linearly polarize the 

probe arm, causing additional attenuation in its intensity. Therefore, the fluence of a probe pulse 

measured at the sample is around 0.01 mJ cm–2, which is at least one order lower than that of a 

pump pulse. The chirp of the femtosecond light source was optimized for the probe pulse duration 

on the sample side, which was measured to be ~160 fs with an autocorrelator. In the measurement, 

an extra modulation on the pump arm by an optical chopper at 37 Hz was adapted to improve the 

signal-to-noise ratio. Because of the strong PMA in the 𝑧-gradient GdFeCo, an external magnetic 

field 𝐻9^O was applied at an angle of ~6º from the 𝑥-axis such that a coherent spin precession 

motion can be triggered after the initial laser-heating excitation. Ideally, the external field needs 

to be strong enough to minimize the potential influence of multidomain effects(128) and to ensure 

that the sample relaxes back to the same well-defined initial state after each excitation by the laser 

pulse. From the shape of the IP and OP hysteresis loops shown in Figure 4-2c, it can be seen that 

a 𝐻9^O larger than ~0.4 T is sufficiently high to keep the 𝑧-gradient GdFeCo sample in a single-

domain state that is tilted slightly away from its easy axis at rest. For separating common artifacts 

and isolating the optical signals originating from thermally excited magnetic states, the TR-MOKE 

measurements were repeatedly carried out at both positive and negative 𝐻9^O and the difference 

was extracted as the experimental results.(128) The schematic, configuration, and axes 

conventions of this TR-MOKE measurement are illustrated in Figure 4-1. 

Given the ultrahigh transient power inherent to this femtosecond pump-probe technique, the laser 

damage threshold of the sample needs to be pre-determined. A series of test samples were exposed 

to pump pulses of different powers for 10 minutes, and the optical hysteresis loops were measured 
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before and after each exposure, as shown in Figure 4-3. By comparing the hysteresis loops before 

and after exposure, it appears that no laser-induced irreversible change was observed until the 

pump fluence reached 3 mJ cm–2. Based on these results, the TR-MOKE measurements in Chapter 

4 were carried out with a pump fluence less than 2.5 mJ cm–2. While GdFeCo has received 

extensive studies for femtosecond laser-driven all-optical magnetization reversal,(123) however, 

the optical fluence used in Chapter 4 was relatively low for triggering all-optical magnetization 

reversal, allowing the presented studies to focus on the laser-induced spin precession process. It is 

noteworthy that although the laser pulses did not permanently damage the sample, a sizable amount 

of heat was still deposited into the sample, and thus, unavoidably altered the experimental 

conditions. Fortunately, based on the pump-induced temporary changes in the coercivity field, the 

local increase in sample temperature caused by a pump beam of 2.5 mJ cm–2 with a 1 kHz repetition 

rate was experimentally calibrated to be less than 15 K, producing acceptably minor thermal 

background on the experiments and has been accounted in all following measurements. Notably, 

such heating was obviously insufficient to bring the sample above its 𝑇-#.  

 

Figure 4-3. Determination of laser damage threshold in the 𝒛-gradient GdFeCo. The laser 

damage threshold was determined by observing whether the optical hysteresis loop was altered 

front (0,2); side (1.16,1.84)

a

c
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after exposure to the pump laser for an extended amount of time. An irreversible change was 

observed after exposure to the pump pulses with fluence above 3 mJ cm–2, indicating the sample 

was damaged under this fluence. 

 

Figure 4-4a depicts representative TR-MOKE signals collected from a 𝑧-gradient GdFeCo film 

excited with a pump fluence of 0.3 mJ cm–2 at ∆𝑡 = 0 ps for µ;𝐻9^O = ±1.2 T. Note that all optical 

signals are normalized to the saturation Kerr rotation 𝜃! (as defined in Section 2.4 and extracted 

from Figure 4-2c) and offset for clarity. The perfect antisymmetry between the temporal traces of 

the 𝜃+ under positive and negative fields can be explained by their thermal origins.(128) Moreover, 

a strong field dependence (will be discussed in detail later) is also observed, affirming that these 

optical signals are rooted in magnetic states. As expected, the TR-MOKE traces feature two 

widely-observed laser-induced ultrafast magnetization dynamics, namely, the demagnetization 

process (Figure 4-4b) and the spin precession process (Figure 4-4c). Overall, with the aid of 𝐻9^O, 

a damping coherent spin precession ( ∆𝑡  > 20 ps) was initiated following the sudden 

demagnetization (∆𝑡 = 0 ps) and fast remagnetization (∆𝑡 = 0 ~ 20 ps) driven by the intense laser 

heating.(129)  

More specifically, before the excitation, magnetic moments are tilted away from the magnetic 

easy-axis by 𝐻9^O and the equilibrium direction is determined by balancing between 𝐻9^O and the 

effective anisotropy field 𝐻+. Upon the action of the intense femtosecond pump at zero delays, the 

sample is instantaneously heated, accompanied by a sharp reduction of ~5% in the magneto-optical 

signal. This is because the transient laser heating changes the magnitudes of both magnetization 

and anisotropy field (magneto-crystalline anisotropy field and shape anisotropy field), establishing 

a new short-lived quasi-equilibrium condition.(130) Within the next ~20 ps, the magnetization 
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starts to restore and moves toward this temporary equilibrium direction. It should be stressed that 

this quasi-equilibrium direction constantly varies as both the magnetization and anisotropy 

gradually recover during this temporal regime. Therefore, it is hard to observe a clear and complete 

precessional motion in this stage. After the first 20 ps, the excess heat diffuses through the thermal 

equilibration among electron, spin, and lattice systems, and the initial equilibrium position is re-

established. Thereby, the magnetization returns to this rest position via a damped coherent 

precession motion during a temporal regime of hundreds of picoseconds.(129)  

 

Figure 4-4. Laser-induced ultrafast magnetization dynamics and TR-MOKE signals. a. 

Typical TR-MOKE signals measured as a function of time delay under positive and negative 

Demagnetization Spin Precession

M
M M ∆""## M
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external fields 𝐻9^O. The measurements were conducted with a pump fluence of 0.3 mJ cm–2 and 

external fields µ;𝐻9^O = ±1.2 T. The red dashed lines represent fits to Equation (4-2), and perfect 

fitting is achieved with the listed parameters. These TR-MOKE traces exhibit two different 

ultrafast processes triggered by the pump pulses, namely, the demagnetization and the coherent 

spin precession. The inset shows the enlarged TR-MOKE signals for the first 20ps after the laser 

excitation. b. Schematic of the laser-induced demagnetization. Upon being heated by an intense 

pump pulse, the magnetization is weakened. It is worth noting that for FIMs, an increase in sample 

temperature does not necessarily lead to a decrease in magnetization. As shown in Figure 4-2b, a 

rise in sample temperature can also result in larger magnetic moments. c. A pump pulse can also 

act as a transient change in the effective external field (∆𝐻9::) onto the sample. For example, the 

laser heating results in a reduction of the magnetic anisotropy field. This transient change drags 

the magnetic system away from its equilibrium state, and thereafter, the sample will undergo a 

spin precession motion to return back to its original equilibrium state. Notably, the dashed lines in 

b and c denote the momentary non-equilibrium states created by the ultrafast laser excitation. 

 

It is widely accepted that the damped magnetization precession is associated with the relaxation of 

energy from the heat-excited coherent magnons to lattice or incoherent magnons.(131) This long-

lived oscillatory behavior, in the temporal regime ∆𝑡 > 20 ps, is of particular interest for extracting 

the key dynamical magnetic properties, and thus, is primarily focused on for the presented studies. 

It appears that only one homogenous single-frequency spin resonance mode, namely, the 

ferromagnetic resonance mode, is observed from this oscillatory. Another mode that has also been 

commonly reported in FIMs, the exchange mode, was not observed here. This absence of the 

exchange mode was expected, because the pump fluence used in these experiments was not 
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sufficient to bring the sample temperature above or close to the vicinity of compensation points, 

which will be demonstrated experimentally in the following sections. Crossing or approaching the 

compensation temperatures is essential for the excitation of the exchange mode, since it is only 

under these conditions will the antiferromagnetic exchange interaction in FIMs be softened enough 

to allow the magnetization direction to deviate considerably from the exchange field, and thus, 

enabling the exchange mode to resonate with a greater amplitude that can be observed.(46, 127)  

While the details of underlying microscopic mechanisms of these laser-induced ultrafast processes 

have been largely debated, useful dynamical parameters can be extracted from this damped single-

frequency oscillation by fitting it to a phenomenological equation: 

𝜃+ = 𝐴@ ∙ sin(2𝜋𝑓∆𝑡 + 𝜑) ∙ 𝑒J∆3 `%&⁄ + 𝐴% ∙ 𝑒J∆3 `'(⁄ + 𝐴b (4-2) 

where 𝐴@, 𝐴%, and 𝐴b are the amplitudes of coherent magnon oscillation, exponentially decaying 

thermal background, and offset, respectively; The 𝜏!c and 𝜏P\ denote the relaxation/decaying time 

constant of the coherent magnon and the background; 𝑓 is spin resonance/precession frequency; 

𝜑 is the excitation-related phase factor. As demonstrated in Figure 4-4a, this model fitting (dashed 

red line) by a least-squares method successfully reproduces the experimental results (symbols), 

yielding reliable estimates of the spin precession frequency and relaxation time with relatively 

small uncertainties, as listed in Figure 4-4a. This perfect fitting again indicates that the 

ferromagnetic mode dominates in this measurement. Directly from these fitting results, the 

effective damping constant 𝛼9::, a widely accepted measure of how fast the energy and angular 

momentum can be dissipated or transferred from the magnetic system into other systems in 

materials, can also be headily evaluated based on 𝛼9:: = 1 2𝜋𝑓𝜏!c⁄ , which is 0.138 in this 

measurement. This 𝛼9:: value also agrees well with those typical values obtained in GdFeCo.(46) 

This 𝛼9::, however, not only contain intrinsic contributions that reflect the material properties but 
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also takes in extrinsic contributions that depend on the inhomogeneities/multidomain of the 

sample’s magnetic properties, spin pumping into the adjacent areas, and the experimental 

conditions (such as the direction of 𝐻9^O, the strength of 𝐻9^O, and the pump fluence) Therefore, 

the dependences of 𝑓 , 𝜏!c , and 𝛼9:: , on 𝐻9^O  need to be systematically investigated to better 

understand how the vertical composition gradient can affect the dynamical behaviors.  

Thereby, the TR-MOKE measurements depicted in Figure 4-4a were repeated at various 𝐻9^O from 

0.2 to 1.2T, and the same model fitting to Equation (4-2) was performed to determine the values 

of 𝑓, 𝜏!c, and 𝛼9:: as summarized in Figure 4-5. Note that at 𝐻9^O < 0.2T, it appears that spin 

oscillation stopped before completing a full precession cycle. Therefore, the data acquired at 𝐻9^O 

< 0.2T are not suitable for reliable extraction of the dynamical parameters. When 𝐻9^O increases 

from 0.2 to 1.2T, the ferromagnetic resonance frequency 𝑓 monotonically increases from 15 to 22 

GHz with a quantitative agreement with that calculated using the fast Fourier transform (FFT). 

This field dependence can be described by an approximated Kittel model, which is derived in 

Ref.(46) for a similar experimental configuration and a GdFeCo sample with robust PMA, with an 

anisotropy field µ;𝐻+ = 1.70±0.09 T. This 𝐻+ value is significantly lower than that estimated from 

Figure 4-2d, such discrepancy is likely because the intense pump pulse elevates the background 

temperature of the sample and weakens its anisotropy.  
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Figure 4-5. Key dynamical properties of a GdFeCo thin film with a vertical composition 

gradient from Gd0.41(FeCo)0.59 at the bottom to Gd0.27(FeCo)0.73 at the top. a, b, and c are the 

IP field dependence of spin precession frequency 𝑓, the damping factor 𝛼9::, and the magnon 

relaxation time 𝜏!c. The inverse of magnon relaxation time, i.e., 1 𝜏!c⁄  serves as a simple measure 

of the intrinsic damping factor. All three parameters increase with the 𝐻9^O.  d. The 𝛼9:: − 1 𝜏!c⁄  

curve provides insights into the extrinsic and intrinsic components of the damping factor as 1 𝜏!c⁄  

can serve as a simple measure of the intrinsic component of the damping factor. The apparent 

linear correlation between the 𝛼9::  and the 1 𝜏!c⁄ 	 suggests a dominant role of the intrinsic 

component in the experimentally-obtained damping factor. 

a b

c d
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Compared to the resonance frequencies, 𝛼9:: exhibits a less pronounced field dependence with the 

modest increase at larger 𝐻9^O. However, this is unexpected as the 𝛼9:: contains both intrinsic and 

extrinsic contributions. The extrinsic parts, which are mainly attributed to the inhomogeneities of 

the sample and magnon scattering processes, depend strongly on the external field.(121, 132)  To 

further examine this observation, the intrinsic damping contributions are evaluated from the 

inverse relaxation time (i.e., 1/𝜏!c) given that 1/𝜏!c is linearly related to the intrinsic damping 

when the sample is in a single domain state that the inhomogeneous broadening of the spin 

precession is presumably minimized.(132, 133) Similar to the field dependence of 𝛼9::, the 1/𝜏!c 

also increases with the 𝐻9^O. Noticeably, when the 𝛼9:: is plotted as a function of the 1/𝜏!c in 

Figure 4-5d, an apparent linear relationship between the two can be found, except for outlying one 

datapoint associated with µ;𝐻9^O = 0.2 T. This discrepancy can be ascribed to the fact that at a low 

field regime, the sample does not stay in a single domain state and the resulted inhomogeneities 

lead to that: (1) the linear relationship between the inverse relaxation time and the intrinsic 

damping is no longer valid; (2) the external field becomes insufficient to suppress the extrinsic 

components of 𝛼9:: as the value of 𝛼9:: is larger than what is interpolated from a linear fitting on 

the 𝛼9:: − 1/𝜏!c curve; (3) the sample was not brought back to its initial state after each thermal 

perturbation by the intense pump pulses, causing the experimental results to be less reliable. Indeed, 

this explanation is also supported by the MOKE hysteresis loop shown in Figure 4-2c, where only 

at µ;|𝐻9^O| ≥ 0.4 T, a single magnetization state is defined. With this analysis, it is concluded that 

the obtained 𝛼9:: is predominated by the intrinsic damping of the 𝑧-gradient GdFeCo sample, and 

therefore, does not manifest a strong field dependence. Based on these results, to minimize the 

experimental error that arises from the multidomain states and to simplify the analysis, the TR-
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MOKE measurements in the following sections are all conducted at µ;|𝐻9^O| ranging from 0.4 T 

to 1.2 T.  

The successful reproduction of the experimental data with reliable model fitting and the 

remarkable self-consistence among the experimental observations both convince that the spin 

dynamics probed by the TR-MOKE measurements represent the coherent ferromagnetic 

precession motion, and the experimental results yield reliable estimates of the key dynamical 

properties of the 𝑧-gradient GdFeCo sample, where the extrinsic effects, such as the effects by 

experimental conditions, are negligible. The estimated ferromagnetic frequency 𝑓  of tens of 

gigahertz and damping factor 𝛼 of ~0.1 in the 𝑧-gradient GdFeCo sample are in good agreement 

with previous systematic studies on uniform GdFeCo films(46), suggesting that incorporating a 

moderate composition gradient into the GdFeCo not only provides extra design flexibility and 

substantial technological advances but also preserves the ultrafast dynamical properties of GdFeCo 

that are desirable for high-frequency spintronic devices.  

 

4.4 Controlling Ultrafast Spin Dynamics by Laser Power 

Beyond the precessional processes that can be described conventionally in terms of classical 

thermodynamics, the intense femtosecond laser can also ultimately disturb the thermodynamic 

equilibrium among the charge, spin, and lattice degrees of freedom in a magnetic system on an 

extremely short timescale. Exploring these strongly non-equilibrium and the related processes will 

create critical insights into elementary mechanisms and the energy flow channels that set the 

fundamental limits for magnetization manipulation, paving the way toward ultrafast switching 

strategies for high-speed spintronics devices. Indeed, on the engineering side, ultrafast optical 

excitation (<1 ps) has been representing, ever since its groundbreaking discovery,(134) an 



 93 

intriguing approach to control magnetization at a much faster speed than the characteristic 

timescales of spin-orbit interaction (~1–10 ps), spin-lattice relaxation (~1–100 ps), or spin 

precession (~10–1000 ps) that typically govern the magnetization reversal.(2, 135) While it is 

therefore expected that optical manipulation of magnetization will revolutionize the field of 

spintronics toward a range of unprecedentedly high frequencies (~10–100 GHz), the fundamental 

mechanisms that are responsible for energy and angular momentum transfers between photons, 

charges, spins/magnons, and lattices/phonons in these ultrashort temporal regimes remain poorly 

understood. Along this line, the laser-induced spin dynamics are further explored in this section 

by carrying out the TR-MOKE measurements with different pump fluence. To focus on the 

potential effects of the composition gradient, control experiments were also performed on a 

uniform Gd0.35(FeCo)0.65 thin film. A significantly different dependence on the pump fluence was 

observed in the 𝑧-gradient GdFeCo sample, indicating that much richer dynamics and physics 

occur in the 𝑧-gradient GdFeCo sample. 

Figure 4-6 shows the variation of TR-MOKE signals with an applied field of 1.2 T at different 

pump fluences ranging from 0.3 mJ cm–2 to 2.0 mJ cm–2, in which the results of 0.3 mJ cm–2 are 

adopted from Section 4.3. Offsets are added in Figure 4-6a to improve clarity.  As the laser fluence 

increases, the detected TR-MOKE signals, as shown in Figure 4-6a, are altered dramatically while 

still featuring two types of processes: (1) a step-like instantaneous demagnetization followed by a 

partial recovery process in the temporal regime of ∆𝑡 < 20 ps; and (2) an exponentially decaying 

thermal background accompanied by a damped spin oscillatory after a time delay of > 20 ps and 

subsequently relaxes back to the initial state.  
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Figure 4-6. Pump fluence dependence of the TR-MOKE signals. a. Experimental TR-MOKE 

data acquired by the all-optical pump-probe technique at different pump fluences with an external 

field of 1.2 T. The TR-MOKE traces at different pump fluences differ dramatically. b. The spin 

precession signal separated from the raw data in a by subtracting an exponentially decaying 

thermal background. c. The fast Fourier transform of the data presented in b. Note that for the 

curve colors in b and c, red represents higher pump fluences, while black is for lower pump 

fluences, corresponding to those in a. In all a, b, and c, three distinct regimes (I) <0.6 mJ cm–2 (II) 

0.6 mJ cm–2 ~ 1.4 mJ cm–2, and (III) >1.4 mJ cm–2 can be observed. 

 

As demonstrated previously, within the first 20 ps after the impulse of a femtosecond laser, 

demagnetization occurs at all pump fluences, producing similar changes in the TR-MOKE signals 
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varying from ~5% for 0.3 mJ cm–2 to ~10% for 2.0 mJ cm–2 in the same direction. Such a 

monotonic increase in the demagnetization signals with the pump fluence implies that the ultrafast 

spin dynamics are mainly heat-driven. Unlike the demagnetization parts of the TR-MOKE signals, 

the oscillatory parts that represent the spin precession dynamics and heat-excited coherent 

magnons were substantially modified by the pump fluence.(131) To simplify the analysis of 

precession behaviors, the TR-MOKE signals are first fitted to an exponentially decaying function 

with offset (i.e., the second and third terms of Equation (4-2)), which is linked to the 

demagnetization process and thermal background signals. By subtracting these fitting results from 

the experimental data, the separated oscillatory part of the TR-MOKE signal is plotted in Figure 

4-6b for ∆𝑡 > 20 ps, and three strikingly different regimes can be distinguished: (I) the pump 

fluence is smaller than 0.6 mJ cm–2; (II) the pump fluence is between 0.6 mJ cm–2 and 1.4 mJ cm–

2; and (III) the pump fluence is large than 1.4 mJ cm–2. Notably, in Regime I and III, the 𝑧-gradient 

GdFeCo sample behaves as a simple ferromagnet showing a single-frequency spin oscillation, 

which is ascribed to the ferromagnet resonance mode and can be well-fitted using Equation (4-2) 

as described in Section 4.3. Based on the fitting results, these two ferromagnetic precession 

motions, however, are quantitatively distinct and have a 180º phase difference which reveals the 

magnetization initially moves toward opposite directions. Surprisingly, the spin oscillation 

remains almost the same for all different pump fluences in Regime III, all of which can be 

characterized by nearly identical 𝑓 , 𝛼9::  and 𝜏!c . Noticeably, the spin precession/resonance 

frequency in Regime III is ~35GHz, which is significantly higher than that of ~22 GHz in Regime 

I. In contrast, the relaxation times extracted in both Regime I and Regime III are approximately 

equal, which are around 60 ps. In Regime II, the oscillatory part appears to gradually transit from 

the ferromagnetic resonance mode in Regime I to the ferromagnetic resonance mode in Regime 
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III. Apparently, two evidently different behaviors can be further distinguished in Regime II. When 

the pump fluence is 0.6 and 0.9 mJ cm–2, denoted by IIa, no oscillation has been observed. However, 

in the cases of 1.1 and 1.4 mJ cm–2 (denoted by IIb), a weak spin oscillation can be recognized. 

These oscillatory behaviors in Regime IIb are clearly more intricate than those in Regime I and 

Regime III. Using Equation (4-2) to fit the measured data in Regime IIb yields large uncertainties, 

which limit further quantitative analysis. This deficient fitting is due to the small magnitude of the 

oscillatory signals as well as the incomplete precession cycle. On the other hand, it may indicate 

the possible coexistence of multiple spin oscillation modes with different frequencies. Instead, 

these frequency characteristics can be directly seen from the FFT spectra presented in Figure 4-6c. 

A well-resolved single peak can be seen in Regime I and Regime III, with a peak location that 

agrees well with the fits to Equation (4-2). Figure 4-7 summarizes the fluence dependence of 𝑓, 

𝛼!, and 𝜏!c extracted from Figure 4-6b. Here, the 𝛼! is a figure of merit that is linked to the value 

of 𝛼9:: at a high field of 1.2T, where the effects of inhomogeneities or domain fluctuations can be 

largely suppressed. For this reason, 𝛼! serves as a simplified measure of the intrinsic damping 

factor. Based on this simplification, the 𝛼!  is either defined as the 𝛼9::   at µ;𝐻+  = 1.2 T or 

extracted by fitting the field dependence of 𝛼9:: to 𝛼9:: = 𝛼! + 𝛼;exp(−𝐻9^O/𝐻;). In the latter 

case, the 𝛼!  represents to the saturation 𝛼9::	at an infinite 𝐻9^O . Obviously, the three distinct 

regimes of the fluence dependences of the TR-MOKE results can also be seen in Figure 4-7.   
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Figure 4-7. Fluence dependence of dynamical properties of a GdFeCo thin film with a 

vertical composition gradient. a, b, and c are the fluence dependences of spin precession 

frequency 𝑓, approximated intrinsic damping factor 𝛼!, and magnon relaxation time 𝜏!c. These 

parameters are obtained by fitting the experimental results to Equation (4-2). The 𝛼!  is then 

evaluated from either the 𝛼9:: at µ;𝐻+ = 1.2 T or by fitting the field dependence of 𝛼9:: to 𝛼9:: =

𝛼! + 𝛼;exp(−𝐻9^O/𝐻;). In this way, the 𝛼! is linked to the 𝛼9:: at a high field, where the extrinsic 

components are expected to be strongly suppressed, and therefore, serves as a simple measure of 

the intrinsic damping factor. In all a, b, and c, three distinct regimes can be clearly identified as 

those labeled in Figure 4-6a. 

 

This intriguing pump fluence dependence is similar to those reported in a uniform GdFeCo film in 

earlier studies,(46, 127, 136) in which the compensation points were involved either by changing 

the temperature or tuning the composition. Nevertheless, this interpretation, which relies on the 

possible local elevation of sample temperature above the compensation point (i.e., 𝑇-#), is not 

valid for the pump fluence dependence observed in Figure 4-6. This is because the pump intensity 

is not high enough to heat the sample to above the 𝑇-# as mentioned before in Section 4.3. A closer 

look into the time traces of the thermally triggered magnetization dynamics is provided by 

measuring the optical hysteresis loops at different time delays after heating the sample with a pump 

a b c
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pulse of 2.0 mJ cm–2. As reflected by the optical hysteresis loops in Figure 4-8, despite the 

magnetic moments being noticeably perturbed by the femtosecond laser excitation, the polarity of 

the signal remains unchanged, conclusively revealing that the sample was not heated above the 

𝑇-#, even with the most intense pump pulse applied in these measurements.  

 

Figure 4-8. Optical hysteresis loops measured at different delays after the transient laser 

heating. Data are collected with a pump fluence of 2.0 mJ cm–2, which is the highest fluence 

applied in Chapter 4. Although the optical hysteresis loops at different delays show noticeable 

differences, the polarity of these hysteresis loops remains unchanged, confirming that the sample 

temperature is not elevated above the 𝑇-# even with the strongest laser heating in this study.  

 

To unambiguously assess the influence of vertical composition gradient on the dynamical 

properties, especially the peculiar dependence on pump fluence. A series of control experiments 

were carried out on a uniform Gd-rich Gd0.35(FeCo)0.65 film, which represents a trivial case, and 

the results are summarized in Figure 4-9. This composition is precisely controlled to be the same 

as the average composition in the 𝑧-gradient case (𝑥\K
Fde  = 0.35) and is uniform across a total 

thickness of 5 nm. Figure 4-9a presents both the IP and OP hysteresis loops collected from this 
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uniform sample. The polarity of the optical hysteresis loop firmly confirms the dominance of the 

Gd sublattice. Additionally, 𝐻# and 𝐻+ are virtually identical to those of the 𝑧-gradient sample, 

demonstrating a magnetic resemblance between the uniform Gd0.35(FeCo)0.65 sample and the 𝑧-

gradient GdFeCo sample. Distinctly different from the cases of 𝑧-gradient GdFeCo samples, no 

substantial dependence on the pump fluence is observed in the oscillatory parts. All temporal traces 

hold similar features: a sudden demagnetization process occurs within the first few picoseconds, 

followed by an exponentially decaying single-frequency spin oscillation. This FM-like behavior is 

frequently observed when the FIM is not in the vicinity of the compensation conditions. Note that 

these temporal traces of TR-MOKE signals also qualitatively resemble the spin dynamics of 𝑧-

gradient GdFeCo samples in Regime I and Regime III. Clearly, the TR-MOKE signals from this 

uniform Gd0.35(FeCo)0.65 film can all be reproduced using Equation (4-2). The field dependence 

acquired at different pump fluences for the uniform sample is depicted in Figure 4-9c, where 

virtually no difference is observed among different pump fluences. The overlapping among the 

𝑓 − 𝐻9^O  curves suggests that the 𝐻+  remains approximately constant at different fluences, 

indicating the spin precession motion indeed takes place after the magnetic anisotropy is fully 

restored. Likewise, it is also concluded from the damping factor that the spin precession/resonance 

mode in this uniform Gd0.35(FeCo)0.65 film only has inconsequential dependence on the pump 

fluence. Note that although the 𝛼9:: − 𝐻9^O curves show obviously different trends, the values of 

𝛼!, which is more relevant to the intrinsic damping properties of a material, are approximately the 

same. These distinctive 𝛼9:: − 𝐻9^O  curves can be explained by considering that a stronger 

femtosecond pulse substantially softens the magnetic anisotropy. As a result, the sample excited 

by high fluence is more likely to be uniformly perturbed, and the external field can also suppress 
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the domain fluctuations more easily, thereby leading to a reduction in the extrinsic damping 

contributions and less significant field dependence.  

 

Figure 4-9. Control measurements on a uniform Gd0.35(FeCo)0.65 thin film. a. The static optical 

hysteresis loops of the control sample. The composition of the control sample is uniform and is 

selected as the average composition of the 𝑧-gradient sample (𝑥\K
Fde = 0.35). Both the IP and OP 

loops magnetically resemble those of a GdFeCo with a vertical composition gradient. b. Fluence 

dependence of the TR-MOKE measurements performed on the uniform sample under identical 

experimental conditions as those for the 𝑧-gradient sample. Unlike the 𝑧-gradient sample, no 

significant dependence on the pump fluence is detected. c and d. The fundamental dynamical 
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magnetic properties, 𝑓  and 𝛼9:: , extracted from the series of field-dependent TR-MOKE 

measurements at different pump fluences for the uniform sample. The 𝛼! in d implies the 𝛼9::	at 

an infinite 𝐻9^O and is supposedly linked to the intrinsic damping factor of a material structure. It 

is concluded from c and d that no significant fluence dependence is observed here.   

 

Compared with the results collected on the 𝑧-gradient sample, this independence on the pump 

fluence observed in a uniform sample firmly suggests that the exotic fluence dependence and the 

associated spin dynamics in the 𝑧-gradient sample are surprisingly unique results of the vertical 

composition gradient.  

More intriguingly, a further comparison reveals that the spin oscillation triggered by high-fluence 

pumps in the 𝑧-gradient sample (Region III of Figure 4-6a) exhibits a high degree of similarity to 

that observed in the uniform samples. To be more specific, the foregoing results of the fluence 

dependence (in Figure 4-6) reveal that the 𝑧-gradient sample manifests two distinctly dissimilar 

single-frequency FMR modes, namely, a low-frequency, field-independent mode excited at a low 

pump fluence (Regime I in Figure 4-6a) and a high-frequency, field-dependent mode excited at a 

higher pump fluence (Regime III in Figure 4-6a). The field dependences of these two spin 

resonance modes are depicted comparatively in Figure 4-10, where the data at 0.3 mJ cm–2 

represent the features under a low-fluence stimulation (i.e., Regime I in Figure 4-6a), while the 

results at 2.0 mJ cm–2 represent the features for a high-fluence pump pulse (i.e., Regime III in 

Figure 4-6a). Figure 4-10 also contains the corresponding results from the uniform Gd0.35(FeCo)0.65 

sample for a direct comparison, and it clearly illustrates that the high-fluence results of the 𝑧-

gradient sample are magnetically similar to the only mode inherent to the uniform Gd0.35(FeCo)0.65 

sample. By contrast, the results collected at low fluences feature an entirely different field 
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dependence. Both the 𝛼9:: and the 𝑓 manifest a relatively low sensitivity to the external magnetic 

field, unmistakably implying the presence of a different spin precession/resonance mode. On the 

basis of these experimental observations, it is evident that the introduction of a vertical 

composition gradient not only does not deteriorate the highly promising dynamical properties of 

GdFeCo as the original ferromagnetic spin precession mode inherent to GdFeCo is well-sustained 

but also creates an additional distinct and peculiar spin precession/resonance mode which directly 

suggests that there are likely more pathways to transfer energy and angular momentum to 

manipulate magnetization.  

 

Figure 4-10. The distinction between the spin precession/resonance modes in the 𝒛-gradient 

sample and the uniform Gd0.35(FeCo)0.65 sample. a and b. The field dependences of spin 

precession frequency/damping factor in a 𝑧-gradient sample (open marker) and a uniform sample 

(solid marker). The data at 0.3 mJ cm–2 represent the features under low-fluence stimulation (i.e., 

Regime I in Figure 4-6a) and the results at 2.0 mJ cm–2 represent the features for high-fluence 

pump pulse (i.e., Regime III in Figure 4-6a). It is concluded from a and b that the 𝑧-gradient 

GdFeCo not only preserves the intrinsic spin precession mode of the normal GdFeCo material but 

a b
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also features an additional spin precession/resonance mode with a distinctly dissimilar field 

dependence.  

 

4.5 Summary 

In Chapter 4, a newly developed ferrimagnetic structure, i.e., the GdFeCo thin film with a vertical 

composition gradient, was comprehensively investigated and characterized for its laser-induced 

ultrafast spin dynamics and dynamical properties using the TR-MOKE measurements. The 

material parameters of the 𝑧-gradient GdFeCo and the experimental conditions were delicately 

chosen to place particular emphasis on the dynamical properties that fundamentally govern the 

SOF-induced magnetization manipulation, which commonly proceeds via the precessional motion 

of spin. The main dynamical parameters, namely, spin resonance frequency and damping factor, 

were precisely and accurately evaluated by model-fitting the experimental TR-MOKE results 

produced by transient thermal excitation. The field dependences of these properties were also 

investigated to provide a more comprehensive understanding of the 𝑧-gradient GdFeCo. Based on 

the analysis of the field dependences, it was concluded that the TR-MOKE measurements yielded 

information that faithfully reflected the intrinsic properties of 𝑧 -gradient GdFeCo. The 

ferromagnetic resonance frequency and damping factor were of particular interest, estimated to be 

a few tens of gigahertz and ~0.10, respectively. Surprisingly, while the vertical composition 

gradient naturally introduced additional inhomogeneities into the sample, which generally 

degrades the dynamical properties, these results indicated that the 𝑧 -gradient sample likely 

preserved the technologically desired dynamical properties. 

To gain further insights into the laser-induced ultrafast spin dynamics and dynamical properties of 

𝑧-gradient GdFeCo, the pump fluence dependence of TR-MOKE signals was also investigated 
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thoroughly. Surprisingly, these signals exhibited an unusual dependence on the pump energy, 

which was subsequently confirmed to be a direct and unique consequence of the vertical 

composition gradient through comparing with a series of elaborate control experiments on a 

uniform Gd0.35(FeCo)0.65 sample. The TR-MOKE data and the dynamical magnetic properties 

extracted from the fluence-dependent results can be categorized into three distinguishable regimes. 

In particular, a low-frequency (~22 GHz at 1.2 T) spin oscillation with a weak field dependence 

was triggered with low-fluence (<0.6 mJ cm–2) pump pulses. Comparatively, a field-sensitive, 

high-frequency (~35 GHz at 1.2 T) mode was excited by high-fluence (>1.4 mJ cm–2) pump pulses. 

In the intermediate fluence regime (0.6 mJ cm–2 ~ 1.4 mJ cm–2), the TR-MOKE results gradually 

transitioned from one mode to another and appeared to be in a mixed spin oscillatory/precessional 

mode. Noteworthily, the high-frequency mode of the 𝑧-gradient GdFeCo was virtually identical to 

the only intrinsic ferromagnetic resonance mode of a uniform Gd0.35(FeCo)0.65. It was therefore 

concluded that the 𝑧-gradient sample not only sustained the spin precession/resonance mode and 

the high-frequency properties inherent to a normal GdFeCo but also possessed various intriguing 

spin precession/resonance modes that were exclusively created by the vertical component gradient. 

These findings revealed the possible existence of much richer ultrafast spin dynamics and physics 

in the 𝑧-gradient GdFeCo. They also marked the potential of creating extra channels for injecting 

energy and angular momentum to better control magnetic materials by selectively introducing 

composition gradients.  

In this respect, these observations will promote the idea of utilizing composition gradients and 

highlight the great flexibility of FIMs for material engineering toward faster and more efficient 

magnetization manipulation for advanced and applicable spintronic memory and logic devices. 
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CHAPTER 5. Summary and Perspective 

Aiming at innovating modern magnetic memory, and more broadly, spintronic devices, this 

dissertation has experimentally explored two emerging classes of materials, topological insulators 

and ferrimagnets, for achieving more efficient and faster control of magnetism. By investigating 

the generation of spin-orbit torques and the correlated spin dynamics in several representative 

material systems and heterostructures based on topological insulators and ferrimagnets, with 

highlights of applying advanced magneto-optical detection techniques, this line of research has 

offered valuable knowledge about these novel materials and has tackled some of the core 

challenges in comprehending the underlying mechanisms and in developing practicable spintronic 

devices. In view of this, the results covered in this dissertation will doubtlessly open up new 

prospects for developing next-generation spintronic memory and logic applications.  

Towards these aforementioned goals, this dissertation first outlined two detection techniques based 

on the magneto-optical Kerr effect, which have been employed to obtain the main results of this 

dissertation. One was a sensitive spin-orbit field magnetometer that can statically probe various 

magnetic phenomena and accurately characterize the underlying material properties, especially the 

charge-spin conversion efficiency. This optical magnetometer can serve as a powerful supplement, 

or even an ideal alternative, to standard magneto-transport techniques (e.g., anomalous Hall 

measurements). More attractively, the optical detection generally requires minimal sample 

preparation and allows for more flexible modulation/lock-in techniques to avoid the artifacts and 

nonlinear effects frequently found in traditional transport methods, making it highly preferable for 

investigating unconventional materials. Another technique introduced was the time-resolved 

magneto-optical Kerr effect measurement, an all-optical pump-probe technique designed to study 

ultrafast magnetism and offer in-depth analysis of dynamical magnetic properties. With an 
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advanced femtosecond laser, it can straightforwardly produce temporal traces of ultrafast 

magnetization dynamics with a sub-picosecond resolution, which is unparalleled by traditional 

techniques like ferromagnetic resonance experiments. In principle, these two optical detection 

techniques hold great promises for addressing the new challenges that come with the appealing 

features of topological insulators and ferrimagnets. More remarkably, the delicate integration of 

these two optical techniques onto a single femtosecond optical measurement platform has vastly 

improved the feasibility and convenience of finding novel spintronic material systems with fast 

dynamics and high efficiency from an experimental and technical point of view. The preceding is 

the main body of Chapter 2. 

On the basis of these optical techniques and the laser experiment platform, topological insulators 

were studied for their long-predicted superiority in energy efficiency, as presented in Chapter 3. 

One of the most troublesome issues faced by topological insulators is the significant discrepancy 

among the charge-spin conversion efficiency measured by various techniques (e.g., harmonic 

magneto-transport measurements) in earlier reports. Indeed, the origin of these signals is still 

debatable. Chapter 3 began with the first application of the optical spin-orbit field magnetometer 

in quantifying the charge-spin conversion efficiency of topological insulators. The optical 

measurements were carried out on a Cr-doped topological insulator structure at cryogenic 

temperatures (~12 K). Notably, the optical signals unambiguously exhibited signatures that 

originated from the macroscopic magnetization oscillations driven by the spin-orbit fields. More 

convincing supports were that the charge-spin conversion efficiencies extracted from these optical 

results quantitatively agreed with those acquired independently from a hysteresis loop shift method. 

Thereby, the optical spin-orbit field magnetometer can serve as a reliable yet straightforward probe 

for the charge-spin conversion efficiency in topological insulator-based material systems. 
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Benefiting from these detection methods, subsequent investigations of the charge-spin conversion 

efficiencies in topological insulators, including experiments on temperature dependence and 

carrier concentration dependence demonstrated here and done by other collaborators,(57) provided 

a possible explanation for the disagreement in earlier studies; revealed the vital role of topological 

surface states in generation spin-orbit fields; and most importantly, firmly suggested that 

topological insulators were outstanding candidates for efficient spin current generators. 

In view of these, another important issue concerned in Chapter 3 was whether it would be 

technologically feasible for topological insulators to be incorporated into practical spintronic 

memory and logic devices, in which case the ambient temperature operation and the compatibility 

with modern semiconductor manufacturing are indispensable. In pursuit of these goals, a 

topological insulator-based magnetic structure with a multifunctional molybdenum layer, i.e., 

topological insulator/Mo/CoFeB/MgO, was developed. As a result of this Mo insertion, the 

industry-preferred ferromagnetic CoFeB/MgO system with robust perpendicular anisotropy was 

successfully integrated onto the topological insulator with high quality, and the current-induced 

magnetization switching via the spin-orbit fields generated by the topological insulator was also 

achieved at room temperature. As envisioned, the energy efficiency of this magnetization 

manipulation, as parameterized by the effective spin Hall angle 𝜃!&, exceeded 100%, keeping 

overall power consumption at least one order of magnitude lower than those of conventional heavy 

metals. More excitingly, these advantages mentioned above of the topological 

insulator/Mo/CoFeB/MgO structures are sustained at an elevated annealing temperature up to 400 

°C owing to the thermally stable Mo layer. This demonstrated, for the first time, exceptional 

thermal tolerance and a board heat treatment window that are imperative for the modern 

semiconductor industry. The findings presented in Chapter 3 delivered a definitive yes to whether 
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topological insulators would bring a breakthrough in the energy efficiency of spintronic 

applications. 

Another primary focus of this dissertation was to investigate the characteristics of emerging 

ferrimagnetic systems with the aim of boosting the operation speed of future spintronic devices. 

In this regard, the dynamical properties of a ferrimagnetic GdFeCo film with a vertical 

compositional gradient were studied in Chapter 4 through the laser-excited ultrafast spin dynamics, 

which are experimentally investigated using the time-resolved magneto-optical Kerr effect 

measurements. It is worth noting that due to the technological interest in the fast control of 

magnetic moments based on spin-orbit fields, both the material structure and the experimental 

condition were deliberately tailored for the precession motion of spin, which underlies the majority 

of phenomena driven by spin-orbit fields. In other words, this experimental study gave a reliable 

estimate of the high-frequency properties intrinsic to this novel ferrimagnetic structure, and the 

findings were tightly relevant to the development of practical high-frequency spintronic devices. 

The characterization of GdFeCo with a composition gradient was first carried out using magnetic 

field-dependent time-resolved magneto-optical Kerr effect measurements. Although the vertical 

composition gradient naturally introduces magnetic inhomogeneities, which usually deteriorates 

the dynamical properties, the experimentally determined ferromagnetic precession/resonance 

frequency of a few tens of gigahertz and damping factor of ~0.10 indicated the advantageous high-

frequency performance of GdFeCo was largely preserved even in the presence of a vertical 

composition gradient. More surprisingly, the pump fluence substantially influenced the laser-

induced spin dynamics. By comparing with a series of systematic and elaborate control 

experiments on a GdFeCo sample with a uniform composition profile, it was subsequently 

confirmed that this unusual dependence on the pump fluence was a direct and unique consequence 
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of the vertical composition gradient. By varying the fluence of laser excitation, two distinctly 

different spin precession/resonance modes — one high-frequency, field-sensitive mode intrinsic 

to GdFeCo, and one low-frequency, field-insensitive mode — were identified in the sample with 

a vertical composition gradient. It was therefore concluded that the gradient GdFeCo sample not 

only retained the spin precession/resonance mode and the high-frequency characteristics inherent 

to the uniform GdFeCo but also possessed various intriguing spin precession/resonance modes that 

were induced by the vertical component gradient. Going further, these findings implied the 

possible existence of much richer ultrafast spin dynamics and physics linked to the vertical 

composition gradient, and consequently, possible channels for injecting energy and angular 

momentum to control the dynamics of magnetization better. In this respect, these observations 

promoted the idea of adding functionality by introducing composition gradients and highlighted 

the great flexibility of ferrimagnets for material engineering toward fast and efficient 

magnetization manipulation, which might ultimately lead to breakthroughs in spintronic memory 

and logic devices. 

Thanks to the community’s pioneering works and ongoing efforts, including the results in this 

dissertation, the material and device platform for spintronics has been broadened in order to 

unleash the full capabilities of spintronic memory and logic devices. Along with the richer material 

choices come a myriad of challenges and opportunities. Indeed, much ahead remains to be 

addressed, explored, and accomplished. Future works could pursue the following areas concerning 

the further implementation of topological insulators and ferrimagnets for spintronics.  

1. Presently, harnessing the exceptional charge-spin conversion efficiency in topological 

insulators to create advanced spin current sources and to write data efficiently to magnetic 

materials has been conceptually demonstrated by many researchers. The next leap in this 
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direction will be the incorporation of topological insulators into functional spintronic building 

blocks like magnetic tunnel junctions since the majority of studies to date were performed on 

prototypic components, i.e., multilayer thin film structures, and the development of operational 

devices that meet the industry standards is only in their infancy.(137) In particular, realizing a 

magnetic tunnel junction with perpendicular magnetic anisotropy and high read-out signals in 

terms of the tunnel magnetoresistance ratio can be targeted as a near-term goal that will appeal 

to the industry.(138) Encouragingly, several foreseeable key obstacles (30) along the path have 

already been tackled to some extent in recent proof-of-concept studies — This dissertation and 

Ref. (55) realized in a topological insulator-based magnetic structure the high thermal tolerance 

that was indispensable in modern semiconductor manufacture; Ref. (71) by J. Wang presented 

a magnetron-sputtered topological insulator that can potentially eliminate the needs for the 

sophisticated, low-throughput epitaxial growth techniques; Ref. (115) by P. Hai developed a 

conductive topological insulator that could keep the overall dissipation low when integrated 

with the frequently used metallic magnets in the industry; And lastly, Ref. (137) showcased a 

functional magnetic tunnel junction based on topological insulators and magnetic materials 

with easy-plane anisotropy, representing a big step toward achieving applicable memory 

components with topological insulators; Thus, the prospects for reaching the objective targeted 

above through further material engineering are bright.  

2. Although the intrinsic material parameters of ferrimagnets strongly indicate a superior 

spintronic platform over the convectional ferromagnets, the direct demonstration of the 

corresponding fast electrical control on ferrimagnetism using spin-orbit torques is still much 

desired but underreported. In this respect, it is of enormous technological value to definitely 

establish the lower limit on the duration of current pulses necessary to successfully switch 
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magnetic systems using spin-orbit torques and to track the temporal evolution of the associated 

ultrafast magnetization reversal process. As the predicted timescales are at the sub-nanosecond 

level, the lack of relevant research in this direction is due in large part to the instruments’ 

limitations in terms of bandwidth and amplitude. This obstacle has, fortunately, been largely 

resolved by the recent studies presented in Ref. (139) and Ref. (140) (co-authored by Q. Pan, 

in submission) by incorporating an Auston switch (i.e., a type of photoconductive switch) and 

employing the optical pump-probe technique with a femtosecond light source. In these studies, 

despite some trivial differences, an Auston switch, which served as an ultrafast current source, 

was fabricated with electrical connections to a typical spin-orbit torque device. Principally, 

this Auston switch was excited by the pump pulse and converted the femtosecond laser pulses 

into electrical pulses that could be as short as a few picoseconds. These photon-generated 

ultrashort current pulses were then swept into the adjacent spin-orbit torque device by a d.c. 

voltage applied across the Auston switch (141) and drove the magnetic reversal processes, 

which were directly monitored by the probe pulses focused onto the spin-orbit torque device 

with a sub-picosecond resolution. Using this approach, deterministic spin-orbit torque 

switching of a ferromagnet is observed for 6-ps-wide electrical pulses,(139) and the switching 

trajectories recorded in the time domain were expected to be completed on timescales of tens 

to hundreds of picoseconds.(142–144) More significantly, the straightforward temporal 

trajectories unambiguously revealed that ferrimagnets could be switched much faster (by a 

factor of ~10) than ferromagnets in a practical device.(144) While these studies are still at an 

early stage, modifications in experimental configuration and further device optimization will 

enable more rigorous investigations to gain a more systematic and comprehensive picture of 

these ultrafast electrical control of magnetization. One critical aspect is how to isolate the 
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experimental signals that solely originated from the ultrashort spin-orbit torques, given that the 

intense optical pumps by themselves can strongly perturb the magnetic system (e.g., thermal 

demagnetization, heat-assisted magnetization reversal, and laser-excited hot electrons), and 

hence, inevitably impact the measurements. A viable solution may be to make the devices 

larger and increase the spacing between the spin-orbit torque device and the Auston switch 

where the pump laser is focused. In this case, it is necessary to redesign the electrical contact 

by combining coplanar waveguides to support the more extended propagation of ultrashort 

current pulses and to re-engineer the Auston switch to sustain a stronger pump fluence and 

output higher currents.(139, 145) Another concern is that the performance of the Auston switch, 

especially when combined with the spin-orbit torque device, is typically asymmetrical under 

positive and negative voltages for producing current pulses in different directions.(141) 

Because the switching behaviors associated with current pulses of opposite polarities with 

respect to an in-plane magnetic field can signify the origin in spin-orbit torques and yield 

essential knowledge for developing practical devices, the Auston switch has to be precisely 

calibrated for its unipolar behaviors. It is worth noting that this issue can be circumvented to 

some extent by reversing the applied field direction in the measurements instead of applying 

opposite currents. Along these lines, the more comprehensive and systematic investigation will 

certainly deliver invaluable information on the rapid magnetization switching by spin-orbit 

torques and potentially unveil uncharted domains of the underlying ultrafast physics. 

Undoubtedly, the insights gained will aid the development of ultrafast control of magnetization 

that is compatible with the existing electronic technologies and will spark high-speed 

spintronic applications in the future. 
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Throughout the years of research leading up to this dissertation, it has been thrilling to witness the 

flourishing of spintronics, and many more intriguing questions and exciting opportunities await 

ahead. Moving forward, the emerging topological insulators and ferrimagnets will surely keep 

revolutionizing the field by empowering faster and more efficient magnetization manipulation.  
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