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ABSTRACT OF THE DISSERTATION 

 

Magnetic Proximity Coupling to Transition Metal Dichalcogenide 

by 

Shiao-Po Tsai 

 

Doctor of Philosophy in Electrical Engineering  

University of California, Los Angeles, 2019  

Professor Kang Lung Wang, Chair 

 

Two-dimensional material family is long time potential semiconductor candidate 

material system, for its ability to suppress short channel effect while scaling gate length. For a 

long time since the graphene monolayer exfoliation successfully in 2004, the researches in the 

field focused on charge-orientated devices such as thin film transistors, negative capacitance 

transistors, or applying its atomic thin thickness as quantum barrier for tunneling devices. 

Recently, because of more characterizations discovered in its special crystal structures, 

researches of spin and magnetism manipulations in 2-D material become prospering. Still, as a 

emerging stage of the field, little understanding of the mechanism inside is always the most 

significant challenge.  

In this dissertation, the author focused on introducing magnetism into MoS2, one of 

transition metal dichalcogenides, through magnetic proximity effect (MPE). In chapter 2, the 

author demonstrated room temperature proximity-induced spin polarization in MoS2, with 
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yttrium iron garnet (YIG) as magnetic proximity host, which was the firstly demonstrated in the 

world. In this chapter, the author also demonstrated the importance of shallow state in MoS2 for 

magnetism introduction through spin resolved photoluminescence (SR-PL). In 2-4, white light 

magnetic circular dichroism (MCD) was implemented to further characterize the inner 

mechanism of MPE. Through the MCD results, the mechanism between MoS2/YIG 

heterostructure was confirmed to be antiferromagnetically exchange coupling. The reference 

MCD of YIG and MoS2/Al2O3/YIG further verified the MPE induced MoS2 spin polarization. It 

was the first time people have better scope of the mechanism of MPE. In the end of this chapter, 

an illustration of band structure is given as explanation for the charge transfer mechanism and 

the resulting antiferromagnetically exchange coupled MoS2 and YIG’s magnetic moments. In 

chapter 3, the antiferromagnetic MPE was studied based on the foundation of chapter 2. An AFM 

perovskite, SmFeO3, was selected as MPE host in this experiment. The SR-PL results showed 

the significance of uncompensated spin contribution in SmFeO3/MoS2 heterointerface. The 

strong external field SR-PL also demonstrated the magnetic canting effect in AFM proximity 

effect is only crucial when uncompensated spin plane of host is presented. The results showed 

the proximity effect triggering in TMD is extremely crucial from the very interfacial atomic layer 

of host. In the last chapter, the author lists several potential future works in this field.  

 

 

 

 

  



iv 

 

 

The dissertation of Shiao-Po Tsai is approved. 

Benjamin S. Williams  

Chee Wei Wong  

Dwight Christopher Streit 

Kang Lung Wang, Committee Chair 

 

 

University of California, Los Angeles  

2019 

 



v 

 

 

TABLE OF CONTENTS 

Chapter 1 Introduction ............................................................................................ 1 

1-1. 2-D van der Waals Materials as a Potential Candidate in Next Generation Semiconductor 

Industry ............................................................................................................................................. 1 

1-2. General Properties of Transition Metal Dichalcogenides ......................................................... 6 

1-3. Valley Pseudospin in TMD ..................................................................................................... 13 

1-4 Introducing Magnetism into TMD ........................................................................................... 18 

1-5 Synopsis ................................................................................................................................... 23 

Chapter 2 Magnetic Proximity Effect in Ferromagnet and TMD Interface ... 25 

2-1 Introduction .............................................................................................................................. 25 

2-2 MoS2/YIG Sample Preparation ................................................................................................ 30 

2-3 Spin Resolved Photo-Luminescence ........................................................................................ 36 

2-4 Magnetic Circular Dichroism ................................................................................................... 47 

2-5 Discussion ................................................................................................................................ 54 



vi 

 

 

Chapter 3 Anti-ferromagnet Contribution to MPE ........................................... 56 

3-1 Introduction .............................................................................................................................. 56 

3-2 Samarium Orthoferrite (SmFeO3) ............................................................................................ 59 

3-3 Uncompensated Spin and Canting Effect Contribution ........................................................... 68 

3-4 Conclusions and Discussions ................................................................................................... 76 

Chapter 4 Conclusion and Future Works ........................................................... 80 

4-1 Conclusion ................................................................................................................................ 80 

4-2 Future Works ............................................................................................................................ 82 

 



 

vii 

 

LISTS OF FIGURES 

Figure 1. The TMD structure and stacking form. ...................................................................... 7 

Figure 2. Phase transition and physical properties in different crystal phase of TMDs [25]

 .......................................................................................................................................... 9 

Figure 3. The illustration of exciton and trion state. ................................................................ 12 

Figure 4. Top and side view of TMD materials. ........................................................................ 14 

Figure 5. The band structure of graphene and TMD in 1st Brillouin zone............................. 15 

Figure 6. K and K’ valley degeneracy in TMD materials. ....................................................... 16 

Figure 7. Comparison of doping method and magnetic proximity effect (MPE). ................. 21 

Figure 8. The crystal structure of YIG. [57] .............................................................................. 27 

Figure 9. The magnetic proximity induced moment and its effect on TMD K and K’ valley 

splitting. ......................................................................................................................... 28 

Figure 10. AFM morphology, XRD, and hysteresis curve of the YIG using in this chapter.

 ........................................................................................................................................ 31 

Figure 11. In-plane hysteresis curve of sputtered YIG on Si/SiO2. ......................................... 32 

Figure 12. The wet transfer process for MoS2 applied in this dissertation. ........................... 33 

Figure 13. The quality verification of MoS2 after wet transferred onto YIG. ....................... 34 

Figure 14. The SR-PL setting in this work. ............................................................................... 37 

Figure 15. Room temperature SR-PL spectra of continuous film MoS2/YIG pumped by 

532 nm laser. ................................................................................................................. 39 

Figure 16. Temperature-dependent SR-PL of continuous film MoS2/YIG. ........................... 41 

Figure 17. SR-PL results under external magnetic field. ......................................................... 43 



 

viii 

 

Figure 18. The defect state contribution to SR-PL. .................................................................. 44 

Figure 19. Temperature dependent SR-PL of (a) polycrystalline continuous film and (b) 

micro-flake MoS2 coupling with YIG without external field. .................................. 46 

Figure 20. A simplified illustration of Faraday effect. ............................................................. 48 

Figure 21. The MPE and the exchange coupling between MoS2 and YIG studied by MCD.

 ........................................................................................................................................ 49 

Figure 22. MCD of bare YIG as the reference to MoS2/YIG system. ..................................... 51 

Figure 23 The normalized MCD taken at 1.97 eV and 2.95 eV. .............................................. 52 

Figure 24 The illustration of the antiferromagnetic coupling between MoS2 and YIG. ....... 53 

Figure 25. Illustration of the Mechanism of AFM coupling between MoS2 and YIG. .......... 54 

Figure 26. Crystal structure of the samarium orthoferrite (SmFeO3). [67] ........................... 59 

Figure 27. The magnetic moment structure of SmFeO3. [68] .................................................. 61 

Figure 28. Conventional setup of pulse laser deposition (PLD). ............................................. 62 

Figure 29. Compensated spin (CPS) and uncompensated spin (UPS) contribution from 

SFO (001) and SFO (111) plane, separately. ............................................................. 63 

Figure 30. AFM photo of SmFeO3 (001) .................................................................................... 64 

Figure 31. AFM photo of SmFeO3 (111) .................................................................................... 65 

Figure 32. The HRXRD results of SmFeO3 (001)/SrTiO3 sample. .......................................... 66 

Figure 33. The HRXRD results of SmFeO3 (111)/SrTiO3 sample. .......................................... 67 

Figure 34. Raman spectroscopy of MoS2 on SmFeO3. ............................................................. 69 

Figure 35. The SR-PL spectra of the MoS2/SmFeO3 bilayer. .................................................. 71 

Figure 36. Temperature dependent SR-PL of MoS2/SmFeO3 bilayer under 5000 Oe 

magnetic field in out-of-plane direction. .................................................................... 73 



 

ix 

 

Figure 37 Kerr microscope photos of MoS2/SFO (001) and MoS2/SFO (111) crystal planes.

 ........................................................................................................................................ 78 

Figure 38. MCD of MoS2/SFO (001) and (111) at near MoS2 bandgap energy range. .......... 79 

Figure 39. Conventional Hall bar structure applied in this chapter. ...................................... 84 

Figure 40. The SEM photos of MoS2 covered nanowires. ........................................................ 86 

 

 

  



 

x 

 

VITA 

 

Education 

 

2010-2012 M.S., Electronic Engineering 

National Taiwan University, Taiwan, R.O.C. 

 2006-2010 B.S., Electrical Engineering 

National Taiwan University, Taiwan, R.O.C. 

 

Publications 

 Journal 

[1] Shiao-Po Tsai, Chin-Chung Chen, Chien-Yu Lee, Tien-Kan Chung, Wen-Hao Chang, Jan-Chi Yang, Chao-Yao Yang*, 

Kang L. Wang*, “Triggering magnetic proximity effect in MoS2 via modulating the magneto-structure of adjacent 

antiferromagnetic pervoskite”, under preparation (2019) 

[2] Shiao-Po Tsai*+, Chao-Yao Yang+, Chien-Yu Lee, Hsia-Ling Liang, Jun Xiao Lin, Hua-Shu Hsu, Ssu-Yuan Huang, 

Wen-Hao Chang, Kang L. Wang*, “Room-temperature magnetism in MoS2 and its antiferromagnetic coupling with a 

ferrimagnetic oxide studied by a layer-selected approach”, under preparation (2019) 

[3] Xiaodan Zhu, Sidong Lei*, Shin-Hung Tsai, Xiang Zhang, Jun Liu, Gen Yin, , Ming Tang, Carlos Torres Jr., Aryan 

Navabi, Zehua Jin, Shiao-Po Tsai, Hussam Qasem, Yong Wang, Robert Vajtai, Roger Lake, Pulickel Ajayan, Kang 

Wang*, “A Study of Vertical Transport through Graphene towards Control of Quantum Tunneling”, Nano Letters. (2018) 

[4] Che-Yu Lin, Xiaodan Zhu, Shin-Hung Tsai, Shiao-Po Tsai, Sidong Lei, Ming-Yang Li, Yumeng Shi, Lain-Jong 

Li, Shyh-Jer Huang, Wen-Fa Wu, Wen-Kuan Yeh, Yan-Kuin Su, Kang L. Wang, Yann-Wen Lan*, “Atomic-Monolayer 

Two-Dimensional Lateral Quasi-Heterojunction Bipolar Transistors with Resonant Tunneling Phenomenon”, ACS Nano. 

(2017) 

http://pubs.acs.org/author/Lin%2C+Che-Yu
http://pubs.acs.org/author/Zhu%2C+Xiaodan
http://pubs.acs.org/author/Tsai%2C+Shin-Hung
http://pubs.acs.org/author/Tsai%2C+Shiao-Po
http://pubs.acs.org/author/Lei%2C+Sidong
http://pubs.acs.org/author/Li%2C+Ming-Yang
http://pubs.acs.org/author/Shi%2C+Yumeng
http://pubs.acs.org/author/Li%2C+Lain-Jong
http://pubs.acs.org/author/Li%2C+Lain-Jong
http://pubs.acs.org/author/Huang%2C+Shyh-Jer
http://pubs.acs.org/author/Wu%2C+Wen-Fa
http://pubs.acs.org/author/Yeh%2C+Wen-Kuan
http://pubs.acs.org/author/Su%2C+Yan-Kuin
http://pubs.acs.org/author/Wang%2C+Kang+L
http://pubs.acs.org/author/Lan%2C+Yann-Wen


 

xi 

 

[5] Shiao-Po Tsai, Ching-Chien Hu, Yu-Tang Tsai, Po-Ching Hsu, Wei-Chung Chen, Cheng-Hsu Chou, Hsin-Hung Lin, 

Chung-Chih Wu*, “High-Performance In-Free Solution-Processed ZnSnO TFTs with Tunable Threshold Voltages” ECS 

Journal of Solid State Science and Technology. (2015) 

[6] Po-Ching Hsu, Shiao-Po Tsai, Ching-Hsiang Chang, Chao-Jui Hsu, Wei-Chung Chen, Hsing-Hung Hsieh, Chung-Chih 

Wu*, “Preparation of p-type SnO Thin Films and Transistors by Sputtering with Robust Sn/SnO2 Mixed Target in 

Hydrogen-Containing Atmosphere” Thin Solid Films.(2015) 

[7] Po-Ching Hsu, Chao-Jui Hsu, Ching-Hsiang Chang, Shiao-Po Tsai, Wei-Chung Chen, Hsing-Hung Hsieh, Chung-Chih 

Wu*, “Sputtering Deposition of P-Type SnO Films with SnO2 Target in Hydrogen-Containing Atmosphere,” ACS Applied 

Materials & Interfaces. (2014) 

 

Selected Conference Paper 

[1] Shiao-Po Tsai, Ching-Chien Hu, Yu-Tang Tsai, Po-Ching Hsu, Wei-Chung Chen, Cheng-Hsu Chou, Hsin-Hung Lin, Chung-

Chih Wu*, “High-Performance In-Free Solution-Processed ZnSnO (ZTO) TFTs with Tunable Threshold Voltages,” 2012 

Taiwan Display Conference. (Outstanding Poster Paper Award) 

[2] Shiao-Po Tsai, Ching-Chien Hu, Yu-Tang Tsai, Po-Ching Hsu, Wei-Chung Chen, Cheng-Hsu Chou, Hsin-Hung Lin, Chung-

Chih Wu*, “ZnSnO TFTs with Tunable Threshold Voltages Using Solution Process,” 2012 International Conference on 

Flexible and Printed Electronics. (oral presentation) 

[3] Po-Ching Hsu, Wei-Chung Chen, Yu-Tang Tsai, Shiao-Po Tsai, and Chung-Chih Wu*, 21-25 Oct, 2012, “Preparation of p-

channel SnO Thin Film Transistors by Sputtering from a Robust Sn/SnO2 Mixed Target”,4th International Symposium on 

Transparent Conductive Materials 

[4] Wei-Chung Chen, Po-Ching Hsu, Yu-Tang Tsai, Shiao-Po Tsai, Chung-Chih Wu*, Hsing-Hung Hsieh, 21-25 Oct, 2012, “p-

Type Copper Oxide Thin Film Transistors Fabricated by Sputtering”,4th International Symposium on Transparent 

Conductive Materials  

[5] Shiao-Po Tsai, Ching-Chien Hu, Yu-Tang Tsai, Po-Ching Hsu, Wei-Chung Chen, Cheng-Hsu Chou, Hsin-Hung Lin, Chung-

Chih Wu*, “High-Performance Indium-Free Solution-Processed Zinc Tin Oxide Thin Film Transistors with Tunable 

Threshold Voltages,” 2012 International Meeting on Information Display. (oral presentation) 

 



 

1 

 

Chapter 1 Introduction 

1-1. 2-D van der Waals Materials as a Potential Candidate in Next 

Generation Semiconductor Industry 

 

As the gate channel length of field effect transistors keeps scaling down, the quantum limit 

starts to be effective below 90 nm gate length generation. For those generations above 10 nm, 

the short channel effect is minimized by various genius methods, such as high-k metal gate and 

Fin-FET structure. However, for designs which gate length shrinks to 5nm and below, gate 

electrical field cannot effectively suppress short channel effects, which not only makes logic 

circuits malfunction but causes great augmentation of static power. New strategies are thus 

urgently required for future generations.  

To further enhance the effective electrical field in the channel to suppress short channel effect, 

one can first consider the electrostatic length:  

𝜆 = √𝑡𝑠𝑡𝑜𝑥𝜀𝑠/𝜀𝑜𝑥 

The electrostatic length is related to surface potential in field effect transistor structure, which 

can thus be served as a parameter to evaluate the ability to suppress short channel effect. 

Empirically, 𝐿𝑐ℎ should be roughly larger than 5𝜆 in order to successfully suppress short channel 

effect. In other words, if one wish to further shorten gate length, 𝜆 should be made as small as 

possible to meet the requirement without triggering short channel effect.  

By carefully inspecting 𝜆,  one should notice high-k metal gate has been applied since 32nm 

generation, in order to minimize 𝑡𝑜𝑥 and 𝜀𝑜𝑥. Talented structural designs such as FinFET for 
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increasing total effective electrical field also have been applied. Decreasing 𝑡𝑠, i.e. the thin body 

solution, thus serves as a promising solution for future generations.  

Nevertheless, thinning body thickness can cause crucial problems for conventional 3-D 

materials, such as silicon and germanium, which is currently widely applied in semiconductor 

industry. For 3-D materials, the mobility can be dropped up to 6 orders after channel thickness 

is reduced below 5nm because of surface roughness scattering. Besides the mobility degradation 

issue, energy band-gap also can be increased dramatically accordingly, which causes more 

problems than mobility degradation, since it will be directly related to logic circuit design 

consideration, which will inevitably influence the yield rate for semiconductor manufacturing. 

These issues are the actual reasons thin body solution cannot be applied in the previous 

generations.  

2-D material, also known as van der Waals material, on the other hand has the ability to keep 

their mobility and energy band-gap level while scaling down its body thickness, because of its 

layered structure and free-of-dangling-bond surface. The mobility is fixed ideally without 

surface roughness because of its van der Waals interfaces, and the energy band-gap is also fixed 

for its universal atomic layer. The intrinsic mobility and bandgap of a 2-D material is depended 

on its layer numbers and stacking form. Also, as a plus, 2-D material generally has small 𝜀𝑠 

compared to conventional 3-D semiconductors. The characteristics make 2-D material becomes 

a great candidate for future semiconductor industry to further scale down the electrostatic length.  

Since 2-D material has the clean van der Waals interface, there are also researchers eagerly 

to realize quantum tunneling devices base on 2-D materials, especially van der Waals tunneling. 

Due to thermal dynamic issues, the subthreshold slope of field effect transistor has the notorious 

60 mV/dec theoretical limit, which is intrinsic physical limit for the field effect transistor 
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structure. However, tunneling FET structure can break the limit and further make the 

subthreshold slope smaller because of totally different carrier transport method. The common 

problem of TFET or other tunneling devices is the interface issue, which can be solved perfectly 

by the clean, dangling bond free van der Waals interface.  

There are many kinds of van der Waals materials, such as graphene family (graphene, boron 

nitride), black phosphorous, CrI3, and the group-VI transition metal dichalcogenides (MoS2, WS2, 

WTe2, etc.). Each kinds of 2-D materials are special in their own way. For example, graphene is 

famous for its Dirac cone electronic band structure and semi-metal property. As the first 

successfully exfoliated 2-D material, many talented works also applied firstly on graphene, such 

as quantum Hall effect [1, 2] and energy storage applications [3, 4]. Graphene also serves as 

intermediated layer between other 2-D materials. For example, it can couple with MoS2 to 

optimize contact resistance [5, 6]. Black phosphorous is a rising star in recent years, for its 

comparably high hole mobility (~800𝑐𝑚2/𝑉 ∙ 𝑠) with decent band-gap (1.9eV in monolayer 

form), and thus considered as potential substitution for silicon and germanium in the future low 

power CMOS generations [7]. CrI3 is famous for its layered antiferromagnetic structure, with 

antiferromagnetically aligned between each layers, and is perfect research platform for various 

spintronics applications and designs [8]. The versatility of the 2-D material family is thus 

needless to say a potential candidate with various properties for diverse applications.  

In addition to these interesting properties mentioned, semiconductor industry also tends to 

further increase device logic performance by introducing spintronics. In the early years, magnetic 

elements were considered as contaminations and is strictly prohibited in fabrication chambers. 

However, as scaling strategy meets limits to follow Moore’s law, spin thus is introduced for 

further improving device performance. Firstly, spin can be another degree of freedom for logic 
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device manipulation. Secondly, changing the phase of spin is faster than conventional charge 

transport. Also, current is not a necessity for spin manipulation, which gives the opportunity to 

minimize power consumption. Note that one of the crucial issues in chip manufacturing is the 

heat dissipation. As transistors in a single chip become more and more compact, the heat 

generated will be exponential increased and inevitably harm overall performance and increase 

error rate. The beauty of the spin introduction is the possibility to realize ultrafast while low 

power operation, which is extremely important in portable and IoT applications.  

Also, unlike electronics devices require semiconductor material to transport and control 

charge, spin can be measured in common metals, meaning the material selection can be manifold 

according to the requirements of various circumstances. Lastly, with decent design, spin can be 

non-volatile, so the information remains fixed even without power supply. It is quite an appealing 

character compared to those volatile structure, such as DRAM, that requires constant repeating 

capacitor recharge. Spintronics is overall characterized for the potential to realize ultra-fast 

switching speed, low power consumption, non-volatile, and multi-state logic devices, which 

basically contains all the requirements and goals in the semiconductor industry.  

As the blossom of the spintronics research field, many researchers also attempt to manipulate 

spin moment in 2-D materials. Graphene naturally has long spin relaxation length (can up to μm 

level at room temperature), and thus is commonly used to couple with other materials for 

extending spin signal propagation [9]. Although possessing honeycomb structure and Dirac point, 

in the pristine monolayer form since graphene does not have vertical translation asymmetry, the 

K and K’ valley degeneracy cannot be distinguished, limiting its magnetic behaviors. 

Nevertheless, by properly designing device structure such as local deformation, strain, and multi-

layer stacking to break vertical symmetry, researchers have found fascinating spintronics 
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characteristics in the graphene system [10-15].  

Many intrinsic ferromagnetic 2-D materials also be synthesized recently and attracted much 

attention, such as Ce2Cr2Te6. Yet for those intrinsic van der Waals FM materials, the degradation 

and mass area growth issues hinder the fabrication feasibility and commercialization, which 

block researchers away from further studies.  
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1-2. General Properties of Transition Metal Dichalcogenides 

Transition metal dichalcogenide, also can be abbreviated as TMD material, is part of the 

2-D material family with chemical form MX2 (where M represents transition metal and X is 

chalcogen atom) and lamellar structure. Semiconducting TMD material has applicable band-gap 

energy (generally ~ 1-2 eV depends on number of layers) with direct band-gap nature in 

monolayer form, thus for long time it is widely considered as a good material candidate for opto-

electronics industry [16, 17]. On the other hand, the 1T-2H phase transition character also 

provides a good method to solve the notorious contact resistance issue, by utilizing and switching 

general metallic 1T phase and semiconducting 2H phase in the device structure. However, the 

comparably lower mobility than silicon (for example, MoS2 has Hall mobility at ~200 cm2/V-s 

compared with crystalline silicon electron mobility ~1400 cm2/V-s) limits its applications to non-

performance-oriented products such as photodetectors and transparent/flexible electronics. 

Recently, because of the gate length scaling down meets quantum limit, and starts to hinder 

semiconductor industry from following Moore’s law, the industry begins material path-finding 

for substituting silicon and views TMD as a potential candidate. As a result, some state-of-art 

works such as applying TMD in FinFET structure and negative capacitance effect FET become 

popular and prosperous directions and fields nowadays [18-22].  

The van der Waals TMD material crystal structure is shown in Figure 1(a). The transition 

metal can be any of the elements between group IV to X, yet in this dissertation the transition 

metal is specifically referred to group VI transition metals (Mo, W, and so forth). Also, not all 

TMDs have the form of layered van der Waals structure. For group IV-VII TMDs layered 

structure is mostly existed, while group VIII-X TMDs generally not.  

The transition metal in group VI TMD is hexagonally packed and sandwiched by two 
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layers of chalcogen atoms, with honeycomb lattice structure on the top view just like graphene 

yet is A-B sublattice asymmetry. This vertical translation asymmetry is pertinent to the 

valleytronics that will be elaborated later. When in multi-layered (bulk) form, three most 

common stacking forms (1T, 2H, 3R) are shown in Figure 1(b). With different stacking forms, 

TMD can possess various properties. The electronic and magnetic behavior differences can also 

be understood by the symmetry concept of the group theory, which is shown in the figure 

annotations [17].  

 

    

Figure 1. The TMD structure and stacking form | (Left) The structure of TMDC. Blue elements represent 

transition metal (Mo, W, …) and the orange elements indicate chalcogen (S, Se, Te, …). (Right) The three most 

commonly seen stacking forms of TMD. 2H is hexagonal symmetry with two layers per repeat unit and trigonal 

prismatic coordination. 3R is rhombohedral symmetry with three layers per repeat unit and trigonal prismatic 

coordination. 1T on the other hand istetragonal symmetry with one layer per repeat unit and octahedral coordination. 

With different symmetry the electronic behavior is also different for different stacking, and as layers thinning down, 

the band-gap becomes larger and direct, as the mono-layered structure shows [17]. Reprinted/adapted by permission 

from Springer Nature: Nature Nanotechnology vol. 7:11 “Electronics and optoelectronics of two-dimensional 

transition metal dichalcogenides” by Qing Hua Wang, Kourosh Kalantar-Zadeh, Andras Kis, Jonathan N. Coleman, 

Michael S. Strano [License Number: 4630870146644] (Nov 6, 2012) 

 

 One of the attracting points of TMD is the potentiality to be integrated into current 
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semiconductor industry techniques. Yet before commercializing TMD, there are two substantial 

issues to be solved. One is contact resistance issue that originated from the van der Waals gap, 

which is common in 2-D materials. And the other is mass production growth method. For the 

film preparation, the furnace CVD method is still the main-steam, and recently many also apply 

and explore the possibility of MOCVD as a bridge to industry. For the contact resistance issue 

part, much more possible methods were proposed. General speaking, the common approaches of 

reducing contact resistance can be categorized as following ways: (i) Replace top contact by 

edge contact. (ii) Couple with other metallic 2-D layers, such as graphene. (iii) Find metal contact 

with strong orbital overlap and minimal work function difference (for example Ti or Mo for 

MoS2). Besides these methods, TMD owns a particular trait, Mott transition, which can be 

another property to manipulate as mentioned previously. In condense matter, Mott transition is 

the phase transition from insulating to metallic. In TMD, there exist many metastable lattice 

phase, and for group VI TMD, the phase transition can make the TMD semiconducting or 

metallic, also known as the 1T-2H phase transition [23, 24]. The phase transition is also crucial 

in material control and manipulation in variety of TMD related field, such as the discover of 

topological and superconductivity phase [25].  

 Figure 2 summarizes some important physics in various phases of TMDs [25]. Most of the 

group VI TMDs are stable in 2H form, which is also the form applied in this dissertation to 

exclude any uncertainties for all the experiments. The octahedral phase is generally metallic, 

which is a chance for electronic manipulation in logic circuit device design. Yet the key problem 

is that phase transited device can return to original state easily through thermal activation or 

natural decay, thus is still not reliable enough in the industrial point of view.  

 For the monolayer TMD, the original/stable phase is determined by the electron number of 
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d orbital in transition metal by the crystal field theory. Since in the form MX2 the transition metal 

and chalcogen have +4 and -2 oxidation degree, the electron number can be varied from 𝑑0 to 

𝑑6 (group IV to group X). For group IV to VI TMDs, the 𝑑𝑧2 orbital of 2H phase is lower than 

𝑡2𝑔 of 1T phase, and thus 2H phase is more favorable. The group VI TMDs are generally 2H 

phase with 𝑑𝑧2 and 𝑑𝑥2−𝑦2,𝑥𝑦 energy bandgap. The properties of group VI TMDs can also be 

modified by some fabrication feasible external parameters such as carrier concentration and 

strain, which provides an interesting playground for researchers of all fields. 

 

 

Figure 2. Phase transition and physical properties in different crystal phase of TMDs [25] | Due to various 

stacking forms, there exist various phases in TMD system with different properties. In group VI TMD, the stable 

form generally is 2H form. With different growth method and external energy supply, metastable phases can be 

achieved. Although interesting characteristics may arise, issues such as damage caused during phase formation and 

the stability maintenance should be concerned. Reprinted/adapted by permission from Springer Nature: Nature 
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Physics vol. 13:10 “Structural and quantum-state phase transitions in van der Waals layered materials” by Heejun 

Yang, Sung Wng Kim, Manish Chhowalla, Young Hee Lee [License Number: 4630870735006] (Jul 17, 2017) 

 

  Although phase transition could also be an interesting topic for spin manipulation in TMD, 

the author focused on 2H and monolayer MoS2 in all works in this dissertation. The material 

stability and comparably immune to environment, such as strong resistance to air and moisture 

degradation is the main concern. For one thing is that during the sample preparation and optical 

measurement, it is hard to achieve vacuum environment all the time between different facilities. 

Applying vacuum chambers will also inevitably weaken optical signal. On the other hand, the 

transfer method applied in this dissertation is wet transfer. The exposure to DI water is extremely 

harmful for most TMD and brings uncertainty to phase-transited TMD. Exposure to laser, E-

beam, and heat will also possibly switch the phase to original state. The inconsistence and 

unreliability are detrimental to carefully characterize and analyze the unexplored fields, such as 

the magnetism and spintronics in TMD, that are the cores in this dissertation. Although the author 

purposely simplifies the material system, the interesting properties elaborated in previous 

paragraphs can also be combined with the discovers in this dissertation and interweave more 

complex yet fruitful results in the future researches.  

Besides phase transition, interesting optical properties can be observed in monolayer TMD 

as well, especially the exciton and trion behaviors. Exciton is the bound state formed by Coulomb 

effect if excited electron and hole pair. The exciton is quasiparticle with electron neutrality, yet 

on the other hand charged quasiparticle can be formed. Especially if the three-particles complex 

is formed (one exciton and an electron/hole), the quasiparticle is named trion. Figure 3 shows 

an illustration of exciton and trion state. For small dielectric constant materials, such as organic 
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ionic crystals, the exciton is strongly bounded and usually within unit cell distance. Such excitons 

are called Frenkel excitons and have binding energy at the 0.1~1 eV order. On the other hand, 

for those materials with large dielectric constant, such as semiconductors, the electric field 

screening effect makes the exciton radius generally larger than a unit cell in the crystal. These 

excitons are called Wannier-Mott excitons, and due to the screened effect, the binding energy is 

generally 0.01 eV, which is much smaller than Frenkel excitons.  

Except for the dielectric constant, the exciton binding energy can be largely depended on 

the material dimensionality. The binding energy can be expressed as  

𝐸𝑛 = −
𝐸𝑜

(𝑛 +
𝛼 − 3

2 )2
 

where 𝐸𝑜 is the Rydberg constant of exciton, n is the principal quantum number, and 𝛼 is 

the dimension. From the formula the binding energy of 2D material and 3D material is 4 times 

larger, if excludes other parameters such as dielectric constant. From the intuitive point of view, 

the exciton formed by electron and hole in 2D material case is confined in the 2D plane, and thus 

the electric screening from out-of-plane direction is reduced. As a result, the monolayer structure 

of the 2D materials can enhance the exciton formation and increase the binding energy 

accordingly. The exciton in 2D materials is both Wannier-Mott and Frenkel exciton, meaning 

the exciton in 2D material is large and strongly bonded.  

On the other hand, trion, which is the charged quasi-particle version of exciton. Since a 

trion can be viewed as an exciton combined with a charge, exciton can also be interpreted as the 

ground state of trion. The emission intensities of exciton and trion are thus corelated. The binding 

energy of trion is generally one order smaller than exciton. However, the energy is still greatly 

larger than 3D materials. The excess charge is required to form trion, thus trion state is hard to 
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observed unless gate voltage applied. Otherwise, observation of the formation and variation of 

trion state can be an indication that charge transfer mechanisms occur in the process, which can 

be a crucial evidence to investigate the physics within. 

 

 

Figure 3. The illustration of exciton and trion state. | An exciton refers to a bounded electron and hole pair 

quasiparticle, while a trion represents a state that an extra charge combined with an exciton. In 2-D monolayer 

system, since lacking of Coulomb interaction and electric screening in the out-of-plane direction, the binding 

energies of exciton and trion are greatly larger than those in 3D case. Thus, the exciton and trion states can give 

some interesting information when investigate the condense matter physics inside for 2D materials.  
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1-3. Valley Pseudospin in TMD 

 Recently, the TMD’s specific crystal structure also catches lots of attention in spintronics 

and valleytronics fields. Because of the heavy transition metal inside, many theoretical and 

experimental papers have predicted and demonstrated large spin orbital interaction may occur in 

TMD system. On the other hand, the honeycomb structure from top view with vertically space 

translation symmetry breaking creates the chirality difference in K and K’ valley, which can be 

interacted with circular polarized light and are feasible for valley engineering by optical selection 

rule. With variety of these characters, TMD material shows its potentiality in both in academic 

and industrial researches.  

 For a long time, since the 2DEG studies of silicon in 1970s, the concept of valley 

degeneracy and inter-valley coupling is widely applied. Theories also had been built and 

predicted that with low density in the inversion layer, the intra-valley exchange coupling can 

lead to valley polarization [26]. This also initiates later valleytronics research in numerous 

material systems [27, 28].  For TMD system, Figure 4(a) shows the top view of the monolayer 

TMD structure. The TMD shares same honeycomb structure as graphene, yet is different by the 

A-B sublattice asymmetry. The hexagonal lattice structure offers the momentum dispersion at 

the corners of the hexagonal Brillouin zone, which are also well-known as the K and K’ valley. 

For graphene, since the vertical translation symmetry is preserved, extra handling, such as 

properly designed edge state/layer stacking, external field, or strain is required to break time 

reversal symmetry to generate valley pseudospin current. TMD, on the other hand, is simpler 

and more feasible to manipulate valley polarization and coherence for its in-plane structure as 

shown in Figure 4(b). As the comparison, Figure 5 shows the band structure of graphene and 

TMD materials at first Brillouin zone. Although the honeycomb structure also makes graphene 
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possess K and K’ valley, without proper manipulations K and K’ valleys are identical and cannot 

be distinguished. On the other hand, with the vertical translation asymmetry and spin orbit 

coupling in TMD, different spin polarized valence band is induced and thus can be probed by 

valley Hall effect or optical selection rule. Note that the spin contribution in conduction band 

does exist yet is small, so forth is not shown in the figure for conciseness.  

 

 

Figure 4. Top and side view of TMD materials. | a. Top view of the monolayer TMD material and b., c. Side 

view of TMD. From the top view, TMD has the honeycomb structure, which is similar to graphene family, and 

makes TMD also possesses the K valley degeneracy. However, from the side view, unlike graphene or boron nitride, 

TMD’s vertical translation symmetry is broken, which is clearly showed in c. The spatial asymmetry allows TMD 

possesses the K and K’ valley difference. With the existence of spin polarization in TMD, the chirality of light is 

able to probe the variation through optical selection rule.  
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Figure 5. The band structure of graphene and TMD in 1st Brillouin zone. | (Left) Due to the hexagonal 

honeycomb structure, graphene possesses K and K’ valley in the 1st BZ edge with Dirac cone band structure. 

However, because of vertical symmetry, the band gap separation is limited, and thus K and K’ valley is identical. 

(Right) TMD materials are similar to graphene, yet spin orbit coupling and vertical translation asymmetry make 

TMD hold different spin polarized valence band in K and K’ valley, as illustration shows. In MoS2 case, the decent 

bandgap (~1.8 eV) makes it great platform to implant optical selection rule into the spintronics researches. Note that 

spin contribution also separate conduction band, yet the effect is comparably small and is neglected in the figure for 

clarity.  

 

 To understand the contribution of the spatial inversion asymmetry to the valley polarization, 

the Berry curvature and orbital magnetic moment should be introduced here [29]. The 

transportation property of Bloch electron can be represented by the motion equation under 

electrical and magnetic field 

�̇� =
1

ℏ

𝜕𝐸𝑛(𝑘)

𝜕𝑘
− �̇� × Ω𝑛(𝑘) 

Where 

�̇� =
−𝑒𝐸 − 𝑒�̇� × 𝐵

ℏ
 

 The 𝐸𝑛(𝑘) = 𝐸𝑛
0(𝑘) − 𝑚𝑛(𝑘) ∙ 𝐵  is the electron energy and 𝐸𝑛

0(𝑘)  is the n-th band 

dispersion. It is worth noted that Ω𝑛(𝑘) is the Berry curvature and 𝑚𝑛(𝑘) is the orbital magnetic 
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moment. Berry curvature is responsible for the Hall effect and the orbital magnetic moment is 

for the Zeeman splitting (the energy shifting under magnetic field). The complete form of the 

two components can be represented as  

Ω𝑛(𝑘) = 𝑖
ℏ2

𝑚2
∑

𝑃𝑛,𝑖(𝑘) × 𝑃𝑖,𝑛(𝑘)

[𝐸𝑛
0(𝑘) − 𝐸𝑖

0(𝑘)]2
𝑖≠𝑛

 

and 

𝑚𝑛(𝑘) = −𝑖
𝑒ℏ

2𝑚2
∑

𝑃𝑛,𝑖(𝑘) × 𝑃𝑖,𝑛(𝑘)

𝐸𝑛
0(𝑘) − 𝐸𝑖

0(𝑘)
𝑖≠𝑛

 

 Where 𝑃𝑛,𝑖(𝑘) ≡ 〈𝑢𝑛,𝑘|�̂�|𝑢𝑖,𝑘〉 and �̂� is the momentum operator. The two components are 

pseudovectors where the K and K’ valley can have opposite value separately. In general case 

like graphene the valleys are degenerated and are non-distinguishable. However, the spatial 

inversion symmetry breaking in TMD separates the K and K’ valley, leading to the valley 

contrast of the Berry curvature and orbital magnetic moment. Figure 6 shows the MoS2 valence 

band splitting according to the vertical asymmetry.   

 

 

Figure 6. K and K’ valley degeneracy in TMD materials. | Due to the honeycomb crystal structure and vertical 

asymmetry, TMD materials possess the K and K’ valley degeneracy, as shown in the figure. The atomic orbital and 
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valley together contribute great valley splitting in top valence band, leading spin up band in K valley and spin down 

band in K’ valley. Without external manipulations, the electrical and optical measurement is identical since both 

valleys contribute the signal intensity. Nevertheless, if spin polarization occurs in MoS2, the equilibrium breaking 

can be detected through Hall measurement or optical chirality photoluminescence.  

 

Although symmetry breaking is valid for any odd number of layers, in order to also utilize 

direct bandgap benefit of the TMD monolayer form is mostly considered. The valley induced 

pseudospin not only can couple with real spin through valley Hall effect and orbital coupling, 

but also can interplay with the optical transition chirality selection rule [30]. The K and K’ valley 

interband transition only happens to σ(+) and σ(-) separately in orbital magnetic moment term. 

In this dissertation MoS2 is applied as a representative of TMD for its comparably simple band 

structure and mature preparation stage.  

The large bandgap (~1.8eV for monolayer MoS2) and strong spin orbit coupling originated 

from the d orbital in heavy transition metal together enhance valley dependence. The valley 

separation of TMD in momentum space is large, thus is widely considered to be robust against 

long wavelength phonons and structural deformation [31]. Besides the structural inversion 

symmetry breaking induced valley difference, which is the origin of the valley Hall effect and 

optical polarization selection rules, the d orbitals in the heavy transition metal of TMD also 

causes strong spin-orbit coupling. Together with these two properties, the coupling between 

valley pseudospin and real spin of TMDs is deeply investigated recently for the ability to control 

spin dynamics. For example, by applying circular polarized light one can excite valley 

pseudospin then coupled with real spin, which can be detected by local ferromagnetic contact 

[32].   
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1-4 Introducing Magnetism into TMD 

 Since TMD material has valley pseudospin property, which is able to be coupled with real 

spin and manipulates the magnetic behavior in TMD, methods to spin polarize TMD can be 

crucial in both academic and industrial point of view. In order to introduce magnetic moment 

into 2-D materials, one may consider the following ways. The intuitive way is to directly 

synthesize intrinsic ferromagnetic 2-D materials, such as CrI3 or Cr2Ge2Te6 mentioned earlier[8, 

33, 34]. Needless to say, directly owning ferromagnetism/antiferromagnetism in 2-D material 

can ideally induce greatest magnetic effects. And since it is intrinsic property, it is free of 

environmental factors. However, most of the ferromagnetic 2-D materials are easily oxidized 

and degraded. Also, till now none of them can be prepared in mass area, except for synthesizing 

bulk form and thinning through exfoliation method. The limitations restrict the materials in 

academic field. Also, the results obtained in these systems if without careful characterizations, 

the degradation issues can be detrimental to obtain conscientious research conclusions. For 

example the Schottky field effect transistor characteristics in black phosphorus system [35].  

 Of all the other ways, doping and proximity coupling seemed to be two most reliable and 

simplest applicable methods to introduce magnetism into TMD. Directly doping magnetic 

elements into 2-D material could be effective. Yet, the doping substitution can seriously damage  

2-D layered structure and greatly change the original properties, unless assuming doping occurs 

only on hollow sites or top of transition metal [36, 37]. The destruction through doping process 

can be more crucial in 2-D system than 3-D case, since it is hard to apply annealing process to 

reform crystal structure after doping. For example, the K and K’ valley degeneracy of TMD is 

rely on the hexagonal honeycomb structure, and the deformation of the structure can eliminate 

the valley pseudospin properties, making the doping process becomes double-sided dagger in 
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valley pseudospin and real spin coupling research viewpoint. The experimental results could be 

very different from the original design. The above issues could also be avoided through surface 

functionalization [38], yet no related experimental reports demonstrate the possibility so far.  

 As a result, substitute original transition metal to group VIII to X transition metals like Fe, 

Co, Ni at the very beginning synthesis stage seems to be a more promise way. Iron atom not only 

contributes magnetic moment in TMD, but also could alter charge concentration and thus change 

the optical and electrical characteristics [39]. For synthesizing TMD with these ferromagnetic 

elements, the defect issues created by the process are still the major problems. For layered 

structure not only the doping is hard to be recovered through annealing process, also the damage 

can make the 2-D structure no longer preserved, and limit the application [40-43]. Also from the 

reports, slightly doped sample may still not induce enough magnetic moment [42], which makes 

the state-or-art magnetic doped TMD synthesis still in an immature stage, and still has a far and 

long way to proceed before commercialization.  

 In this dissertation, magnetic proximity effect (MPE) coupling is applied for the source of 

magnetism introduction into TMD. An illustration for comparison of doping and MPE methods 

is showed in Figure 7. Magnetic proximity effect, as the name implies, is to place magnetic 

materials aside other materials, and creating similar or according magnetic behavior in the 

interface or/and the material [44]. Unlike the doping process which requires to substitute 

transition metal atoms with magnetic elements, which inevitably breaks the 2D crystal structure 

and is hard to reconstruct through annealing or other processes. The defect states generated 

during the doping process is also detrimental to electrical and optical performance, resulting 

unwanted results and behaviors. for the atomic layer thinness of 2-D material, the surface 

roughness scattering can be much immense than 3D case, making doping process an unreliable 
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approach in industrial point of view. On the other hand, the 2-D structure remains intact while 

applying MPE, and at most the concerns can come from the magnetic substrate, such as substrate 

strain effect, which will deform the 2-D material above and might distort band structure. 

However, compared with the notorious consequences from doping process, these issues can be 

solved and designed in much simpler ways.  

Although MPE seems to be a simple and intuitive effect to induce magnetic moment, by 

carefully investigating the inner mechanisms one should find that the whole effect is combined 

by complex interactions on the interface, which is still under debated with no clear physic picture. 

In fact, researchers tend to use the “proximity effect” term to attribute all the unknown 

interactions respond for the observed phenomena. MPE is widely applied in 

superconductor/ferromagnet superlattice structure for the mutual exclusive ground state that can 

bring exceptional quantum phenomenon [45-47]. The quantum effects can be resulted from 

electronics correlation, magnetic intimate coupling, orbital overlap coupling, and lattice 

deformation, which is extremely complicated yet can be fruitful for researchers, and recently 

there are also some interesting works related to MPE in topological insulator system [48-50]. 

Researchers in this field are also eager to provide solid physic mechanisms inside to explain the 

proximity effect.  
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Figure 7. Comparison of doping method and magnetic proximity effect (MPE). | Directly introducing magnetic 

element into the 2-D structure through doping process is normally effective than MPE, yet the substitution of 

transition metal atoms of TMD for magnetic elements can inevitably break the 2-D structure and greatly alter its 

properties. On the other hand, magnetic moment of TMD induced through MPE do not need reconstruction the 2-

D layer, and the most important issue should come from substrate strain, which is still minor compared with defect 

issue caused by doping process.  

 

Notwithstanding the advantages of MPE, one of the most castigated issues of MPE is its 

comparably weak contribution. Since the proximity effect is related to the penetration depth of 

the behavior, usually the effect only existed in the interface and is gradually weakened deep 

further. As a result, previously in 3-D material systems the possibility of proximity effect was 

not be paid much attention. However, for 2-D materials, especially the mono-layered form that 

is more applicable and attracts more research interests, MPE may have stronger effect on this 

atomic thin layer structure compared to the other 3-D systems, since 2-D system is significantly 
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influenced by the interface states. Also, in the device fabrication point of view, currently 

preparing FM/2-D material bilayer will not damage 2-D structure if reasonably designed, since 

the transfer process can be generally applied in all substrates. The 2-D material and FM 

deposition chamber can also be separated, reducing possible mutual contamination and 

increasing yield rate. The feasibility of 2-D multi-layer stacking can also be possible for future 

spintronics memory devices. For example, because of the van der Waals clear surface, some 

proposed to integrate 2-D material into MTJ structure for its clean van der Waals interface [51, 

52].  

The spintronics researches in 2-D materials, especially TMD, are still in exploring stage. 

The reasons include the difficulties of large area TMD growth through furnace CVD, the contact 

metal and device fabrication issues, the instability of the W-based TMD, and the comparably 

weaker effect Mo-based TMD. Thanks to the optical selection rule, the spin polarization in TMD 

can be characterized, but that is also the furthest one can do in the field at least for now [53]. 

More detailed and comprehensive investigations are still required for more efforts from 

researchers in this field.  
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1-5 Synopsis 

  

This dissertation covers comprehensive studies on triggering magnetism and manipulating 

spin in pristine undoped CVD-grown MoS2 through magnetic proximity effect. The undoped 

CVD-grown MoS2 orientated researches not only eliminate fabrication and preparation variation 

from the immature techniques, but also push all the works in this dissertation ready for industrial 

commercialization. Many other TMDs, such as WSe2 and WTe2, have also theoretical and 

experimental demonstrated to have stronger spin orbit coupling than MoS2 because of more 

complicated orbitals. However, the easy degradable nature of these TMDs limits the applications 

and the correctness of the results. The MoS2 is thus specifically chosen for two major reasons: 

(1) the environmental stability that excludes all the possible material degradation issues, which 

could result in incorrect inferences from the data observed. (2) MoS2 has theoretical weakest 

spin orbit coupling strength in group VI TMD, compared with W and Te based TMDs which 

have already shown strong magnetic behavior. Consequently, the successful implementation of 

MPE in MoS2 system should also be reproduced in other TMD systems, with expecting stronger 

effects. In this sense, the conclusions made in MoS2 could be served as the general cases to TMD, 

which help to probe pure physics and mechanisms of MPE without being distracted by other 

intrinsic complexity TMD properties.  

 In chapter 2, magnetic proximity effect between ferromagnetic material and MoS2 is 

investigated. MPE was already observed in several FM/TMD system in previous published 

results, yet all the results were characterized through spin resolved photoluminescence. Although 

these papers proved the existence of MPE and the fact that TMD was spin-polarized, still the 

inner physics explanations are lacking. Theoretical papers suggested the exchange coupling 
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between FM and TMD through DFT calculations. Yet, these results are still waiting for decent 

experimental verification. In this chapter, yttrium iron garnet was selected to couple with MoS2, 

which exhibited spin resolved PL dichroism even in room temperature. The mechanism of the 

magnetic proximity effect was also confirmed to be exchange coupling by magnetic circular 

dichroism, which was first seen experimentally.  

 In chapter 3, an antiferromagnetic (AFM) perovskite, SmFeO3, was chosen for AFM/TMD 

coupling. In spintronics, the most well-known advantages of AFM coupling are the field-free 

switching and THz spin operation. The necessity of the researches in AFM/TMD system is 

needless to say. In this chapter, the two AFM properties, uncompensated spin and magnetic 

moment canting effect, are investigated. The results indicate the importance of uncompensated 

spin contribution to magnetic proximity effect, and is in the pioneering stage for the following 

researches behind.  

 In the last chapter, the dissertation is concluded by an overall summary and some of the 

potential directions which are not fully explored. Yet, these directions are also important in the 

related 2-D TMD spintronics. The author also hoped to provide some preliminary thoughts and 

helped other researchers’ brainstorming. With the ability to introduce magnetism in TMD, the 

results in this dissertation could not only provide the references for academic physics researches, 

but also serve as the foundation to explore latest issues in semiconductor industry, such as MTJ, 

NC-effect, magnetic field-free switching device, THz spin operation, pseudo magnetic field, 

snake-state superconductivity, and so forth. 
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Chapter 2 Magnetic Proximity Effect in Ferromagnet 

and TMD Interface 

2-1 Introduction 

 At the first stage to exam the strength of MPE in TMD system, ferromagnet should be 

introduced to intuitively provide stronger magnetism source to TMD. Of course, there are 

numerous ferromagnetic materials with strong magnetic anisotropy, yet there are two 

requirements should be considered to select the candidate: (1) the stability in ambient 

environment and (2) the conductivity (better insulator) for future electrical transport 

measurement. The first requirement is for the TMD transfer compatibility. The transfer method 

applied in this dissertation is wet transfer, which the sample is exposed in ambient and will be 

immersed into DI water. Although some preliminary results have achieved to deposit strong 

perpendicular magnetic anisotropy (PMA) material onto MoS2 (which will be elaborated in 

future works part of final chapter), most materials have high annealing temperature to stabilize 

the magnetic moment, and is generally higher than MoS2 decomposition temperature (~550℃). 

To prepare CVD MoS2 onto FM sample, the wet transfer method, which will be elaborated in 

Chapter 2-3, is still the most reliable and achievable method.  

For the second requirement, since most the researches in TMD MPE is still relying optical 

spectrum analysis, the electrical transport characteristics are the milestone if one wish to push 

the research a step further. If coupled with ferromagnetic metals such as Co and Fe, the spin 

current contribution can be indistinguishable while applying various Hall measurement, which 

could easily put the system into trial and error. To clearly understand the inner physics and 
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mechanisms during the transport, separating the contribution is crucial for future works.  

 In this chapter, MoS2 and yttrium iron garnet are selected to as the platform to investigate 

MPE. Among all the group VI TMD, MoS2 is probably not the best candidate for spintronics 

applications since the transition metal is not as heavy as W. At the same time, it does not have 

interesting phase transition like MoTe2 as well. Nevertheless, the stability in air condition and 

the mature stage of CVD preparation makes it a great candidate for 2-D material 

commercialization and academic researches. The bandgap of monolayer (~1.8 eV) is also match 

with common 532nm or 633nm laser, which is suitable for SR-PL and other optical measurement. 

Compared to other group VI TMDs, the electrical properties and devices of MoS2 have been 

studied for a long time, and the experience can be great help in Hall measurement. For example, 

for the notorious contact issues, people already know based on the orbital overlap and work 

function consideration, Ti and Mo serve as great contact metal to minimize the Schottky barrier 

between MoS2 and make the contact to be more ohmic [54].   

 On the other hand, yttrium iron garnet, YIG, is also chosen because of the similar reasons. 

YIG is a rare earth iron garnet which long-time famous by its microwave applications [55, 56].  

The rare earth iron garnet has bcc structure with 8 formula units and 3 sub-lattices. The Fe3+ ions 

occupy octahedral and tetrahedral sites (in 2:3 ratio) while the rare earth elements (in this case 

Y3+) take the dodecahedral sites. Figure 8 shows the crystal structure of YIG, black spheres are 

the yttrium or other rare earth element [57]. The preparation of YIG can be done by pulsed laser 

deposition (PLD) or RF sputter, both exhibit great magnetic moment in previous studies. The 

mature material growth stage eliminates uncertainties in research and investigation process, 

which also paves the way for future spintronics researches. 
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Figure 8. The crystal structure of YIG. [57] | YIG is a ferrimagnetic iron garnet with complex magnetic 

component terms, yet is generally believed to be lied on in-plane direction without perpendicular out-of-plane 

magnetic moment. Since YIG’s magnetic moments were conventional recognized to be in in-plane direction, people 

did not consider YIG as a good source to introduce MPE. Nevertheless, recent works show some minor out-of-plane 

components exist and could couple with the materials above.  

 

 YIG is long time characterized to be ferrimagnetic and obtains in-plane magnetic moments. 

Lacking of out-of-plane magnetism, YIG is long time not considered as good source to introduce 

magnetism into adjunct materials. It is until recent researches discovered out-of-plane magnetic 

component that raises the research interests [53, 58]. The discoveries further push YIG to a stance 

to combine existing advantages and integrate various magnetic and spin properties into one, 

serving as interesting playground for the researches.  
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Figure 9. The magnetic proximity induced moment and its effect on TMD K and K’ valley splitting. | If the 

ferromagnetic source (FM) provides out-of-plane magnetic component and coupled with the adjunct material (in 

this case MoS2),  the magnetic proximity effect appears and serves as an effective out-of-plane field. Influenced by 

MPE, the spin, valley, and atomic orbital contributions together split the K and K’ valley up and down separately, 

as shown in the band diagram. The valley splitting thus can be probed, for example, through optical selection rule 

with different PL chirality.  

 

 The magnetic proximity effect on TMD can be illustrated by Figure 9. The K and K’ valley 

of MoS2 is initially degenerated and cannot be distinguished. If the MoS2 is also influenced by 

FM (i.e. MPE exists), the induced magnetic moment in MoS2 can be viewed as an effective 

magnetic field Beff applied in MoS2. The spin, valley, and atomic orbital contribution 

corresponding to Beff could be represented as:  

∆𝑠= 2𝑠𝑧𝜇𝐵𝐵𝑒𝑓𝑓 , ∆𝑣= 𝛼𝜏𝑧𝜇𝐵𝐵𝑒𝑓𝑓 , ∆𝑎= 𝑚𝜇𝐵𝐵𝑒𝑓𝑓 

sequentially [59]. Considering all the contributions, the K and K’ valley splitting can be roughly 
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represented as in Figure 9. Note that the K and K’ valley splitting is induced by magnetic moment 

in out-of-plane (z) direction. If MPE does not induce z component in TMD, the valley polarization 

does not exist and thus cannot also be probed by optical selection rule.  
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2-2 MoS2/YIG Sample Preparation 

  The YIG film applied in this chapter is prepared by RF-sputter on Si/200nm SiO2 substrate. 

The 60 nm YIG thin film were deposited on SiO2/Si substrate by magnetron sputtering with 

1× 10−7torr working pressure. During the sputtering, the substrate temperature was held at room 

temperature and the sputtering deposition rate was 0.085nm/s. The as-deposited YIG film are 

crystallized by annealing at about 800 °C for 4 hours with the saturation magnetization compared 

to the bulk value [19].  

The YIG characteristics are shown in Figure 10. Figure 10 (a) and (b) exhibit the 

morphology of YIG before and after annealing probed by atomic force microscope (AFM). It is 

clearly seen that the surface roughness was largely diminished and became more homogeneous. 

The surface roughness (sq) in Figure 10 (a) and (b) are 0.3 nm and 1.6 nm, respectively. 

Compared to mono-layered MoS2 of 0.7 nm, the atomic flatness of the annealed YIG substrate 

is eligible for MoS2 transfer and could be free of localized strain effect. Later MoS2 Raman 

spectrum also shows that the MoS2 is free of strain effect in this work. YIG’s Crystalline structure 

was characterized by an X-ray diffraction facility via θ-2θ mode. The XRD of the annealed YIG 

is shown in Figure 10 (c), the (400), (420), and (422) peaks marked in the figure indicate the 

polycrystalline form of the sputtered YIG film onto Si/SiO2 substrate.  

Magnetic property was measured by a vibrating sample magnetometer (VSM) at room 

temperature by applying magnetic fields along in-plane and out-of-plane direction. The 

hysteresis curve of the annealed YIG under out-of-plane direction external magnetic field is 

shown in Figure 10 (d). Reference in-plane direction VSM is also shown in Figure 11. The 

perpendicular magnetization reversal of YIG features the hard magnetism with a detectable 

coercivity (Hc) ~17 Oe and an anisotropy field (Hk) ~1300 Oe. The out-of-plane magnetism 
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indicates that although it is generally believed the YIG magnetism is lying on in-plane direction, 

there still exists the perpendicular term. It is certain that the in-plane magnetic moment superior 

than the out-of-plane component, where the contribution of the out-of-plane term is 

conventionally ignored in previous works, yet the minor perpendicular component can be the 

source of MPE if coupled with other materials.  

 

 

Figure 10. AFM morphology, XRD, and hysteresis curve of the YIG using in this chapter. | The atomic force 

microscopy (AFM) image of the RF sputtered YIG film (a)before and (b)after 800℃ annealing. The surface 

roughness (sq) of the YIG films are 0.3 and 1.6 nm, respectively. (c) The X-ray diffraction (XRD) spectrum of the 

YIG film. The (400), (420), and (422) peaks certify the polycrystalline nature of the RF-sputtered YIG. (d) The 

vibrating sample magnetometer (VSM) data taken in out-of-plane direction. The hysteresis curve still have 
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detectable coercivity with Hc ~17 Oe.  

 

 

Figure 11. In-plane hysteresis curve of sputtered YIG on Si/SiO2. | The VSM data of YIG film in in-plane 

direction as a reference to the out-of-plane VSM in Figure 10 (d).  

 

 The MoS2 monolayer used in this dissertation was prepared in a chemical vapor deposition 

(CVD) furnace on sapphire substrates.  MoO3 and S powders are used as growth reactance. The 

sulfur stream was generated by heating the S powders at 140℃, along with argon as carrier gas 

at 90 sccm at the entrance of the furnace. The chamber was then heated to 750 ℃ for 10 minutes. 

Subsequently, the furnace was naturally cooled back to room temperature. 

The sample for SR-PL is then prepared by using the RF-sputtered YIG substrates, and wet-

transfer MoS2 onto the YIG as shown in Figure 12. The MoS2 wet transfer is done by the 

following steps: (1) The CVD prepared MoS2 on sapphire is coated with PMMA 4A as carrier 

polymer film. (2) The sample is then etched in 1M KOH solution for 1 hour. (3) After the 

sapphire beneath MoS2 is etched, the MoS2/PMMA film can be exfoliated in DI water. (4) The 
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film is then transferred onto target substrate (in this case YIG) and dried on hot plate. (5) the 

PMMA is then removed through acetone/IPA/DI water cleaning process.  

 

 

Figure 12. The wet transfer process for MoS2 applied in this dissertation. | The monolayer MoS2 is grown on 

sapphire substrate through CVD process. PMMA film is then spin-coated on the substrate as holding layer, and 

sapphire substrate beneath MoS2 is then etched in 1M KOH solution. After 1 hour of etching process, MoS2 together 

with PMMA film can be detached from sapphire substrate in DI water. Afterwards, the target substrate (in this case 

YIG) can scoop up the film and dried on hotplate. The PMMA film can be removed through conventional cleaning 

process (acetone → IPA → DI water). This method can be universally applied to transfer MoS2 onto any substrate, 

which is also used in all the transfer process in this dissertation.  

 

The optical microscope (OM) image and Raman spectrum are shown in Figure 13. Figure 

13 (a) shows the uniformity and homogeneity of MoS2 and the clear edge, indicating the transfer 

process is clean and the film is intact. The signature 𝐴1𝑔 and 𝐸2𝑔
1

 peaks of MoS2 are clearly seen 
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and marked in the Raman spectrum as in Figure 13 (b), proving the MoS2 quality applied in this 

work, which the MoS2 also preserves its original properties after the wet transfer process. In the 

following works and chapters, same CVD-MoS2 and wet transfer process are applied to match 

the consistence in the whole dissertation. 

 

 

Figure 13. The quality verification of MoS2 after wet transferred onto YIG. | a. The OM photo of the transferred 

MoS2 onto YIG film and b. Raman spectrum of the transferred MoS2 on YIG. The signature 𝐴1𝑔 and 𝐸2𝑔
1  peaks of 

MoS2 indicated the intact of MoS2 during the transfer process.  

 

 It should be specifically noted that unlike some MoS2 works that use exfoliated MoS2 from 

bulk, the CVD MoS2 used here is prepared by CVD method before transfer. The CVD MoS2 

films can be roughly classified into two types: continuous film and flake form. Both the two 

types are generally mono-layered. However, since the MoS2 CVD synthesis is firstly formed in 

triangle shape then the flakes merged with each other, one can obtain MoS2 that is single 

crystalline, yet scattered all over the substrate (flake-form); or the continuous film, yet 
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polycrystalline due to the synthesis process of inevitably nucleation, growth (continuous-form).  

The exfoliated MoS2 from bulk has highest quality and is also single crystalline, yet the 

method is not suitable for commercialization and can only be applied in academic and limited 

by e-beam process. The determination of monolayer can also sometimes be an issue. The CVD 

MoS2 inevitably has more defects, yet it is also worth noted in advance that the defect state in 

the continuous film CVD MoS2 is crucial for its magnetic behaviors. Later in this chapter, the 

results will also demonstrate the reason why previous works cannot get decent results from single 

crystalline form MoS2. Here however, instead of focusing on the defect states, one may notice 

that the existence of two signature peaks in Raman spectrum and the homogeneity in OM picture,  

indicating the polycrystalline form of CVD MoS2 also possesses the same characteristics of 

pristine MoS2.  
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2-3 Spin Resolved Photo-Luminescence 

 Because of the optical selection rule, the most common and simplest way to characterize 

the spin polarization in MoS2 is spin-resolved photo-luminescence (SR-PL). Figure 14 shows 

the SR-PL setting in this work. The MoS2/YIG sample is pumped by linear polarized (50%/50% 

left-handed circular and right-handed circular) laser light to achieve fair comparison. In some 

previous works, certain circular polarized laser light was used to achieve better contrast for the 

dichroism, yet is not conscientious especially when SR-PL is applied to calculate spin 

polarization degree. In this dissertation, 633 nm or/and 532 nm laser were used, depends on the 

design and the purpose. To match the bandgap of MoS2 (~1.9eV), 633 nm should give more 

details of the states near MoS2 direct bandgap. However, the laser filter will inevitably cut-off 

the signals in the nearby energy range, if any. Thus, the general strategy can be, for example in 

MoS2 case, applying 532 nm laser for full scope of the MoS2 spectrum, while using 633 nm laser 

for better understanding of the inner minor states or physics near direct bandgap edge.  

A quarter wave polarizer (QWP) is then used to filter out one of the chirality of the light. 

The left-handed circular polarized (LCP) laser is defined as σ(+) and the counterpart right-

handed circular polarized (RCP) laser is defined as σ(−). The σ(+) PL signal can be obtained 

when QWP is set to be 45𝑜, and on the other hand σ(−) PL signal is acquired by 315𝑜 QWP. 

The material is pumped by linear polarized light with 50% LCP/50% RCP calibrated every time 

before measurements. If no out-of-plane moment induced by MPE, the K and K’ valley 

degeneracy give equal spin up and down pumping, which will generate equal PL signal intensity 

for both chirality, making identical PL spectrum and no dichroism appears.  

On the contrary, if the out-of-plane magnetic moment is induced, i.e. MPE exists, the K and 

K’ valley split as elaborated in previous sections and also shown in Figure 14. The spin up and 
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down valence valley of K and K’ valley correspond to σ(+) and σ(−) separately by optical 

selection rule. The preferred transition produces higher PL intensity, in this case the σ(+) signal. 

The QWP can filter the other chirality of PL signal, and by obtaining the PL spectrum twice with 

45𝑜 and 315𝑜 QWP and plot into one, the dichroism between σ(+) and σ(−) PL signals can be 

observed.  

 

 

Figure 14. The SR-PL setting in this work. | 532 nm or/and 633 nm laser source were applied in this dissertation. 

To better match MoS2’s energy band-gap (~1.9 eV), 633 nm laser should be applied, yet the laser source filter could 

also inevitably filter out the MoS2 signal close to the energy level. The SR-PL in this dissertation was obtained by 

linear pumping the target sample and acquire left of right hand circular polarized signal as the scheme shows.  

 

 The SR-PL spectrum of MoS2/YIG sample was firstly measured in room temperature as 

shown in Figure 15. The SR-PL spectrum is also obtained without external magnetic field. 
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Figure 15 (a) shows the spectra of unpolarized MoS2/YIG, LCP and RCP MoS2/YIG, and YIG 

substrate PL. Since the QWP filters out one chirality of PL signal, the unpolarized PL signal 

intensity is roughly doubled compared to LCP and RCP PL signal. At the room temperature 

without external magnetic field, it shows detectable dichroism between LCP and RCP PL signals, 

and the minor peaks outside from ~1.83 eV peak can be signals from environment or YIG based 

on the reference YIG PL spectrum. Figure 15 (b) shows the SR-PL spectra of the same sample 

in another region. The dichroism is universally existed in the MoS2 covered region, indicating 

the MPE is solid and authentic. The dichroism in SR-PL spectrum means the spin polarization 

occurred in MoS2, that is, magnetism introduced into MoS2. Since the structure is of only 

MoS2/YIG bilayer, the source is from magnetic proximity effect in the vicinity of YIG. It is 

worth noted again that YIG’s magnetism is lying on in-plane direction, which should be less 

capable of inducing MoS2 valley splitting. The magnetism introduced into MoS2 should be 

triggered by the intrinsic perpendicular magnetic moment component in YIG, which was also 

published earlier by M. Lang et al. [58]. The SR-PL results also shows that room temperature 

spin polarization can happen in MoS2, which is firstly observed among the related research fields 

as far as the author’s concern. Also, the results are measured without external magnetic field, 

meaning that triggering MPE through YIG can be done without the magnetic moment alignment 

assisted by external field. The preliminary results here already demonstrate the feasibility and 

potential for future spintronics applications.  
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Figure 15. Room temperature SR-PL spectra of continuous film MoS2/YIG pumped by 532 nm laser. | a. The 

PL spectra of MoS2 (blue line), left hand circular polarized signal (red line), right hand circular polarized signal 

(green line), and YIG signal (brown line). Since the measurement is done by linear pumping, the σ(+) and σ(−) 

signal amplitude should be around half of the PL signal taken without QWP. The reference YIG substrate signal 

indicates the peak at 1.83 eV is certainly from MoS2, which shows small dichroism at room temperature. b. The 

zoom-in SRPL of MoS2/YIG. The dichroism is obvious even at the room temperature, meaning the magnetic 

proximity effect can be triggered and consequently spin-polarizes MoS2 near room temperature. The peak at ~2.04 

eV could be environmental signal or from YIG substrate, which is not related to MPE or MoS2 discussed here.  

 

 Although the dichroism is already observed in room temperature, to further characterize 

and look into the inner physics of the magnetic behavior of the MoS2/YIG bilayer, temperature 

dependent SR-PL is also performed as shown in Figure 16. The temperature of SR-PL is taken 

by 532nm laser to obtain better scope. From the spectra, one can observe that there are three 

major peaks and each exhibits dichroism, especially the A and C states noted in the figure. The 

A, B, C states represent defect state, trion state, and exciton state of MoS2 separately. From the 

spectrum, one can see the A state enhanced largest as temperature went down, a typical behavior 
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of the defect state in condense matter. The dichroism is also large in defect state, indicating the 

defect state could have significant contribution to the magnetic behavior. The defect state 

contribution can also be found in dilute magnetic semiconductor, meaning the similar 

mechanism may also play dominant role in TMD magnetism [60-62]. The spin polarization of 

the A and C state are also calculated by  

Spin Polarization(%) =
𝜎+ − 𝜎−

𝜎+ + 𝜎−
 

and is shown in the rightmost of the Figure 16. From the figure one can observe that the 

polarization of C state is diminishing slowly as temperature went up, yet the polarization of A 

state is varying and even change signs as temperature changed. This may be caused by multiple 

defect states contributions to the polarizations. In order to have fine scope of the multi-states 

interactions, more powerful tools related to synchrotron radiation X-ray should be involved in 

the future. In the following paragraphs one may also notices that after applying strong external 

magnetic field, there emerges multiple peaks in the spectrum, which also indicates the existence 

of multiple states in this system.  
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Figure 16. Temperature-dependent SR-PL of continuous film MoS2/YIG. | The spectrum is taken by 532nm 

laser, and the three signature peaks, defect (A), trion (B), and exciton (C) state are clearly shown in the spectrum 

with dichroism, especially A and C state. The spin polarization with temperature dependence of state A and C is 

also shown in the rightmost figure.  

 

 SR-PL spectrum taken by 633 nm laser is also applied as the reference, and this time an 

external 1T out-of-plane direction magnetic field is applied. Ideally the 633 nm laser fits better 

with the MoS2 energy band-gap (~680 nm), and is more suitable to probe the minor states around 

the band-gap compared to 532 nm laser. Figure 17 thus displays the SR-PL. Note that the strong 

peak at around 1.96 eV is the inevitable laser signal leakage that was already filtered as far as 

possible, yet the signals around the energy region can also be eliminated. One can first see Figure 

17 (c) which shows the right and left polarized PL with/without 1 T magnetic field at room 

temperature. The zero field SR-PL also showed apparent dichroism, which should be originated 

from C-exciton state as in Figure 16. Compared to the original zero field SR-PL, there were 

multiple distinct peaks when external out-of-plane field applied. These discrepancy should be 
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attributed to the spin channels induced by magnetic field above Fermi-level [63], which the extra 

peaks should be independent to the proximity effect.  

 Back to Figure 17 (a), the SR-PL also demonstrates strong and distinguishable dichroism 

under 4.8K, and is vanished as temperature went up and close to room temperature 300K. From 

the Figure 17 (a) and (c), the conclusion can be safely made that the magnetic proximity effect 

is activated at around room temperature. To better understand the dichroism tendency, the spin 

polarization was also calculated and presented in Figure 17 (b). One can observe the dichroism 

in the highlighted region did not shift as temperature varied. The temperature-independent nature 

is the character that the spin polarization above exciton is through some specific channels that 

coupled with the external magnetic field, and thus these states only existed when the magnetic 

field is applied. The results are also matched with previous studies of MoS2 on Si/SiO2 system 

[63].  

 Some might have concerns that the phenomenon was caused by some other interfacial 

effects, such as strain-induced pseudo magnetic field (PMF), which is effectively analog to real 

magnetic field. In that case, the multiple states can be understood by the coupling between 

specific electronic states and external magnetic field. Nevertheless, form the SR-PL spectrum 

the exciton peak seemed to be independent to the external field and always exhibit the dichroism. 

From the inference, the dichroism observed in the SR-PL should be safely attributed to the 

magnetic proximity effect from the YIG substrate, instead of the external magnetic field or PMF 

during the measurement that were suspected previously.  
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Figure 17. SR-PL results under external magnetic field. | a. The temperature dependent SR-PL taken by 633nm 

laser under 1 T external magnetic field in out-of-plane direction. b. The spin polarization calculated from SR-PL. 

The highlighted region indicates the direct band-gap region. c. The SR-PL done at room temperature (300K) 

with/without 1 T external field.  

 

Till now, all the results point to a possible inference that MoS2’s defect state generated from 

the CVD merging stage might be crucial to the spin polarization induced through proximity 

effect. To verify the hypothesis, room temperature SR-PL spectra for polycrystalline continuous 

film and single crystalline micro-flake MoS2 on YIG without external out-of-plane magnetic 

field are conducted as in Figure 18. The micro-flake MoS2 is prepared before merging stage 

starts, thus still have the triangle shaped island form, and each island can be viewed as single 

crystalline if carefully control the growth. Figure 18 (a) shows the room temperature SR-PL 

result of the two type MoS2/YIG samples. The dichroism appears in the continuous-film 

MoS2/YIG, while is hardly to be observed in the flake-form MoS2/YIG. The SR-PL result is a 

key evidence that the defect state does contribute to the spin polarization, since that is the major 
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difference between flake and continuous film MoS2. Figure 18 (b) also shows the SR-PL of the 

same samples at 15K. At low temperature, the signature PL peaks of MoS2 show up, as marked 

A, B, T, D states in the figure, which correspond to A-exciton, B-exciton, trion, and defect state 

in sequence. The A-exciton, trion, and defect state all show great and detectable dichroism in 

continuous film MoS2. While in flake form MoS2 case, also very feeble dichroism exists, yet 

compared to continuous film case it is unobservable. Furthermore, the dichroism could also be 

attributed to the defect state, which also shows up in the spectra at low temperature, that may be 

results from growth condition or some inevitable fabrication control issues.  

 

 

Figure 18. The defect state contribution to SR-PL. | a. The SR-PL of the continuous-film (polycrystalline) and 

flake-form (single crystalline) MoS2 on YIG. The apparent dichroism is observed in continuous-film MoS2/YIG 

which is consistent to previous results, yet flake-form MoS2/YIG does not show observable spin polarization in the 

same experiment setup. b. The SR-PL spectra taken under 15K. At low temperature, the signature MoS2 states, A-

exciton, B-exciton, trion, and defect state appear and are marked as A, B, T, and D respectively. Defect, A-exciton, 

and trion state all have detectable dichroism. Compared to the continuous-film case, defect state also shows up in 
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flake form MoS2 SR-PL with weak signal intensity, and generates feeble dichroism which is hard to be observed.  

Temperature dependent SR-PL is also performed on these two samples. Figure 19 shows 

the SR-PL spectra at 15K to 150K range. Figure 19 (a) shows the SR-PL of the continuous film 

MoS2/YIG. The energy range from 1.92 to 2.0 eV marked by shadow region corresponds to 

exciton and trion state, while the peak in 1.6-1.9 eV is the defect state also marked by an asterisk. 

From the spectrum one can observe that all three states exhibit dichroism especially the defect 

state. While in Figure 19 (b) the micro-flake case, the dichroism is hard to be observed in all 

three states. The peak corresponding to defect state in micro-flake case is small even in low 

temperature compared with Figure 19 (a), indicating defect state has significant contribution to 

the spin polarization. As temperature goes up, the defect state is diminished in Figure 19 (a) as 

expected, and the dichroism in A-exciton and trion states also weakened. On the other hand, in 

flake MoS2/YIG case as shown in Figure 19 (b), all the states consistently show no detectable 

dichroism as temperature varies. The exciton, trion, and defect state red shift as temperature goes 

up, yet the dichroism can only be barely observed at very low temperature around 15K. The 

result is the key evidence that defect state plays crucial role in the magnetism introduction to 

MoS2 from YIG, and later one will find out that the defect state is also the reason of the 

antiferromagnetic coupling phenomenon between MoS2 and YIG. This result and observation 

should be first-reported ever that discuss the exchange coupling between MoS2 and FM material, 

which was not seriously discussed in previous papers in related field.  
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Figure 19. Temperature dependent SR-PL of (a) polycrystalline continuous film and (b) micro-flake MoS2 

coupling with YIG without external field. | The SR-PL was taken by 532 nm laser to have a wide scope of the 

spectrum. Compare the two spectra, both the trion and exciton states were observed, yet dichroism only displayed 

in polycrystalline MoS2 film. On the other hand, defect state is dominated in polycrystalline case yet is hardly 

observed in flake form, and was also shown strong dichroism compared to other two states. This indicates the 

magnetic contribution of the MoS2/YIG bilayer can be majorly from defect state.  
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2-4 Magnetic Circular Dichroism 

 Although the SR-PL results have already demonstrated the existence of the MoS2 spin 

polarization, as the above paragraphs mentioned, the SR-PL is limited its ability to explain the 

mechanism inside. The SR-PL can be the preliminary evidence of the spin polarization degree 

in various system, yet in order to go deeper into realizing the physics inside, other powerful 

techniques, especially those with material layer selective ability, should be introduced. Magnetic 

circular dichroism (MCD), in this perspective, serves as a great tool. Either applying xenon lamp 

or X-ray, the spectrum with photon energy could better distinguish the corresponding material 

contributions.  

MCD is the result of Faraday effect. The Faraday effect is a phenomenon describes the 

interaction between light and magnetic field in a medium. The schematic diagram of the Faraday 

effect can be illustrated as Figure 20 and presented as the equation below:  

𝛃 = 𝐕𝐁(ω)𝐝 

 Where 𝛃 is the rotation angle of the polarized light, V is Verdet constant, B is the magnetic 

field along light path, and d is the distance of the light passing through the material. If the 

dielectric permittivity is diagonal, the polarization is proportional to magnetic field along light 

propagation direction as the formula shows. Of course, the Verdet constant is related to material 

intrinsic properties, wavelength, and temperature, so is not common to see proportional relation 

in real world. Faraday effect is also related to Zeeman effect. The absorption line for left and 

right polarization light at the same frequency has different refractive index, and thus polarized 

dissimilarly (inverse Zeeman effect). In ferromagnetic material case, strong Faraday effect is 

induced and thus make MCD useful in spintronics researches. Through Kramers-Kronig 

transform, the optical rotation of the plane polarized light and circular dichroism can be linked.  
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Figure 20. A simplified illustration of Faraday effect. | When a polarized light passing through a medium, with 

magnetic field along with the light path, the polarized light’s angle rotates, marked as β in the illustration. The MCD 

signal is obtained by acquiring the LCP and RCP absorption, and using the formula MCD =
𝐴(−)−𝐴(+)

𝐴(−)+𝐴(+)
, where A(-) 

is the absorption of RCP and A(+) is the absorption of LCP.  

 

 In previous reports, many theoretical papers related the MPE with exchange coupling 

between TMD and FM source, yet there is not experimental verification of the exchange 

coupling, and also no inner mechanism is discussed in these papers. Based on the necessary need 

of layer selective probe in the TMD/FM bilayer, the magnetic circular dichroism spectra of 

MoS2/YIG was performed.  

Figure 21 (a) shows the MCD at room temperature (300K), with σ(+) and σ(-) difference 

under ± 0.8 T. The zero field signal (considered as background) has been deducted in both ± 

MCD spectra. The MCD above 2.85 eV is corresponding to YIG’s energy band-gap and is 

unrelated to MoS2 contribution. One might also observe that there are two dichroisms at ~ 2.5 
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eV. The MCDs should be originated from sub-band of YIG, which features a localized shape 

relative to its spin-polarized conduction band. The region marked by blue shade should be mainly 

contributed from the spin-polarized conduction band in MoS2, which has two relatively small, 

yet clear and detectable MCDs in this region. 

 

 

Figure 21. The MPE and the exchange coupling between MoS2 and YIG studied by MCD. | At room 

temperature the MCD is dominated by the photon energy above 2.85 eV, which is corresponding to YIG. The two 

peaks in 2.5 to 2.85 eV region should be related to sub-band of YIG. The highlighted region, especially the small 

peak at 1.97 eV should be related to MoS2, which is the key evidence that MoS2 is spin polarized and has exchange 

coupling with YIG, and is also antiferromagnetic coupled.  

 

 From the spectrum, it can also be observed that the peak at 1.97 eV should be directly 

related to MoS2 which is in accord with its direct band gap energy. Also, according to the +0.8T 
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and -0.8T MCD, the spin polarization of MoS2 has exchange coupling with YIG, which is 

antiferromagnetic coupled. To further verify the existence of MPE in MoS2/YIG bilayer, a 

sample with 30 nm Al2O3 as a spacer between MoS2 and YIG and a pure YIG substrate are 

prepared for MCD reference. The extra Al2O3 layer should segregate any MPE from YIG.  

Figure 22 shows the MCD taken from these three samples in the Figure 21 highlighted region 

(MoS2 signal region). The MCD of pure YIG substrate in this region shows no dichroism, 

meaning the dichroism observed in Figure 21 is resulted from the coupling with MoS2. 

Compared with MoS2/Al2O3/YIG sample, the MCD in MoS2 signal region is obvious and clear, 

while the MoS2/Al2O3/YIG case the MCD signal shows no dichroism and the ambiguous split 

can be the result of signal noise since no symmetry is presented in positive and negative magnetic 

field MCD. From the two reference MCD, the conclusion can be safely made that the spin 

polarization of MoS2 observed in SR-PL and MCD is the result of MPE.  
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Figure 22. MCD of bare YIG as the reference to MoS2/YIG system. | Without MoS2, the MCD at any range 

from 15K to 300K only showed the MCD from photon energy above 2.85 eV, which is corresponding to YIG’s 

signal. The MCD of the sample at 15K is also showed in the right figure. The MCD did not show significant MCD 

at 1.9 to 2.85 eV range compared to Figure 21. The antiferromagnetic coupling was also shown in the MCD of bare 

YIG, indicated the AFM coupling is also related to and originated from YIG.  

 

 Figure 23 further shows the field dependent normalized MCD taken at energy of 1.97 eV 

and 2.95 eV, which are corresponded to signal of MoS2 and YIG, respectively. From the figure, 

it is clearly to observe the exchange coupling between MoS2 and YIG, which is also 

antiferromagnetically coupled with each other on the presence of opposite magnetization 

reversal. The exchange coupling in the bilayer structure is first observed in the similar systems, 

and is the very first crucial evidence of the inner physics of MPE investigated by the layer 

selective tools experimentally.  
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Figure 23 The normalized MCD taken at 1.97 eV and 2.95 eV. | The comparison of normalized MCD between 

1.97 eV (corresponding to MoS2) and 2.95 eV (corresponding to YIG). From the figure exchange coupling between 

MoS2 and YIG is demonstrated, which is antiferromagnetically coupled with each other.  

 

 In order to illustrate the scheme of the MoS2/YIG bilayer magnetic moment correlation, 

Figure 24 shows the MPE induced moment of MoS2 from YIG, which is opposite aligned 

according to the previous MCD results. Note that the magnetic moment direction can be still 

majorly in in-plane direction, so that matches the VSM results. Yet, the MPE is triggered by the 

minor out-of-plane direction magnetic moment from YIG, and the magnetic moment induced in 

MoS2 can also lie in in-plane direction, as the illustration shows.  
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Figure 24 The illustration of the antiferromagnetic coupling between MoS2 and YIG. | Although YIG is 

generally believed to have in-plane magnetic moment, previous reports and results in this chapter have shown that 

it might also have out-of-plane component. The magnetization of MoS2 is antiferromdagnetic coupled with YIG, 

as shown in the red and blue arrow in this figure.  
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2-5 Discussion 

Based on the SR-PL and MCD results, the magnetic proximity effect and exchange coupling 

in the MoS2 and YIG bilayer were comprehensively investigated. However, the origin of the 

MPE is still not fundamentally discussed. Thus, the schematic diagram is shown in Figure 25 to 

elaborate the mechanism of MPE in the MoS2/YIG bilayer through electronic energy band 

diagram. Considering the vicinity of MoS2 and YIG, the electron hopping should be concerned 

and the spin down electron at K’ valley is possible to hop to YIG’s band vacancy as shown in 

the figure. Defect state, as shown in the shadow region in MoS2, offers an intermediated 

stepping-stone state for the electron, and lowers the barrier of electronic excitation, enabling the 

delocalized inter-band transfer in MoS2. The SR-PL dichroism also in defect state indicated the 

existence of the mechanism.  

  

 

Figure 25. Illustration of the Mechanism of AFM coupling between MoS2 and YIG. | The down spin in the 

MoS2 K’ valley hops to the conduction band via the assistance of defect state, and transfer to the YIG’s vacant band. 

The hopping and transfer process make the MoS2 and YIG be antiferromagnetic coupled. The mechanism also 

explains the reason the SR-PL dichroism was only observed in polycrystalline form MoS2/YIG sample, which has 

inevitable defects from CVD preparation stage compared with the flake form MoS2/YIG sample.  
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Once the spin transfer taking place, MoS2 could have a local moment that is with opposite 

spin states to YIG, i.e. the AFM coupling observed in MCD results. This result is with similar 

mechanism of WSe2/CrI3 system proposed by D. Zhong et al. [64].  

 In summary, in this chapter comprehensive studies of MPE in MoS2/YIG bilayer were 

conducted. The existence of MPE was verified by SR-PL, which also showed room temperature 

dichroism that was never observed before this research. The inner mechanism was also probed 

through MCD and confirmed the existence of exchange coupling, which was predicted by many 

theoretical papers yet never proved experimentally. The antiferromagnetic coupling between 

MoS2 and YIG was also observed, which in this chapter a decent energy band diagram 

explanation was given. The AFM coupling was resulted from the defect states in MoS2, which 

was also matched with SR-PL results that the dichroism only displayed in polycrystalline 

MoS2/YIG sample, which contained more and inevitable defects in CVD preparation stage 

compared to exfoliated flake form MoS2/YIG sample.  
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Chapter 3 Anti-ferromagnet Contribution to MPE 

3-1 Introduction 

 To date, most of the articles that discussed the inner coupling mechanism are between FM 

and TMDs, and few investigated the MPE between anti-ferromagnetic (AFM) material and 

TMDs. Even on the circumstance that people already know AFM could have specific crystal 

plane that obtains local ferromagnetic order for a while, which also has planar long range 

magnetic order, and may provide the source of MPE at the interface. Of all the reasons, one of 

the issues is the intuitively weaker coupling strength, for the viewpoint that the net zero magnetic 

moment seems to be observable in any perspectives. On the other hand, because of the complex 

form and inner physics of AFM, it is hard to give decent explanation of the inner mechanisms 

that observed in the experiment.  

 However, the great effort paid to probe the AFM system can be fruitful. The net zero 

compensated magnetic moment is more efficient to block stray field effect. Considering the high 

condensed integrated circuit chip nowadays, the ability to immure mutual stray magnetic field 

interaction between adjunct devices can be crucial to yield rate and performance maintenance. 

On the other hand, AFM system has the potential to reach THz spin dynamic operation through 

canting effect. Compared to current logic circuits with several GHz operation and hundreds of 

GHz in FM system, the AFM material possess more possibilities for next generation ultra-fast 

computing devices.  

 Despite of the tempting advantages, the intrinsic and research obstacles have limited AFM 

to barely be a role to provide exchange bias to FM for a long time. Some of the early researches 

also put AFM as a passive device component. For example, as electrodes in magnetic tunneling 
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junction (MTJ). It is not until very recently that people try to apply AFM into spin orbit torque 

(SOT) researches, in order to utilize the characteristics and realize more fascinating applications, 

such as the field free switching devices.  

One of the main applications of SOT is in MRAM structure, which provides an alternative 

solution for tunneling junction breaking issue as read-write operation accumulating. In MRAM 

field, however, the common and notorious research orientation is to achieve the desired 

performance by stacking numerous function layers. To achieve the modern required standards, 

usually dozens even up to hundred layers are applied in the design without comprehensive 

investigation. Also, the recipe is varied with great differences from one to another, which is also 

a result of insufficient understanding of effects of and between layers. The complicated interfaces, 

material growth conditions, and parameters of each layers make the research orientation easily 

become trial-and-error reports. It is understandable that for industry the performance is the key 

concern and the trial-and-error process might be more efficient than understanding the inner 

mechanism, yet in the long term it is detrimental for the research field. To shore up the foundation 

for long term development, reducing the structure layers and probing into individual layer 

interactions is necessary.  

In this point of view, the research orientation in this chapter is focus on the fundamental 

interaction between AFM and MoS2. Since the AFM can provide exchange bias and serve as an 

effective magnetic field in the system, which realize the pure electrical modulated switching 

perpendicular magnetic anisotropy (i.e. magnetic-field-free switching), the research of AFM 

coupling toward MRAM SOT application can potentially simplify the complicated structure 

previously applied in FM system.  
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In this chapter, the proximity effect is firstly investigated by SR-PL to verify the 

uncompensated spin contribution from different crystal plane orientation in the same material, 

SmFeO3. Next, a strong out-of-plane direction magnetic field is applied during the SR-PL 

measurement. The strong field is aimed to tilt the antiferromagnetically coupled magnetic 

moment and compare the contribution between magnetic moment canting effect and 

uncompensated spin contribution.  
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3-2 Samarium Orthoferrite (SmFeO3) 

 Samarium orthoferrite (SmFeO3, also abbreviated as SFO in this dissertation), is a member 

of perovskite and rare earth orthoferrites that shows interesting magnetic and spin characteristics 

with temperature variation and external magnetic field [65, 66]. Figure 26 shows the crystal 

structure of SmFeO3. As demonstrated in the figure, the iron ion Fe3+ is in the center of the FeO6 

octahedra, where the six oxygen ions O2- are located at the tops. The rare earth element, in this 

case Sm3+, is at the center surrounded by eight Fe-O octahedra. All rare earth orthoferrites 

possess same structure elaborated above, yet for some compounds such as the SmFeO3 here have 

canted antiferromagnetic moments.  

 

 

Figure 26. Crystal structure of the samarium orthoferrite (SmFeO3). [67] | SmFeO3 is a rare earth othoferrite 

with orthorhombic structure (Pbnm group) and lattice parameters: a=0.5394 nm, b=0.5592 nm and 

c=0.7711 nm. Reprinted/adapted by permission from Elsevier: Thin Solid Films vol. 520:6 “Pulsed laser 

deposition and optical characterizations of the magnetic samarium orthoferrite” by Bruno Berini,Jan Mistrik,Yves 

Dumont,Elena Popova,Arnaud Fouchet,Joseph Scola,Niels Keller [License Number: 4630871276470] (Jan 1, 2012) 
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 Due to the Dzyaloshinskii-Moriya anisotropic exchange interaction, the magnetic moment 

of iron ion is slightly canted, and is generally categorized as weak ferromagnet. SFO is between 

semiconducting and insulating with energy bandgap of 2-3 eV. The magnetic moment 

configuration of SFO is shown in Figure 27. SFO is G-type antiferromagnet formed by spin 

moments of Fe3+ (d sublattice) and Sm3+ (f sublattice). There are two major magnetic 

configurations of SFO in the dependence of temperature. One is in low temperature, the net 

magnetization is aligned in a axis with magnetic symmetry of d sublattice Γ2(𝐹𝑥
𝑑𝐶𝑦

𝑑𝐺𝑧
𝑑). At the 

compensation temperature around 4K, the magnetization changes sign because of the Sm and Fe 

magnetic moment contribution influence switched. At a higher temperature of around 450K to 

480K, spin reorientation occurs and the continuously rotating magnetic moment leading the 

magnetic configuration to be Γ4(𝐺𝑥
𝑑𝐴𝑦

𝑑𝐹𝑧
𝑑), and the ferromagnetic moment is then aligned to c 

axis. Over the SFO Curie temperature of Tc = 670K, because of the thermal magnetic moment 

disorder, the magnetic alignment is lost. [67, 68] 
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Figure 27. The magnetic moment structure of SmFeO3. [68] | The magnetic moments of iron and samarium are 

shown in the figure. Reprinted/adapted by permission from Springer Nature: Physics of the Solid State vol. 58:12 

“Electronic structure and improper electric polarization of samarium orthoferrite” by V. V. Triguk, I. I. Makoed, 

A. F. Ravinski [License Number: 4630880036859] (Jan 1, 2016) 

 

The SmFeO3 (SFO) thin films were prepared by pulsed laser deposition (PLD) in vacuum 

chamber with working pressure of 100 mtorr. The epitaxial SFO films were prepared on SrTiO3 (001) 

and (111) substrates from targets produced by sintering the high-purity SmO and Fe2O3 powders, 

and ablated by pulsed excimer laser with wavelength of 248 nm. The laser fluence was 2 J/cm2 with 

pulse width of 50 ns and a repetition rate of 10 Hz. The substrate temperature during the deposition 

was 700 ℃, the thin films were then cooled down to room temperature under oxygen pressure of 

1atm after deposition. A simple illustration of PLD setup is shown in Figure 28.  
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Figure 28. Conventional setup of pulse laser deposition (PLD). | Conventional PLD setup is shown in the 

illustration. Pulsed excimer laser beam is focused on the sintered powder target and the film is deposited on the 

heated substrate. For perovskite deposition the substrate is usually cooled to room temperature in oxygen 

environment after PLD.  

 

 SFO is characterized by many complex and interesting magnetic properties, yet in 

proximity effect point of view, the surface behavior of different crystal planes could be most 

crucial of all. Depend on the substrate (STO, SrTiO3) crystal orientation during the PLD growth, 

SFO can be prepared to have (001) or (111) crystal plane. Besides the conventional substrate 

effects, the major difference of the two crystal planes is the spin compensation. Figure 29 shows 

the illustration of the two different spin aligned planes of SFO. For the SFO (001) plane, the spin 

moments are also antiferromagnetically aligned and cancel each other in the very surface. This 

means that if only the very surface atomic layer is considered for SFO (001) plane, the net 
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magnetic moment is also zero as an antiferromagnetic material. However, in the SFO (111) plane, 

the spin moments at very surface atomic layer are ferromagnetically aligned, which indicates the 

nonzero magnetic moments in the surface. Although the overall bulk contributions of the two 

crystal planes are zero, the significance of interfacial states to MPE might enlarge the differences 

of the two crystal planes contributions.  

 

 

Figure 29. Compensated spin (CPS) and uncompensated spin (UPS) contribution from SFO (001) and SFO 

(111) plane, separately. | Macroscopically speaking, net magnetic moment in bulk AFM materials is zero. However, 

in certain crystal plane, the very surface atomic layer can exhibit spin moment in certain direction and show 

ferromagnetic order. In SmFeO3 system, crystal plane (001) shows antiferromagnetic aligned order while (111) 

plane shows ferromagnetic order at the surface, as the illustrations shown. For 2-D proximity effect, the slight 

difference can contribute significantly to introduce magnetism into adjunct layer.  

 

 The AFM data of the two SFO crystal planes are shown in Figure 30 and Figure 31 
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respectively. From the AFM photos, the RMS surface roughness of the SmFeO3 (001)/SrTiO3 is 

0.191 nm, and for SmFeO3 (111)/SrTiO3 is 0.111 nm. The flatness and similar roughness order 

of the two crystal planes indicate the substrate strain is excluded for any differences observed in 

the following experiments.  

 

 

Figure 30. AFM photo of SmFeO3 (001). | The AFM surface roughness data of the SmFeO3 (001)/SrTiO3 of the 

different scales. The RMS amplitude of the substrate is 191 pm. The smoothness and flatness of the surface plane 

suggest that the substrate strain issues are minimized in the magnetic proximity effect experiments in the following.  
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Figure 31. AFM photo of SmFeO3 (111). | The two scales of the AFM photos of SmFeO3 (111)/SrTiO3 substrates. 

The RMS amplitude of the substrate is 199 pm. The equal roughness of the SmFeO3 (111) and (001) planes 

compared with Figure 30 displays that the substrate-induced effects are ruled out, and the magnetic proximity effect 

is separated to demonstrate the results in the following experiments.  

 

 The HRXRD data for the two crystal planes is shown in Figure 32 and Figure 33. The 

signature (001), (002), (020), and (200) peaks are shown in both figures. The exact same XRD 

peaks of the two substrates indicate the two substrates are identical except for the crystal 

orientations. As a result, from the AFM and the HRXRD data of the two substrates, the substrate 

issues can be safely excluded from any influences to the magnetic proximity effects observed in 

the following experiments, and the uncompensated spin contribution should be the dominant 

factor if any variations observed between two samples.  

 



 

66 

 

 

Figure 32. The HRXRD results of SmFeO3 (001)/SrTiO3 sample. | Compared with Figure 33, the featured peaks 

show up in both SmFeO3 (001) and (111) crystal on SrTiO3 substrate. The appearance of signature peaks indicate 

the PLD growth wellness of the SmFeO3 crystal planes, which exclude the material growth variation and other 

crystallization issues of the two samples and the following properties that may affect magnetic proximity effect 

between MoS2.  
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Figure 33. The HRXRD results of SmFeO3 (111)/SrTiO3 sample. | The identical peaks of HRXRD data exists in 

the SmFeO3 (111)/STO sample compared with Figure 32. HRXRD data shown in Figure 32 and Figure 33 exhibit 

the material growth excellence and the two kinds of SmFeO3/STO substrates are identical except for the different 

crystal orientation on the surface.  
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3-3 Uncompensated Spin and Canting Effect Contribution  

For different crystal planes of antiferromagnetic materials, some planes exhibit net zero 

magnetic moment on the surface, where the spins are compensated. On the other hand, even in 

macroscopic the magnetic moments cancel each other, some crystal planes display certain 

aligned moment direction on the very surface atomic layer, which is called uncompensated spin 

(UPS), and the net magnetic moment on the surface is nonzero.  

UPS can also contribute to magnetism introduction into adjunct material through proximity 

effect. Intuitively, UPS could have little contribution to the MPE since the magnetic moment 

source is only limited in the atomic layer thickness. However, since MPE is also dominated by 

the interfacial status, the effect can be crucial especially for low dimensional materials and 

topological materials which emphasize the interface and edge states.  

In this chapter, the effect of UPS is firstly characterized in the SmFeO3 (001)/MoS2 and 

SmFeO3 (111)/MoS2 bilayers. The MoS2 film applied here is prepared and transferred onto 

SmFeO3 by same CVD and transfer method as described in chapter 2. Figure 34 shows the 

Raman spectrum of MoS2 on two plane orientation of SmFeO3 and as grown on sapphire taken 

by 532 nm laser. Note that the peak at 420 cm-1 of the MoS2 was the environmental light leakage. 

The peaks centered at 388 and 412 cm-1 are the MoS2 signature 𝐸2𝑔
1  and 𝐴1𝑔 peaks. Note that the 

substrate difference (SmFeO3 and sapphire) and the consequently strain effect, the peaks were 

slightly shifted, especially the 𝐴1𝑔 peak between the two kinds of substrates. Also, since the 

substrate is transparent, the Raman intensity is not as strong as observed in the YIG/SiO2/Si 

substrate case in chapter 2. Despite the issues, the MoS2 Raman spectra of the two SmFeO3 

crystal plane samples were consistent, indicating the MoS2 transfer process stability, and the 
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possibility of strain effect on MoS2 during transfer process or from substrate was exempted for 

the following relevant experiments.  

 

 

Figure 34. Raman spectroscopy of MoS2 on SmFeO3. | The MoS2 featured 𝐴1𝑔  and 𝐸2𝑔
1  peaks are shown 

identically in both MoS2/SFO (111) and MoS2/SFO (001) samples. The consistency certifies the smoothness and 

flatness of the two crystal planes, which exempts any strain effects for the following experiments. Compared with 

the Raman spectrum of MoS2/sapphire before wet transfer process, the 𝐴1𝑔 peak was slightly blue shifted, which 

may be resulted from strain of substrate differences between sapphire and SmFeO3.  

 

The SR-PL is firstly performed on the MoS2/SmFeO3 bilayer to test and verify the AFM 

uncompensated spin contribution to MPE toward MoS2. Figure 35 shows the results of the 
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SmFeO3 (001) and (111) crystal planes. The A-exciton (A) and trion (T) states are marked in the 

figure. It is clear to see that the exciton and trion state of the MoS2 are identical even in low 

temperature for MoS2/SmFeO3 (001), which is consistent with previous expectation, since the 

spin moments in (001) plane are totally compensated and generate net zero moment in out-of-

plane direction. The magnetism contribution into MoS2, in this sense, should be less in this 

circumstance and MPE is consequently feeble.  

On the contrary, the SR-PL spectra of MoS2/SmFeO3 (111) display significant dichroism 

in low temperature starting from 50K and reach largest spin polarization at around 30K as shown 

in Figure 35 (b). The spin polarization degree is also calculated and shown in Figure 35 (c). The 

results indicated some significant properties of the MoS2/SmFeO3 system: The net 

uncompensated spin moments from specific AFM crystal plane are able to trigger the magnetic 

proximity effect, inducing spin polarization into TMD material. The result provides the potential 

for AFM spintronics in the similar system of device design and fabrication.  

On the other hand, the UPS induced magnetic proximity effect from the SmFeO3 (111) 

plane is triggered at a very low temperature around 30K. However, the compensation 

temperature of SmFeO3 is around 3.9K [65], which is much lower than the MPE triggering 

temperature. This may indicate that the magnetic moment from Fe contribution is not closely 

relevant to the proximity effect activation, or there are still other competing mechanisms 

involved in the MoS2/SmFeO3 (111) magnetic proximity effect, which is still await for stronger 

material selective probe to verify the mechanisms.  

 

 



 

71 

 

 

Figure 35. The SR-PL spectra of the MoS2/SmFeO3 bilayer. | a. Low temperature SR-PL spectra of the 

MoS2/SmFeO3 (001) plane and b. MoS2/SmFeO3 (111) plane. c. The spin polarization calculated by formula σ(+)-

σ(-)/σ(+)+σ(-) of MoS2/SmFeO3 (111) plane from (b). The existence of SR-PL dichroism of MoS2/SFO (111) 

sample and identical SR-PL spectra of MoS2/SFO (001) indicate the spin polarization of MoS2 can be induced by 

uncompensated spin through proximity effect. The spin polarization percentage shows at around 30K the spin 

polarization degree reaches largest.  

 

 Till now, the UPS contribution of AFM toward MoS2 has been verified by SR-PL. Beside 

the uncompensated spin contribution that can trigger MPE, the magnetic canting moment of 

AFM could also be participated in the proximity effect. Also, the canting moment is the source 

of the ability of ultra-fast spin manipulation of AFM, which provides a possibility for MPE in 

AFM/TMD systems. Compared to ferromagnetic materials, the magnetic moments in AFM are 

not simply aligned in certain direction. Although the magnetic moment components are nullified 

with each other and make total net zero magnetization, external magnetic field or proximity 
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effect can still influence the spin moments, which may tilt the moments into certain direction. 

Compared with the solid aligned magnetic moments in FM, the canting moments in AFM is 

prone to switch phases, which potentially are able to be utilized in terahertz applications.  

In order to characterize the canting magnetic moment effect in MoS2/SmFeO3 bilayer, and 

also at the same time its effect compared with uncompensated spin, temperature dependent SR-

PL with strong external magnetic field is performed. Figure 36 shows the SR-PL spectra of 

MoS2/SmFeO3 bilayer under 5000 Oe external magnetic field in out-of-plane direction. Figure 

36 (a) and (b) display the SR-PL spectra of MoS2 coupled with SmFeO3 (001) and (111), 

separately. Firstly, the SR-PL spectra of both MoS2/SmFeO3 (001) and (111) bilayer show clear 

exciton state and defect state in all temperature range. Although the signals and peaks seemed to 

be feeble and flat at room temperature compared with other temperature ranges, and also the 

trion state peak is merged into the strong exciton state peak, yet it is still obvious to be observed 

and in low temperature ranges it became enhanced as expected. The existence of all the signature 

peaks in all temperature ranges verifies the samples quality and the consistency of the 

measurement.  
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Figure 36. Temperature dependent SR-PL of MoS2/SmFeO3 bilayer under 5000 Oe magnetic field in out-of-

plane direction. | a. The SR-PL spectra of MoS2 coupled with the fully spin compensated plane (001) of SmFeO3 

show no significant dichroism in all three (trion, exciton, defect) states at all temperature ranges from 5K to 300K. 

On the other hand, b. the SR-PL spectra of the UPS SFO (111) plane show dichroism from 250 K and below and 

reached maximum at 30K. The 30K maximum dichroism is corresponded to the SR-PL spectra w/o external 

magnetic field in Figure 35. The results indicate the UPS effect is dominant in MPE of the SFO/MoS2 system, and 

the magnetic canting moments can enhance the dichroism, yet the trigger of MPE is determined by uncompensated 

surface spin moments.  

 

 Secondly, it can be observed that the σ(+) and σ(−) SR-PL signals are identical and no 

clear dichroism appears in Figure 36 (a). Compared with Figure 36 (b), even in temperature 

range that just slightly lower than the room temperature the SR-PL results show strong and 

obvious dichroism. From the result of Figure 36 (a), it is suggested that even under strong 

external magnetic field (5000 Oe), the canting effect is still not able to trigger proximity effect 



 

74 

 

and induce spin polarization in MoS2. On the other hand, the dichroism in Figure 36 (b) is 

apparent from 250K to lower temperature, which means that the surface uncompensated spin of 

SmFeO3 is the pivot of the MPE initialization. Compared with Figure 35, the larger dichroism 

and the higher temperature MPE activation of the UPS plane indicate although canting effect 

alone is not capable of triggering MoS2/SmFeO3 proximity coupling and MoS2 spin polarization, 

it can still enhance the MPE once UPS participates the coupling.  

 From Figure 36 (b) one may also notice the dichroism is changed as temperature varied, 

which does not follow the trend that the spin polarization becomes larger as temperature goes 

down. For the defect state, the spin polarization reaches largest at around 150 K and started to 

diminish for temperature below 30K. On the other hand, the exciton/trion states peak also 

showed extraordinarily large dichroism in both 150K and 30K peaks. The result is corresponded 

to Figure 35 that the SR-PL spectra of MoS2/SmFeO3 (111) without external magnetic field also 

had an exceptional large dichroism at 30K. The matched results reveal that since the largest 

dichroism of SR-PL results with and w/o external out-of-plane magnetic field correspond to each 

other as temperature varies, the conclusion made earlier that the uncompensated spin effect is 

superior than the magnetic canting effect is further confirmed, and the strong external magnetic 

field induced canting effect does not influence MPE triggering temperature. The two largest 

dichroism temperatures could be resulted from the Sm and Fe magnetic moment competing 

during the temperature lowering, where the separate magnetic moment contribution from Sm 

and Fe could also have its own temperature variation as previous material reports indicated. To 

further characterize and verify the assumption, material and layer selective tools, such as XMCD, 

are required. Nevertheless, the importance of the uncompensated spin moment is verified. 

Although applying the strong external out-of-plane magnetic field can theoretically split the K 
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and K’ valley of MoS2, and thus spin polarize MoS2 and generate SR-PL dichroism, the 

uncompensated spin on the interface dominates the proximity effect, which is same as the case 

of ferromagnetic materials coupling. This means when manipulating magnetic proximity effect, 

the very surface situation should be firstly considered, which shows greatest contribution to the 

magnetism introduction.  
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3-4 Conclusions and Discussions 

In this chapter, SmFeO3 was selected to couple with MoS2 for its specific UPS (111) crystal 

plane and CPS (001) plane. In the previous studies, the coupling between antiferromagnetic 

material and TMD is limited. People did not fully understand the effects and inner physics. Here 

in this chapter, utilizing the optical selection rule, the proximity effect can be characterized in 

the early stage. The SR-PL results for MoS2 coupled with SFO (001) and SFO (111) under 30K 

indicate the uncompensated spin contribution on MPE toward MoS2 can be crucial to trigger the 

effect. Compared with the 30K of MPE initialization, together with the fact that MoS2/SFO (001) 

sample never displays spin polarization at these temperature range, this could suggest that the 

magnetic moment vicissitude between iron and samarium is not the dominant reason for 

triggering proximity effect, yet can help to generate observable SR-PL dichroism in MoS2. At 

the very surface of the SFO (111) plane, the uncompensated spin moments should be the reason 

of triggering MPE. The conclusion is further verified by the temperature dependent SR-PL under 

5000 Oe external out-of-plane field, since the maximum SR-PL dichroism reaches largest at 30K 

as well. From the previous studies of theoretical and experimental SmFeO3 characterizations, 

there is no significant magnetic moment variation point near 30K, and the most nearby point is 

the compensation temperature of SFO at around 4K. The phenomenon may indicate the 

triggering of MPE is not simply accorded with the magnetism behavior of the source substrate. 

From the results obtained in Chapter 2, the exchange coupling may occur between MoS2 and 

SFO, which leads to higher MPE maximum temperature of 30K. From the Figure 36 it also 

indicates that the triggering temperature might be irrelevant to external magnetic field, meaning 

the MPE triggering mechanism may be irrelevant to magnetic canting moments.  

Further characterizations of MoS2/SFO samples are also done in this dissertation. Figure 
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37 shows the Kerr microscope photos of the samples. Unfortunately, no clear feature observed 

for both kinds of MoS2/SFO samples, which may due to the resolution of the Kerr microscope 

since it applies white light for full energy scope purpose, which is not powerful enough to resolve 

material selective approaches. MCD of the MoS2/SFO samples is also shown in Figure 38. From 

the room temperature MCD, no significant dichroism shows up in both samples, which is 

expected from the previous SR-PL results since the MPE triggering temperature should be lower 

than 50K. Under 15K, one may observe a slight dichroism at 1.89 eV of MoS2/SFO (111) sample, 

where ±0.8T MCD signal of MoS2/SFO (001) sample basically follow each other, thus can be 

considered as background noise. Considering the contribution of MCD should only from the 

very surface UPS of SFO films, the dichroism may be small as the data shows. However, it is 

still vague to jump into the conclusion since the dichroism is still not clearly observable. High 

resolution MCD or additional characterizations, such as Magnetic Linear Dichroism (MLD), or 

electrical measurement, such as Hall bar based Spin orbit torque measurement may be applied 

for future researches.  
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Figure 37 Kerr microscope photos of MoS2/SFO (001) and MoS2/SFO (111) crystal planes. | From the Kerr 

microscopy, there is no obvious feature that can prove the effect of the UPS. Further high resolution MOKE system 

may be applied to verify the contribution.  
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Figure 38. MCD of MoS2/SFO (001) and (111) at near MoS2 bandgap energy range. | The MCD results of 

MoS2/SFO (001) and MoS2/SFO (111) samples at energy range 1.6-2.2 eV under room temperature and 15K. In the 

room temperature MCD, both samples exhibit no significant dichroism, which is expected based on the previous 

SR-PL results. Under 15K, a relatively apparent dichroism exists at 1.89 eV in MoS2/SFO (111) MCD. Because of 

the existence of MCD should only be resulted from UPS, the dichroism should be minor. Yet, further 

characterization should be done to verify the effect since the observed signal is still a vague evidence.  
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Chapter 4 Conclusion and Future Works 

 

4-1 Conclusion  

 In this dissertation, comprehensive researches of multiferroic coupling to transition metal 

dichalcogenide were done. Firstly, in chapter 1, a brief introduction of two dimensional Van der 

Waals material is given. The importance of the 2-D materials especially TMD materials is 

elaborated, providing a general scope of the 2-D materials. Then the origin and significance of 

valleytronics in TMD is organized and stated. The valley degeneracy of K and K’ valley is the 

foundation of the spintronics in TMD, which the whole dissertation is centered at the concept.  

In chapter 2, the magnetic proximity coupling effect was investigated through yttrium iron 

garnet. The experimental results showed that the magnetic proximity effect can be applied in the 

TMD systems, which in YIG/MoS2 case, the MPE is initiated from room temperature, providing 

the possibility of room temperature spin manipulation in TMD system. In this chapter the 

exchange coupling was also confirmed to be the original mechanism of MPE in YIG/MoS2 

bilayer. The MCD of MoS2 became larger as temperature went down, which was matched with 

SR-PL results. The results clarified and proved the theoretical predicted mechanism of the MPE 

between FM/TMD bilayer for the first time.  

 In the chapter 3, MPE between antiferromagnetic material and TMD was investigated. 

SmFeO3 was selected to couple with MoS2 for its uncompensated spin in (111) orientation and 

net zero spin moment in (001) direction. The UPS effect was firstly tested by SR-PL. At low 

temperature, the MoS2 SR-PL dichroism of MoS2/SmFeO3 (111) reached largest at 30K and 

started to diminish as temperature went even lower. On the other hand, the SR-PL of 
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MoS2/SmFeO3 (001) remain unchanged at all temperature range. The result gave a valuable 

conclusion that the uncompensated spin plane of the AFM material can also provide the source 

of MPE to introduce magnetism into TMD, which paves the way for AFM based spintronics 

devices such as field-free switching devices and THz operation devices. Next, the magnetic 

moment canting effect was investigated. The out-of-plane 5000 Oe magnetic field was applied, 

and temperature dependent SR-PL were performed for both samples. The MoS2/SmFeO3 (111) 

sample exhibited great dichroism as temperature went down, and also reached largest at 

temperature of 30K. On the other hand, there was no apparent dichroism for all temperature 

range for MoS2/SmFeO3 (001) bilayer. The result indicated that the magnetic moment canting 

effect is weak and much less effective compare with UPS.  
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4-2 Future Works 

 Because of the limited time and resource, the author allocated his effort on the most 

significant issues as far as his concern. Also, the author focused on the general cases and wished 

the results in this dissertation could be stepping-stones to the related field. However, there are 

still plenty of projects that were designed and initialized by the author that are regretfully forced 

to postponed and left incomplete. Yet, these research orientations might still be valuable in the 

related 2-D spintronics fields.  

 In this dissertation, all the sources of the MPE are from oxide. It is not just because of 

paving the ways to potential electrical characterization needs, but also the SR-PL signal is hard 

to be acquired in other systems, such as in multi-elements ferromagnetic metals. The author 

applied many strong PMA materials such as CoPt and CoPd, which demonstrated strong MOKE 

signal already, yet none or just slightly dichroism could be observed in SR-PL spectrum when 

coupled with MoS2. These results had been repeated and seemed to be reliable, yet no reasonable 

mechanism can be given here. One of the possible reasons based on the charge transfer 

mechanism proposed in chapter 2 is that those spins hopped to MoS2 conduction band and 

transferred to FM can be leaked into bulk without localized on the surface like insulator case. 

The phenomenon also implies degree of PMA is not a crucial factor to trigger proximity effect, 

which is deviated from intuition. Also, it is possible that the metal surface forced the laser signals 

to undergo certain plasmonic behaviors and diminish the SR-PL signal. Stronger techniques for 

interface and layer selective researches, such as material selective XMCD, can be applied here 

to further characterize the orbit coupling and the inner states. As suggested in the work of 

YIG/MoS2 coupling, the energy band states can be the dominant factor in MPE, so that the 

conventionally believed IMA materials can still trigger MPE and create AFM coupling, not just 
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the magnitude of PMA that induce exchange coupling as previous work addressed. Electrical 

measurements can also be applied to analyze the mechanism, yet one should be very careful 

about the impedance matching and consider that the major signal should be taken by metal part 

instead of TMD.  

 Secondly, while MoS2 coupled with FM, there is high chance that if spin is generated in 

MoS2, for example pumped from circular polarized laser light, the spin orbit torque can change 

the magnetic direction of the FM, which is the principle of SOT-MRAM. This means it is 

possible to use polarized light to switch a memory device, which can be useful tool and potential 

advances in optical integrated circuit and sensor field. Researches have shown the possibility to 

generate spin currant from circular pumped laser and be detected by ferromagnetic contact [69].  

2-D material, such as TMD, is easily modified by surface charge transfer mechanism, which 

is used as fundamental principle of 2-D sensor field. Due to the fast response and the easy 

detachable and reusable nature, 2-D material-based sensor is highly anticipated in IoT 

applications. Since the proximity effect is also related to interface behaviors, the absorbed target 

on 2-D surface also has the potential to alter the magnetic properties in the interface, which can 

be detected through AHE measurement. The method can replace conventional sensor by its more 

sensitive second order terms and distinguishable detectability.  

As elaborated in previous chapters, one of the advantages of applying AFM materials in 

spintronics devices is the provided exchange bias, which has the potential to realize magnetic 

field free switching. The field free devices are crucial for industry, since magnetic field is hard 

to be manipulated and the inevitable neighboring stray field can be detrimental for device 

performance especially for the integrated circuits which are extremely condense nowadays. In 

the previous sections, the ability to generate spin polarization of MoS2 coupled with SmFeO3 
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through MPE has been demonstrated. However, for integrating MoS2/SmFeO3 into commercial 

use and further understanding TMD/AFM coupling effect, electrical measurement is required. 

Under this consideration, Hall bar structure should be applied to verify the field free switching. 

Figure 39 shows the illustration of conventional Hall bar structure. Following the results in 

chapter 3, the SmFeO3/STO substrate has the ability to provide the source of MPE toward MoS2, 

which make MoS2 spin polarized. Since SmFeO3 is comparably insulating that does not 

participate electron conduction, MoS2 is in charge of the electrical transport. The Hall bar 

structure can be fabricated by etching MoS2 into double-cross shape, and depositing Pt/Ti as 

contact electrodes. Ti is theoretically to be most suitable contact among common metals of MoS2 

for its low Schottky barrier, small tunneling barrier, and strong orbital overlap [54].  

 

 

Figure 39. Conventional Hall bar structure applied in this chapter. | The Hall bar structure applied in this 

section is illustrated. The gray substrate is the FM or AFM substrate, in this case SmFeO3/STO substrate that 

provides MPE source. The yellow part is MoS2, connecting to Pt/Ti electrodes marked as blue pads. In the Hall 

measurement, current (I) is applied and voltage (V) is measured, and Hall resistance (RH) is obtained by Ohm’s 

law RH = V/I.  

 

 Besides MPE as the core of this dissertation, surface functionalization can be another 
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potential method to introduce magnetism into 2-D material without breaking 2-D structure as 

roughly mentioned in chapter 1 [38]. Utilizing Lewis bonds, surface functionalization can be 

applied in non-flat plane 2-D materials, such as TMD and black phosphorous. The surface 

functionalization of 2-D materials has proven the capability to be applied in chemical sensing 

and optoelectronics. In this sense, magnetic elements can also dope TMD through the similar 

way. The versatility of the compound chosen for surface functionalization can also be a great 

playground for the researches to attempt different combinations and seek all kinds of possibilities 

in device physics. The solution-based surface functionalization method is also suitable for most 

fabrication process without the need to consider compatibility between each process.  

 Phase transition is also an interesting property that does not be addressed much in this 

dissertation. The most common 1T’-2H transition can alter the conductivity of TMD. Also, for 

some heavy group VI transition metal dichalcogenides, such as WTe2, possess many more 

complex phases, including for example Td phase that has topological superconductivity. The 

fruitful physics in other TMDs and phases can be great direction for the researchers afterwards. 

And in this dissertation, multi-layered and tailoring effect of TMD is not investigated as well. 

For different stacking, the 2-D layers could exhibit specific characteristics, such as the “magic 

angle” in graphene [70]. The stacking and tailoring effect can be interesting topics when vertical 

quantum transport involved, which is a road must take for device figures such as 2D-MTJ.  

 As elaborated in chapter 1, one of the possible issues of implementing MPE is the substrate 

strain issue. Strain may deform 2-D layer structure and thus influence band structure, leading 

spin transport behavior be manipulated in some way. These kinds of strain effect has been 

experimental verified through STM by various of nanostructure substrate designs in graphene 

system [10, 11, 71]. Theoretically, for all the honeycomb 2-D structure pseudo-magnetic field 
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(PMF) can be formed as in graphene, such as the TMD materials [72]. The transition metal 

provided strong spin orbit coupling and the vertical translation asymmetry make TMD a 

potentially better candidate with stronger magnetic properties. Figure 40 shows the SEM photos 

of the indium nanowire covered by transferred MoS2 monolayer film. From the cross-section it 

is clearly seen that the coverage of MoS2 is fine, indicating the applicability of MoS2 in PMF 

researches. The tensile strain makes MoS2 generate a PMF in the up out-of-plane direction, while 

the compressive strain’s PMF is in the down out-of-plane direction. The directions of the PMFs 

are marked as blue arrows (tensile strain) and orange arrows (compressive strain) in Figure 40 

as well. In the boundary of up and down PMFs, the charge carriers could experience a counter-

clockwise and clockwise circular motion in quantum transportation, leading to dispassionless 

superconducting state. The state is also called ‘snake state’, named by its swirling transporting 

route.  

 

 

Figure 40. The SEM photos of MoS2 covered nanowires. | The SEM photos are the indium nanowires after MoS2 

wet transfer by the method used in this dissertation. From the cross-section view, it is clearly observed that the MoS2 
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monolayer is well covering the nanowires, indicating the potential for PMF researches. The theoretical PMF 

directions are also indicated in the SEM photo.  

 

 In short, the spin and magnetic properties in TMD is still in the early and emerging stage, 

and there are still plenty of directions and undiscovered fields await for explore. As far as the 

author’s concern, the listed projects in this section are just minute part of the entire field, which 

are correlated to the author’s research interests or still undergoing. As elaborated in the first 

chapter, the time and efforts cost in the 2-D spintronics field can be fruitful, for both developing 

the next generation electronic devices and investigating low dimensional physics point of view. 

The author just initiates and points out some of the ideas that might be interesting for the 

researchers in similar fields, and looks forward to the prosperous researches afterwards. The 

author expects the results and viewpoints in this dissertation could help and become the 

cornerstone for the people who are also interested and devoted themselves in the related field, 

and even provide some contributions to all the mankind in any aspects.  

 

  



 

88 

 

References  

1. Zhang, Y., et al., Experimental observation of the quantum Hall effect and Berry&#39;s 

phase in graphene. Nature, 2005. 438: p. 201. 

2. Novoselov, K.S., et al., Room-Temperature Quantum Hall Effect in Graphene. Science, 

2007. 315(5817): p. 1379-1379. 

3. Bonaccorso, F., et al., Graphene, related two-dimensional crystals, and hybrid systems 

for energy conversion and storage. Science, 2015. 347(6217): p. 1246501. 

4. Raccichini, R., et al., The role of graphene for electrochemical energy storage. Nature 

Materials, 2014. 14: p. 271. 

5. Lee, G.-H., et al., Highly Stable, Dual-Gated MoS2 Transistors Encapsulated by 

Hexagonal Boron Nitride with Gate-Controllable Contact, Resistance, and Threshold 

Voltage. ACS Nano, 2015. 9(7): p. 7019-7026. 

6. Xie, D., et al., Integrated 3D porous C-MoS2/nitrogen-doped graphene electrode for 

high capacity and prolonged stability lithium storage. Journal of Power Sources, 2015. 

296: p. 392-399. 

7. Li, L., et al., Black phosphorus field-effect transistors. Nature Nanotechnology, 2014. 9: 

p. 372. 

8. Jiang, S., et al., Controlling magnetism in 2D CrI3 by electrostatic doping. Nature 

Nanotechnology, 2018. 13(7): p. 549-553. 

9. Maassen, J., W. Ji, and H. Guo, Graphene Spintronics: The Role of Ferromagnetic 

Electrodes. Nano Letters, 2011. 11(1): p. 151-155. 

10. Jiang, Y., et al., Visualizing Strain-Induced Pseudomagnetic Fields in Graphene through 

an hBN Magnifying Glass. Nano Lett, 2017. 17(5): p. 2839-2843. 



 

89 

 

11. Levy, N., et al., Strain-induced pseudo-magnetic fields greater than 300 tesla in 

graphene nanobubbles. Science, 2010. 329(5991): p. 544-7. 

12. Rickhaus, P., et al., Snake trajectories in ultraclean graphene p-n junctions. Nat 

Commun, 2015. 6: p. 6470. 

13. Han, W., et al., Graphene spintronics. Nature Nanotechnology, 2014. 9: p. 794. 

14. Leutenantsmeyer, J.C., et al., Observation of Spin-Valley-Coupling-Induced Large Spin-

Lifetime Anisotropy in Bilayer Graphene. Physical Review Letters, 2018. 121(12): p. 

127702. 

15. Pesin, D. and A.H. MacDonald, Spintronics and pseudospintronics in graphene and 

topological insulators. Nature Materials, 2012. 11: p. 409. 

16. Chhowalla, M., et al., The chemistry of two-dimensional layered transition metal 

dichalcogenide nanosheets. Nature Chemistry, 2013. 5(4): p. 263-275. 

17. Wang, Q.H., et al., Electronics and optoelectronics of two-dimensional transition metal 

dichalcogenides. Nat Nanotechnol, 2012. 7(11): p. 699-712. 

18. Chen, M., et al. TMD FinFET with 4 nm thin body and back gate control for future low 

power technology. in 2015 IEEE International Electron Devices Meeting (IEDM). 2015. 

19. Chen, M., et al. Hybrid Si/TMD 2D electronic double channels fabricated using solid 

CVD few-layer-MoS2 stacking for Vth matching and CMOS-compatible 3DFETs. in 

2014 IEEE International Electron Devices Meeting. 2014. 

20. McGuire, F.A., et al., Sustained Sub-60 mV/decade Switching via the Negative 

Capacitance Effect in MoS2 Transistors. Nano Letters, 2017. 17(8): p. 4801-4806. 

21. Tu, L., et al., Ferroelectric Negative Capacitance Field Effect Transistor. Advanced 

Electronic Materials, 2018. 4(11): p. 1800231. 



 

90 

 

22. Yu, Z., et al. Negative capacitance 2D MoS2 transistors with sub-60mV/dec subthreshold 

swing over 6 orders, 250 μA/μm current density, and nearly-hysteresis-free. in 2017 

IEEE International Electron Devices Meeting (IEDM). 2017. 

23. Ouyang, B., et al., Phase engineering of monolayer transition-metal dichalcogenide 

through coupled electron doping and lattice deformation. Applied Physics Letters, 2015. 

107(19): p. 191903. 

24. Kappera, R., et al., Phase-engineered low-resistance contacts for ultrathin MoS2 

transistors. Nature Materials, 2014. 13: p. 1128. 

25. Yang, H., et al., Structural and quantum-state phase transition in van der Waals layered 

materials. Nature Physics, 2017. 13(10): p. 931-937. 

26. Bloss, W.L., L.J. Sham, and V. Vinter, Interaction-Induced Transition at Low Densities 

in Silicon Inversion Layer. Physical Review Letters, 1979. 43(20): p. 1529-1532. 

27. Isberg, J., et al., Generation, transport and detection of valley-polarized electrons in 

diamond. Nature Materials, 2013. 12: p. 760. 

28. Zhu, Z., et al., Field-induced polarization of Dirac valleys in bismuth. Nature Physics, 

2011. 8: p. 89. 

29. Xiao, D., M.-C. Chang, and Q. Niu, Berry phase effects on electronic properties. Reviews 

of Modern Physics, 2010. 82(3): p. 1959-2007. 

30. Xiao, D., et al., Coupled Spin and Valley Physics in Monolayers of MoS2 and Other 

Group-VI Dichalcogenides. Physical Review Letters, 2012. 108(19): p. 196802. 

31. Xiao, D., et al., Coupled spin and valley physics in monolayers of MoS2 and other group-

VI dichalcogenides. Phys Rev Lett, 2012. 108(19): p. 196802. 

32. Luo, Y.K., et al., Opto-Valleytronic Spin Injection in Monolayer MoS2/Few-Layer 



 

91 

 

Graphene Hybrid Spin Valves. Nano Lett, 2017. 17(6): p. 3877-3883. 

33. Gong, C., et al., Discovery of intrinsic ferromagnetism in two-dimensional van der Waals 

crystals. Nature, 2017. 546: p. 265. 

34. Xu, C., et al., Interplay between Kitaev interaction and single ion anisotropy in 

ferromagnetic CrI3 and CrGeTe3 monolayers. npj Computational Materials, 2018. 4(1): 

p. 57. 

35. Penumatcha, A.V., R.B. Salazar, and J. Appenzeller, Analysing black phosphorus 

transistors using an analytic Schottky barrier MOSFET model. Nature Communications, 

2015. 6: p. 8948. 

36. Cheng, Y.C., Q.Y. Zhang, and U. Schwingenschlögl, Valley polarization in magnetically 

doped single-layer transition-metal dichalcogenides. Physical Review B, 2014. 89(15). 

37. Cheng, Y.C., et al., Prediction of two-dimensional diluted magnetic semiconductors: 

Doped monolayer MoS2 systems. Physical Review B, 2013. 87(10). 

38. Lei, S., et al., Surface functionalization of two-dimensional metal chalcogenides by Lewis 

acid-base chemistry. Nat Nanotechnol, 2016. 11(5): p. 465-71. 

39. Song Yu, W., et al., Optical and electrical properties of MoS 2 and Fe-doped MoS 2. 

Japanese Journal of Applied Physics, 2014. 53(4S): p. 04EH07. 

40. Chen, Z., et al., Strain control of the electronic structures, magnetic states, and magnetic 

anisotropy of Fe doped single-layer MoS2. Computational Materials Science, 2015. 110: 

p. 102-108. 

41. Shu, H., et al., Layer-Dependent Dopant Stability and Magnetic Exchange Coupling of 

Iron-Doped MoS2 Nanosheets. ACS Applied Materials & Interfaces, 2015. 7(14): p. 

7534-7541. 



 

92 

 

42. Xiang, Z., et al., Room-temperature ferromagnetism in Co doped MoS2 sheets. Physical 

Chemistry Chemical Physics, 2015. 17(24): p. 15822-15828. 

43. Yu, L., et al., General Formation of M–MoS3 (M = Co, Ni) Hollow Structures with 

Enhanced Electrocatalytic Activity for Hydrogen Evolution. Advanced Materials, 2016. 

28(1): p. 92-97. 

44. Hauser, J.J., Magnetic Proximity Effect. Physical Review, 1969. 187(2): p. 580-583. 

45. Fu, L. and C.L. Kane, Superconducting proximity effect and majorana fermions at the 

surface of a topological insulator. Phys Rev Lett, 2008. 100(9): p. 096407. 

46. Satapathy, D.K., et al., Magnetic proximity effect in YBa2Cu3O7/La(2/3)Ca(1/3)MnO3 

and YBa2Cu3O7/LaMnO(3+delta) superlattices. Phys Rev Lett, 2012. 108(19): p. 

197201. 

47. Stahn, J., et al., Magnetic proximity effect in perovskite superconductor/ferromagnet 

multilayers. Physical Review B, 2005. 71(14). 

48. Eremeev, S.V., et al., Magnetic proximity effect at the three-dimensional topological 

insulator/magnetic insulator interface. Physical Review B, 2013. 88(14). 

49. Men'shov, V.N., et al., Magnetic proximity effect in the three-dimensional topological 

insulator/ferromagnetic insulator heterostructure. Physical Review B, 2013. 88(22). 

50. Vobornik, I., et al., Magnetic Proximity Effect as a Pathway to Spintronic Applications 

of Topological Insulators. Nano Letters, 2011. 11(10): p. 4079-4082. 

51. Piquemal-Banci, M., et al., Insulator-to-Metallic Spin-Filtering in 2D-Magnetic Tunnel 

Junctions Based on Hexagonal Boron Nitride. ACS Nano, 2018. 12(5): p. 4712-4718. 

52. Piquemal-Banci, M., et al., 2D-MTJs: introducing 2D materials in magnetic tunnel 

junctions. Journal of Physics D: Applied Physics, 2017. 50(20): p. 203002. 



 

93 

 

53. Peng, B., et al., Valley Polarization of Trions and Magnetoresistance in Heterostructures 

of MoS2 and Yttrium Iron Garnet. ACS Nano, 2017. 11(12): p. 12257-12265. 

54. Kang, J., et al., Computational Study of Metal Contacts to Monolayer Transition-Metal 

Dichalcogenide Semiconductors. Physical Review X, 2014. 4(3): p. 031005. 

55. Geller, S. and M.A. Gilleo, The crystal structure and ferrimagnetism of yttrium-iron 

garnet, Y3Fe2(FeO4)3. Journal of Physics and Chemistry of Solids, 1957. 3(1): p. 30-36. 

56. Mallmann, E.J.J., et al., Yttrium Iron Garnet: Properties and Applications Review. Solid 

State Phenomena, 2013. 202: p. 65-96. 

57. Princep, A.J., et al., The full magnon spectrum of yttrium iron garnet. npj Quantum 

Materials, 2017. 2(1): p. 63. 

58. Lang, M., et al., Proximity induced high-temperature magnetic order in topological 

insulator--ferrimagnetic insulator heterostructure. Nano Lett, 2014. 14(6): p. 3459-65. 

59. Aivazian, G., et al., Magnetic control of valley pseudospin in monolayer WSe2. Nature 

Physics, 2015. 11(2): p. 148-152. 

60. Khare, N., et al., Defect-Induced Ferromagnetism in Co-doped ZnO. Advanced Materials, 

2006. 18(11): p. 1449-1452. 

61. Prellier, W., A. Fouchet, and B. Mercey, Oxide-diluted magnetic semiconductors: a 

review of the experimental status. Journal of Physics: Condensed Matter, 2003. 15(37): 

p. R1583. 

62. Yi, J.B., et al., Ferromagnetism in Dilute Magnetic Semiconductors through Defect 

Engineering: Li-Doped ZnO. Physical Review Letters, 2010. 104(13): p. 137201. 

63. Mak, K.F., et al., Control of valley polarization in monolayer MoS2 by optical helicity. 

Nature Nanotechnology, 2012. 7: p. 494. 



 

94 

 

64. Zhong, D., et al., Van der Waals engineering of ferromagnetic semiconductor 

heterostructures for spin and valleytronics. Science Advances, 2017. 3(5): p. e1603113. 

65. Cao, S., et al., Temperature induced Spin Switching in SmFeO3 Single Crystal. Scientific 

Reports, 2014. 4: p. 5960. 

66. Kuo, C.Y., et al., Single-domain multiferroic BiFeO3 films. Nat Commun, 2016. 7: p. 

12712. 

67. Berini, B., et al., Pulsed laser deposition and optical characterizations of the magnetic 

samarium orthoferrite. Thin Solid Films, 2012. 520(6): p. 1890-1894. 

68. Triguk, V.V., I.I. Makoed, and A.F. Ravinski, Electronic structure and improper electric 

polarization of samarium orthoferrite. Physics of the Solid State, 2016. 58(12): p. 2443-

2448. 

69. Luo, Y.K., et al., Opto-Valleytronic Spin Injection in Monolayer MoS2/Few-Layer 

Graphene Hybrid Spin Valves. Nano Letters, 2017. 17(6): p. 3877-3883. 

70. Cao, Y., et al., Unconventional superconductivity in magic-angle graphene superlattices. 

Nature, 2018. 556: p. 43. 

71. Liu, Y., et al., Tailoring sample-wide pseudo-magnetic fields on a graphene–black 

phosphorus heterostructure. Nature Nanotechnology, 2018. 13(9): p. 828-834. 

72. Rostami, H., et al., Theory of strain in single-layer transition metal dichalcogenides. 

Physical Review B, 2015. 92(19): p. 195402. 

 




