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ABSTRACT 
 

 

 

DAMPING AND SWITCHING IN THIN FILMS AND HETERO-STRUCTURES OF 

MAGNETIC MATERIALS AND TOPOLOGICAL MATERIALS 

 
 
 

Yttrium iron garnet (Y3Fe5O12, YIG) materials have been widely used in microwave devices 

and have also shown high potential for magnonics and spintronics applications. This is because 

the fact that YIG materials have very low intrinsic damping and is electric insulating. The 

development of YIG-based spintronics demands YIG films that have a thickness in the nanometer 

(nm) range and at the same time exhibit low damping comparable to single-crystal YIG bulk 

materials.  In this dissertation, the demonstration of using magnetron sputtering to grow high-

quality polycrystalline nm-thick YIG films on gadolinium gallium garnet (Gd3Ga5O12, GGG) 

substrates is discussed in detail, which is of great technological significance as well as scientific 

research. The damping constant of the YIG films is the lowest among all the previous reports of 

nm-thick YIG films grown. Such demonstration of high-quality nm-thick YIG films proves the 

possibility of nanoscale patterning of YIG films and the future development of YIG-based 

nanoscale devices.  Further, YIG thin films having a thickness of several nanometers and 

showing both strong perpendicular magnetic anisotropy (PMA) and low magnetic damping are 

realized in this dissertation. 

The phenomenon of spin pumping refers to the transfer of spins from precessional moments 

in a ferromagnet to a non-magnetic material. In a ferromagnetic/non-magnetic bi-layered system, 

spin pumping manifests itself as two distinct effects: (1) an enhancement in the damping in the 

ferromagnetic layer and (2) a pure spin current in the non-magnetic layer.  This dissertation 
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studies spin pumping effects in a ferromagnetic NiFe thin film associated with topological surface 

states (TSS) in a neighboring topological Dirac semimetal -Sn thin film. Large damping 

enhancement due to the TSS of the Dirac semimetal -Sn thin film is observed.  Moreover, the 

spin current generated in the -Sn film was utilized to switch a magnet through spin-orbit torque 

(SOT).  The switching efficiency is comparable to that in topological insulators, which paves the 

way for the application of -Sn thin films in future SOT-based magnetic memory. 

When a topological insulator (TI) is interfaced with a magnetic insulator (MI), it may host the 

anomalous Hall effect (AHE) and the quantum AHE associated with Berry-phase curvature in 

momentum space.  This dissertation reports a bona fide topological Hall effect (THE) in a single 

magnetic phase TI/MI heterostructure (Bi2Se3/BaFe12O19) where the electrical transport is 

exclusively confined to the TI layer. Experimental observations are consistent with a THE 

originating from skyrmions in BaFe12O19 that are formed due to interfacial Dzyaloshinskii–Moriya 

interaction. 

  



iv 
 

ACKNOWLEDGEMENTS 
 
 
 

I would like to thank my advisor, Professor Mingzhong Wu, for his inspiration, advice, and 

guidance throughout my Ph.D. program. He was always available, despite his busy schedule, to 

share his wisdom on anything from research to writing. This dissertation would not have been 

possible without his guidance and help. 

I would like to thank Dr. Carl Patton and Dr. Boris Kalinikos for their sage advices on 

microwave and magnetism. I am grateful to Professor Kristen Buchanan, Professor Jose de la Venta 

and Professor Dylan Yost for valuable suggestions on the MOKE system. Thanks to Professor 

Stuart Field for providing insights in photolithography and Professor Hua Chen and Professor Jifa 

Tian for discussions on topological materials. My appreciation also extends to Robert Adame for 

his generous help at the machine shop. I would like to acknowledge the members of my dissertation 

committee for offering their time, support, and guidance throughout my research and review of 

this dissertation.  

I am also grateful to all the colleagues I have had the pleasure to work with: Dr. Peng Li, Dr. 

Tao Liu, Dr. Chuanpu Liu, Dr. Vijaysankar Kalappattil, Dr. Rui Yu, Dr. Gen Yin, Dr. David 

Ellsworth, Dr. Praveen Janantha, Dr. Daniel Richardson, Dr. Houchen Chang, Dr. Josh Lauzier, Dr. 

August DeMann, Logan Sutton, Yuejie Zhang, Uppalaiah Erugu, Mike Ross, Weston Maughan, 

Adam Brandt, and Cory Rasor.  

Lastly, I would owe my deepest thanks to my family for their unconditional love and support. 

Without their support, I would not be able complete my Ph.D. program. 

 

 



v 
 

TABLE OF CONTENTS 

 
 
ABSTRACT .................................................................................................................................... ii 

ACKNOWLEDGEMENTS ........................................................................................................... iv 

CHAPTER 1  OVERVIEW ...........................................................................................................8 

1.1 Background and motivations .........................................................................................8 

1.2 Dissertation organization .............................................................................................10 

CHAPTER 2  MATERIAL GROWTH AND CHARACTERIZATION TECHNIQUES ...........12 

2.1 Magnetron sputtering techniques .................................................................................12 

2.2 Measurement techniques .............................................................................................16 

2.2.1 X-ray diffraction ...................................................................................................16 

2.2.2 Atomic force microscopy .....................................................................................17 

2.2.3 Vibrating sample magnetometry ..........................................................................17 

2.2.4 Ferromagnetic resonance measurements ..............................................................18 

CHAPTER 3  TOPOLOGICAL MATERIALS ...........................................................................21 

3.1 Spin-orbit coupling ......................................................................................................21 

3.2 Topological insulators ..................................................................................................22 

3.3 Topological Dirac semimetals .....................................................................................23 

3.4 α-Sn films ....................................................................................................................24 

CHAPTER 4  SPUTTERING GROWTH OF LOW-DAMPING YTTRIUM IRON GARNET 

THIN FILMS .................................................................................................................................27 

4.1 Introduction .................................................................................................................27 

4.2 Properties of yttrium iron garnet .................................................................................28 



vi 
 

4.3 Sputtering growth and characterization of yttrium iron garnet thin films ...................31 

4.4 Damping of yttrium iron garnet thin films ..................................................................35 

4.5 Conclusions and outlook .............................................................................................43 

CHAPTER 5  NANOMETER-THICK YTTRIUM IRON GARNET FILMS WITH 

PERPENDICULAR ANISOTROPY AND LOW DAMPING ......................................................45 

5.1 Introduction .................................................................................................................45 

5.2 Film growth and characterization ................................................................................46 

5.3 Origin of PMA .............................................................................................................56 

5.4 Damping constant of PMY YIG films .........................................................................61 

5.5 Spin-orbit-torque-induced magnetization switching ...................................................66 

5.6 Conclusions and outlook .............................................................................................71 

CHAPTER 6  TOPOLOGICAL SURFACE STATES-CAUSED LARGE DAMPING 

ENHANCEMENT IN DIRAC SEMIMETAL-FERROMAGNETIC METAL LAYERED 

STRUCTURES ..............................................................................................................................74 

6.1 Introduction .................................................................................................................74 

6.2 Growth of -Sn thin films ...........................................................................................76 

6.3 Surface morphological and structural properties .........................................................77 

6.4 Damping enhancement in α-Sn/Ag/NiFe layered structures .......................................79 

6.5 Magnetic properties of the magnetic films ..................................................................85 

6.6 Conclusions and outlook .............................................................................................87 

CHAPTER 7  MAGNETIZATION SWITCHING USING SURFACE STATES IN A 

TOPOLOGICAL DIRAC SEMIMETAL ......................................................................................90 

7.1 Introduction .................................................................................................................90 



vii 
 

7.2 Growth of -Sn thin films ...........................................................................................91 

7.3 Electric transport properties of -Sn thin films ...........................................................95 

7.4 Magnetization switching using α-Sn .........................................................................102 

7.5 Spin-orbit torque efficiency of α-Sn ..........................................................................108 

7.5.1 Magnetic properties of CoFeB nano-device.......................................................109 

7.5.2 Spin-orbit torque efficiency ............................................................................... 114 

7.5.3 Calculation of 2D efficiency of α-Sn ................................................................. 118 

7.6 Conclusions and outlook ...........................................................................................120 

CHAPTER 8  TOPOLOGICAL HALL EFFECT IN A TOPOLOGICAL INSULATOR 

INTERFACED WITH A MAGNETIC INSULATOR .................................................................122 

8.1 Introduction ...............................................................................................................122 

8.2 Growth of Bi2Se3/BaFe12O19 heterostructure ............................................................125 

8.3 Device fabrication and characterization ....................................................................128 

8.4 THE in Bi2Se3/BaFe12O19 heterostructure .................................................................130 

8.4.1 Experimental observation of THE responses .....................................................130 

8.4.2 THE phase diagrams ..........................................................................................133 

8.5 Calculation of magnetic phase diagrams ...................................................................137 

8.6 Conclusions and outlook ...........................................................................................140 

CHAPTER 9  SUMMARY AND OUTLOOK ..........................................................................142 

9.1 Summary ....................................................................................................................142 

9.2 Outlook ......................................................................................................................142 

REFERENCES ............................................................................................................................144 



8 
 

CHAPTER 1  OVERVIEW 

1.1 Background and motivations 

Yttrium iron garnet (Y3Fe5O12, YIG) materials have been widely used in microwave devices 

and have also shown high potential for magnonics and spintronics applications.1,2,3,4,5,6,7,8 This is 

because the fact that YIG materials have very low intrinsic damping 9  and are electrically 

insulating. The development of YIG-based spintronics demands YIG films that have a thickness 

in the nanometer (nm) range and at the same time exhibit low damping comparable to single-

crystal YIG bulk materials.  Previous work demonstrated pulsed laser deposition (PLD) of YIG 

thin films with relatively low damping.10  20-nm-thick PLD YIG films, for example, showed a 

Gilbert damping constant of α = 0.00023, which is relatively low.10 However, there are obstacles 

for PLD techniques to be  applied to industry.  These obstacles include small wafer deposition, 

low repeatability, instability of the system control, and so on. Magnetron sputtering as a physical 

vapor deposition (PVD) technique, on the other hand, is most widely used in industry such as 

Western Digital, Seagate Technology, Samsung Semiconductors Inc., and so on.  It enables the 

production of large-size wafers with uniform properties.  Other advantages of sputtering include 

convenient control of deposition parameters, high repeatability, and fast production. In this 

dissertation, the use of magnetron sputtering to grow high-quality polycrystalline nm-thick YIG 

films on gadolinium gallium garnet (Gd3Ga5O12, GGG) substrates is explored in detail, which is 

of great technological significance for industrialization as well as scientific research. The GGG 

substrates are chosen because the lattice constant is very similar to that of YIG.  The damping 

constant of the YIG films is the lowest among all the previous reports of nm-thick YIG films 
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grown by magnetron sputtering.11 Such demonstration of high-quality nm-thick YIG films proves 

the possibility of nanoscale patterning of YIG films12,13 and the future development of YIG-based 

nanoscale devices.  Moreover, YIG thin films having a thickness of several nanometers and 

showing both strong perpendicular magnetic anisotropy (PMA) and low magnetic damping are 

realized in this dissertation.14  

The phenomenon of spin pumping refers to the transfer of spins from precessional moments 

in a ferromagnet to a non-magnetic material.15,16,17  In a ferromagnetic/non-magnetic bi-layered 

system, spin pumping manifests itself as two distinct effects: (1) an enhancement in the damping 

in the ferromagnetic layer and (2) a pure spin current in the non-magnetic layer.  This dissertation 

studies spin pumping effects in a ferromagnetic NiFe thin film associated with topological surface 

states (TSS) in a neighboring topological Dirac semimetal -Sn thin film.18 It’s found that the 

TSS in the layered structures can cause an extra damping that is more than 3 times bigger than the 

damping in the bare NiFe film.  Such a large damping enhancement is not present in structures 

where the -Sn film interfaces directly with the NiFe film and the TSS are thereby suppressed, or 

where the Sn film is a topologically trivial material.  Moreover, the spin current generated in an 

-Sn film is utilized to switch a magnet through spin-orbit torque (SOT).19  The switching is 

mainly enabled by the TSS of the α-Sn, rather than spin-orbit coupling in the bulk of the α-Sn or 

electric current-produced heating effects.  The switching efficiency is comparable to that in 

topological insulators. 

When a topological insulator (TI) is interfaced with a magnetic insulator (MI), it may host the 

anomalous Hall effect (AHE) and the quantum AHE associated with Berry-phase curvature in 

momentum space.  Such heterostructures can also display transport signatures consistent with a 

topological Hall effect (THE) arising from real-space Berry-phase curvature. However, a recent 
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study suggests that this behavior may arise from two coexisting magnetic phases, rather than a 

genuine THE.20   This dissertation reports a bona fide THE in a single magnetic phase TI/MI 

heterostructure (Bi2Se3/BaFe12O19) wherein the electrical transport is exclusively confined to the 

TI layer. Experimental observations are consistent with a THE originating from skyrmions in the 

BaFe12O19 film that are formed due to interfacial Dzyaloshinskii–Moriya interaction (DMI). 

1.2 Dissertation organization 

This dissertation presents high-quality nm-thick yttrium iron garnet film development on 

gadolinium gallium garnet insulator substrates as well as substituted gadolinium gallium garnet 

insulator substrates through magnetron sputtering techniques. The spin current-to-charge current 

conversion in topological Dirac semimetal α-Sn films has been investigated through spin pumping 

effects. Room temperature magnetization switching utilizing topological surface states of α-Sn 

films grown on Si substrates were demonstrated. Topological Hall effect in magnetic 

insulator/topological insulator heterostructure was studied through electrical transport 

measurements. 

Chapter 2 introduces the basics of magnetron sputtering techniques, including the mechanisms 

of plasma generation, the sputtering process, thin film formation, and the argon ion etching 

process. Some measurement techniques that are frequently mentioned in the following chapters 

are also discussed briefly. 

Chapter 3 presents an introduction of topological materials including topological insulators 

and topological Dirac semimetals. Details about the crystal structure and electronic structure of α-

Sn thin films under strain are discussed. 

Chapter 4 reports the growth and magnetic properties of low-damping nm-thick YIG films by 

magnetron sputtering. Details on the sputtering and annealing optimization process, the 
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dependence of YIG film properties on annealing temperatures, and the magnetic properties of YIG 

thin films are discussed. 

Chapter 5 presents nm-thick YIG thin films with both perpendicular magnetic anisotropy 

(PMA) and low damping.  The static and dynamic magnetic properties of PMA YIG films are 

presented, and the origin of PMA are discussed in detail.  SOT switching of PMA YIG films is 

studied as a demonstration of the application of the PMA YIG films on fundamental studies in 

spintronics.  

Chapter 6 reports the study of spin pumping in a ferromagnetic thin film associated with TSS 

in a neighboring Dirac semimetal -Sn thin film.  The dynamic properties of NiFe/-Sn 

heterostructures are studied and the TSS of Dirac semimetal -Sn films are discussed. 

Chapter 7 presents current-induced switching in a rectangular structure consisting of a 6-nm-

thick film of topological Dirac semimetal -Sn, a 2-nm-thick ferromagnetic CoFeB film, and a 2-

nm-thick Ag spacer in-between the two films.  Electric transport properties of topological Dirac 

semimetal -Sn, the mechanism of switching, and the switching efficiency are discussed in detail. 

Chapter 8 reports the observation of THE responses in a bi-layered structure that consists of 

a topological insulator Bi2Se3 thin film grown on top of a magnetic insulator BaFe12O19 thin film.  

Details about growth of BaFe12O19 thin films, temperature dependence of the THE, calculation of 

THE phase diagrams are discussed. 

Chapter 9 includes a summary of the whole dissertation and the outlook for the future work. 
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CHAPTER 2  MATERIAL GROWTH AND 

CHARACTERIZATION TECHNIQUES 

2.1 Magnetron sputtering techniques 

Magnetron sputtering is a widely used physical vapor deposition (PVD) technique. It was 

created in 1930s when F. M. Penning described the trapping of electrons in certain electric and 

magnetic field configurations at room temperature.21,22,23 This later led to the further development 

of the modern magnetron sputtering technique in the 1970s.24,25,26 This technique has been widely 

used in thin film fabrication industries, including semiconductors, solar cells, optics, magnetic 

storage, and many others, because it allows for fast production, pre-surface sputter cleaning, easy 

control, and uniformity over a large size, among others. 

Magnetron sputtering is a plasma vapor deposition (PVD) process in which a plasma is 

created, and positively charged ions (typically argon ions) from the plasma are accelerated by an 

electrical field superimposed on the negatively charged electrode or "target".  The positive ions 

are accelerated by the electrical potential and strike the negative electrode with enough force to 

dislodge and eject atoms from the target. The ejected atoms  will be condense on substrate 

surfaces that are placed in proximity to the magnetron sputtering cathode.  In magnetron 

sputtering, plasma needs to be ignited and created before sputtering target materials to substrates. 

A plasma is a dilute ionized gas containing free electrons and positive ions. In a vacuum chamber, 

argon gas is filled in with low pressure, typically several mTorr. Then a positive voltage between 

the cathode (targets) and the anode (shutters or substrate holders) is applied (2-5 kV). If the voltage 
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is larger than a breakdown voltage, ionization of argon atoms happens.  This makes the gas 

electrically conductive and then forms a plasma. This process is called glow discharge. 

The breakdown voltage is critical for the plasma ignition. It can be described by Paschen’s 

law, which was given by Friedrich Paschen in 1889.27  

𝑉𝐵𝐷 = 𝐵𝑝𝑑ln(𝐴𝑝𝑑)−ln( ln(1+1/𝛾))                 (2.1) 

In this equation, VBD is the breakdown voltage, p is the pressure of the neutral gas, d is the 

gap distance between the cathode (the target) and the anode (the substrate), A is the saturation 

ionization in the gas at a particular electric field/pressure ratio, γ is the secondary electron emission 

coefficient at the cathode, and B is related to the excitation and ionization energies.  

For the system used in Dr. Mingzhong Wu’s laboratory, the distance d between the cathode 

and the anode is 6-10 cm, and the argon gas pressure is in the range of 4-20 mTorr. Using these 

parameters, one would expect the breakdown voltage VBD monotonically decreases with pd in the 

parameters range normally used for sputtering. So, one needs to increase the distance d and/or the 

gas pressure in order to get a lower breakdown voltage to enable plasma ignition. Experimentally, 

it is often convenient to increase the gas pressure to enable the ignition.  As the plasma is created 

and sustained by frequent collisions between electrons and argon atoms, argon ions with positive 

charges move to and collide with the target (the cathode) surface. Then, the free electrons fly to 

the substrates (the anode) due to the electric field.  
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Figure 2.1. Top view of a magnetron sputtering gun in Dr. Mingzhong Wu’s laboratory. The outer bar 
magnets have their S poles all pointing up, and the center magnet has an opposite pole direction. 

Figure 2.1 shows the top view of a modern magnetron gun. The center magnet has an opposite 

pole to the surrounding magnets. The target was mounted on top of the surface shown and an 

electric field (DC or RF) is applied vertically to the gun surface. The motion of electrons can be 

described as follows. In general, the area near the top surface of the target can be treated as two 

regions: the cathode dark space (CDS) region on top of the target surface and the negative glow 

region (NG) as shown in Fig. 2.2. Free electrons move mainly under the influence of the electric 

field in the CDS region and the magnetic field in the NG region. Free electrons located on the 

surface of the target are accelerated by the electric field in the CDS region, gain kinetic energy, 

and move to the NG region. Then, via the Lorentz force, the magnetic field bends the electron path 

so that the electrons move in a circle around the center axis, being confined in the NG region. As 

more electrons are confined, there are more collisions between the gas atoms and the electrons, 

which helps ionize the neutral argon atoms and sustain the plasma. Since the bending effect 

depends on the mass of particles, argon ions are far less affected than electrons. The exhausted 

electrons, after loss of kinetic energies due to multiple collisions with atoms and ions, fly away 

from the CDS region towards the anode region without breaking or heating up the substrate surface. 
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Figure 2.2. Illustration of field distribution and electron motion near the surface of the target. CDS and NG 
denote the cathode dark space and the negative glow regime, respectively. 

On the other hand, argon ions are accelerated under the electric field and move towards the 

cathode target materials with an energy range from 100 eV to 2000 eV.  The collision of argon 

ions and the atoms of the target surface can be modeled as hard sphere collisions in which the 

momentum transfer process dominates as the atoms hit the sputtering target. About 95% of the 

incident energy is transferred to heat in the target and only a small portion (about 5%) is absorbed 

by atoms (5–100 eV) on the surface. The atoms in the sputtering target will eject if the absorbed 

energy is larger than their binding energy. In a magnetron sputtering gun, chilling water is supplied 

on the back of the gun to remove excessive heat caused by the collision.  

The magnetron sputtering system in Dr. Mingzhong Wu’s laboratory has three chambers.  

One chamber is for metallic material deposition with three magnetron guns. The second chamber 

has a face-to-face setup for ceramic material deposition. The third chamber has no magnetron gun 

and is used as load lock for transferring samples to the two chambers with magnetron guns. A 

heating box is mounted on the back of the substrate holders for high-temperature (up to 800 oC) 

deposition and in-situ annealing. In this dissertation, all the thin films were fabricated by using 

this magnetron sputtering system unless otherwise noted.  
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2.2 Measurement techniques 

2.2.1  X-ray diffraction 

X-ray diffraction techniques utilized x-ray to determine the atomic structure of crystals, 

either bulk or thin films. In a typical configuration, a fine focused monochromatic beam of x-rays 

is beamed at samples and scattered elastically, forming diffraction patterns. The angles and 

intensities of these diffraction patterns provide information on lattice constants, chemical bonds, 

lattice types, and others.  

  

Figure 2.3. Left: X-ray 2θ scan spectrum of an 11-nm-thick YIG film grown on a GGG substrate. Right: 
illustration of the lattice constant a and the spacing d111 along <111>. 

The left graph of Fig. 2.3 shows the YIG film and GGG substrate peaks of a typical X-ray 2θ 

scan with a Bruker D8 system at Colorado State University (CSU). The 2θ angle of the YIG (444) 

peak is 50.9°. The wavelength of the Cu X-ray source is 0.154 nm (Kα). Given these parameters, 

one can estimate the YIG lattice constant using the Braggs’ law 

(2.2)                                                            sin2  nd =  

where d is the spacing between neighboring diffraction planes in the crystal, n is a positive integer 

indicating the Miller index, which is 4 here, and   is the X-ray wavelength.  One can calculate 

the lattice constant a as𝑎 = 3𝑑111 √3⁄ = 3 × (4𝜆/2 𝑠𝑖𝑛 𝜃) √3⁄ = 12.41Å.  This value is close 
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to the standard value of YIG materials, which is 12.376 Å at room temperature, and the 

perpendicular tensile strain is quite small. 

2.2.2  Atomic force microscopy 

Atomic force microscopy (AFM) is a widely used surface scanning technique because it 

supports resolution in sub-nanometer range. By measuring the atomic force between the probe tip 

and the sample, surface information such as height, friction, and magnetism can be detected and 

acquired.  

 

Figure 2.4. Pictures of the AFM device in Dr. Mingzhong Wu’s laboratory at CSU. The AFM tip is located 
under the objective lens and the sample holder is located under the AFM tip. The sample is put on the 
sample holder facing up for the AFM tip to detect the surface. The black knobs are for fine tuning the 
position calibration laser and the position of the stage. 

Figure 2.4 shows the AFM device used in Dr. Mingzhong Wu’s laboratory at CSU. The AFM 

system is from Vecco Innova Inc. The AFM system supports surface imaging with tapping and 

contact modes. A high-resolution microscopy on top of the probing block is for precise operations 

of tip mounting and laser beam alignment. 

2.2.3  Vibrating sample magnetometry 

Vibrating sample magnetometry (VSM) is a technique that measures magnetic properties of 

magnetic materials. Figure 2.5 shows the schematic of the core part of the VSM instrument. A 
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magnetic sample is attached to the end of a quartz rod, which is placed in the center of 

electromagnet. By vibrating the quartz rod up and down with a high frequency, the coil picks up a 

current signal from the changing magnetic field generated from the sample due to the Faraday’s 

Law of Induction. By analyzing signal change with the external static magnetic field, the magnetic 

properties of the samples such as saturation induction and coercivity can be acquired.  To enable 

high lock-in detection of the signal, a vibrating frequency of 50 kHz is used for the measurements 

in the dissertation. 

 

Figure 2.5. A schematic of the VSM instrument 
 
 

2.2.4  Ferromagnetic resonance measurements 

In a classical theory, a magnetic moment will precess about the net external magnetic field if 

it has a different orientation from the field. In real magnetic materials, this precessional motion 

cannot sustain without a continuous driving force. The interactions of magnon-phonon, magnon-

electron, and magnon-magnon and other interactions can damp and decay the magnetization 

precession. This damping process is called magnetization relaxation. 

Ferromagnetic resonance (FMR) is a method to measure magnetic properties by detecting the 
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precessional motion of the magnetization in a ferromagnetic material. From a macroscopic point 

of view, the applied static magnetic field H0 causes the total magnetic moment to precess around 

the direction of the local field Heff, before relaxation processes damp this precession and the 

magnetization aligns with Heff.  FMR techniques have been widely used to study the 

magnetization properties in magnetic materials. Measurements of FMR responses can provide 

information on magnetization dynamic properties, such as the Gilbert damping constant, as well 

as static magnetic properties, such as the saturation induction, anisotropy field, and absolute 

gyromagnetic ratio. 

 

Figure 2.6. (a) Schematic for a typical FMR system using a rectangular waveguide, an electromagnet, and 
a lock-in amplifier. (b) A typical power absorption curve in an FMR measurement. (c) A typical curve of 
power absorption derivative in an FMR measurement. ΔHpp represents the peak-to-peak FMR linewidth. 
 

Figure 2.6(a) shows a schematic diagram of a typical FMR system. A sample is mounted at 

the end of a rectangular waveguide in which a microwave field propagates and drive the magnetic 

moments in the sample. The electromagnets supply a constant external magnetic field to saturate 

the sample. During the measurement, either the microwave frequency or the external field is swept 

continuously till the resonance condition is satisfied. When the resonance condition is satisfied, 

the power absorption reaches its maximum, and a dip arises in the reflected microwave signal 

which corresponds to a power absorption peak as shown in Fig. 2.6(b). A lock-in amplifier and 

modulation of field are utilized to enhance the signal-to-noise ratio. In this case, the detected signal 
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will be the derivative of the power absorption curve. The peak-to-peak linewidth shown in Fig. 

2.6(c) reflects the relaxation process. Reference [28   elaborates much details on the setup, 

calibration, and modification of the FMR system. 

In the following chapters, the magnetron sputtering technique will be used to prepare thin 

films and the FMR technique will be used to measure the damping constant of magnetic thin films. 
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CHAPTER 3  TOPOLOGICAL MATERIALS 

3.1 Spin-orbit coupling 

The spin-orbit coupling (SOC) is a fully relativistic interaction between a particle’s spin and 

its translational motion. To understand it better, one can start with a hydrogen-like atom with 

atomic element number Z. The atomic orbitals of such an atom are solutions to the Schrödinger 

equation in a spherically symmetric Coulomb potential given by29 𝑉 = − 14𝜋𝜖0 𝑍𝑒2𝑟                               (3.1) 

where ɛ0 is the permittivity of the vacuum, Z is the number of protons in the nucleus, e is the 

elementary electronic charge, r is the distance of the electron from the nucleus. Since the energies 

are simply written as 𝐸𝑛 = − 𝑚𝑟𝑐2𝛼2𝑍22𝑛2                              (3.2) 

where mr is the reduced mass of the system, c is the speed of light in vacuum, α ≈ 1/137 is the fine 

structure constant. In the core shell (first 1s orbital), the single electron moves around the nucleus 

at an average distance r1 with an average velocity v1 that are given by 𝑟1 = 4𝜋𝜀0ℏ2𝑍𝑒2𝑚𝑒  and 𝑣1 = 𝑧𝑒24𝜋𝜀0ℏ ≅ 𝑧137 𝑐                    (3.3) 

The heavier the element is (large Z), the smaller the radius of the atomic orbital becomes, the faster 

the electron circles around the nucleus, and the electric field felt by the electron is much stronger. 

This electric field E generated by the positively charged nucleus is proportional to Z3 and can be 

written as 𝐸 = − 14𝜋 𝑧𝑒2𝑟2 𝑒𝑟                            (3.4) 
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The electron orbiting the nucleus in an atom naturally feels the nuclear electric field described 

above. But relative to the electron’s rest frame, the proton orbits the electron and produces an 

additional magnetic field. This effective magnetic field comes from the Lorentz transformation in 

special relativity from the nuclear coordinate system to the moving electron coordinate system. It 

can also be simply seen semi-classically as a magnetic field generated by a current loop  𝑩𝑒𝑓𝑓 = 𝑬×𝐯𝑐2                               (3.5) 

This additional magnetic field naturally couples to the moving electron via the spin, resulting in 

an interaction between the electron spin and the electric field. This interaction is the so-called spin-

orbit coupling. Spin-orbit coupling plays an important role in modern physics.  For example, the 

emergence of topological insulators requires strong spin-orbit coupling. 

 

3.2 Topological insulators 

In the past 15 years, topological insulators have attracted extensive interest in fundamental  

physics  and  materials  science30,31. Topological insulators (TIs) are a kind of material with 

unique band structures. Figure 3.1(a) shows the band structure of a topological insulator.32 Since 

there is a gap between the conduction band and the valence band, a TI is insulating in the bulk. In 

addition, a TI features strong spin-orbit coupling, which leads to an inverted band gap and a 

nontrivial topological order. As a result, there exist metallic surface states on its surfaces 

interfacing with trivial insulators, though it is insulating in the bulk. Such surface conducting states 

are called topological surface states (TSS), as shown schematically in Fig. 3.1(b). In most materials, 

these conducting surface states are very fragile. However, in a topological insulator, due to time 

reversal symmetry, the Hamiltonian describing the surface states is invariant to small perturbations, 

which makes the surface states topologically protected and stable under small perturbations.  
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Because of the Rashba effect, the surface states on topological insulators are spin polarized. 

At the Fermi surface, the spins in the conducting channel are always at a right angle to their 

momenta. This phenomenon is called spin-momentum locking, which is a signature of TIs. 

Because of the spin-momentum locking, a TI has great potential in spintronics applications, such 

as magnetic spin-orbit torque memory devices.33 

3.3 Topological Dirac semimetals 

The TSS exist not only in TIs, but also in topological Dirac semimetals (TDSs). A TDS is a 

kind of three-dimensional material where the conduction and valence bands meet at points and are 

described by a three-dimensional Dirac equation. In a TDS, Dirac-like band crossings appear in 

momentum space and is protected by discrete symmetries. A schematic illustration of the electronic 

structure of a three-dimensional (3D) DSM is shown in Fig. 3.2.34 BDP1 and BDP2 mark the 

positions of two bulk Dirac points.   

 

Figure 3.1. (a) Schematic of the dispersion relation in a topological insulator.32 (b) Topological surface 
states in a topological insulator. 
 

(a) (b)
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TDS materials have attracted great interests since the first prediction by Young et al. in 2012.35 

Later, Wang et al. predicted that some 3D TDS family could include A3Bi (A=Na, K, Rb) and 

Cd3As2.36 ,37  Moreover, further experiments show that these materials can support nontrivial 

surface states. 38 ,39  The unusual electronic structure of TDSs leads to extraordinary physical 

properties, including giant linear magnetoresistance 40 , 41 , chiral anomaly 42 , novel quantum 

oscillations,43 and so on. Till now, the TDS family includes the above-mentioned Na3Bi, Cd3As2, 

and others.38,39,44,45 Recently, α-Sn films under suitable strain was reported to be a new member 

in this family.34,46 The properties of α-Sn films are introduced below.   

3.4 α-Sn films 

Tin (Sn) exists in two major crystalline forms: α and , as shown in Fig. 3.3.  Alpha-Sn is a 

zero-gap semiconductor with a face-centered diamond cubic crystal structure.  At high 

temperature, -Sn transforms into -Sn that is metallic and has a body-centered tetragonal 

structure.  For commercially pure -Sn bulk materials, this phase transformation occurs at 

13.20.1 °C.47  For -Sn thin films, however, the transformation temperature can be significantly 

higher and usually increases with a decrease in the film thickness.  For example, previous work 

has demonstrated that -Sn films of a thickness of 50 monolayers grown on (111) InSb substrates 

 

Figure 3.2. Schematic illustration of the electronic structure of a 3D TDS.34 
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are stable up to about 160 °C, while films of a thickness of 8 monolayers are stable up to about 

200 °C.48  

 

Unstrained -Sn is a gapless semiconductor in which the conduction and valence bands have 

a quadratic band touching at the  point near the Fermi level.  This band touching is protected by 

the cubic symmetry of the -Sn structure.  If the cubic symmetry is broken by a tensile strain 

along the [001  or [111  direction, the two bands cross each other near the Fermi level, forming 

two Dirac points and giving rise to a topological Dirac semimetal (TDS) phase.34,49,50  Such band 

crossing is protected by the rotational symmetry that remains unbroken by the tensile strain. 

 

Figure 3.3. Crystal structure of α phase and β phase Sn. 
 

a = 6.489 Å

α-Sn

a = 5.831 Å

β-Sn 
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The TSS of the TDS -Sn film concerned in this work originate from the band inversion – the 

conduction and valence bands (Γ8+) near the Fermi level are derived from p electrons while the s 

electron-derived band (Γ7−) is below the Fermi level, as sketched schematically in Fig. 3.4, unlike 

other group-IV semiconductors with the diamond structure such as Si and Ge.  The Γ7− band is 

pushed below the Fermi level mainly due to the scalar relativistic effects that affect the s 

electrons.51,52  The TSS bridge the Γ8+ conduction band and the Γ7− valence band, 49 as indicated 

by the red dashed lines in Fig. 3.4. The spin-momentum locking of these TSS in -Sn has been 

previously confirmed via angle-resolved photoemission spectroscopy,53,54 and its potential for 

efficient charge-to-spin conversion has been previously demonstrated via spin pumping 

experiments by Rojas-Sanchez et al.55 

  

 

Figure 3.4. Schematic of the band structure in topological Dirac semimetal -Sn thin films. 
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CHAPTER 4  SPUTTERING GROWTH OF LOW-

DAMPING YTTRIUM IRON GARNET THIN 

FILMS 

4.1 Introduction 

Magnetic damping in yttrium iron garnet (YIG) Y3Fe5O12 is lower than in any other magnetic 

material.  As such, YIG materials have been widely used in microwave devices, including phase 

shifters, isolators, and circulators56,57. Recent years witnessed a strong interest in the use of YIG 

materials for spintronic and magnonic device applications.  This interest derives mostly from the 

facts that the damping in YIG materials is two or three orders of magnitude lower than in 

ferromagnetic metals, and YIG-based devices may therefore enable faster domain wall motion, 

magnetization switching with lower currents, and more energy efficient information transfer than 

metal-based devices.  In fact, there have been recent experimental demonstrations of spin-torque 

nano-oscillators58 and logic gates59 that take the advantage of nanometer-thick YIG films.    

Spintronic and magnonic applications require YIG thin films with a thickness in the 

nanometer (nm) range, but it is challenging to grow YIG films that are nanometers thick yet exhibit 

a damping comparable to the bulk value.  There have been rather significant efforts in using liquid 

phase epitaxy (LPE), pulsed laser deposition (PLD), and magnetron sputtering methods to grow 

nm-thick YIG films5,10,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73, but the Gilbert damping constants () of 

those films are still higher than the intrinsic damping in YIG single crystals, which is about 310-
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5 82, and there is still room for the improvement of the damping of nm-thick YIG films.  This 

chapter reports the development of nm-thick YIG films via sputtering at room temperature and 

post-annealing in O2 at high temperature.  The optimization of the annealing temperature enabled 

the realization of YIG films with   5.210-5, which represents the lowest damping reported so 

far for magnetic films, either metallic or insulating, thinner than 200 nm. 

4.2 Properties of yttrium iron garnet 

Yttrium iron garnet (Y3Fe5O12, YIG) was first discovered by Bertaut and Forrat in 1956.74 

YIG is a synthesized ferrimagnetic oxide insulator with nearly cubic symmetry. The lattice 

constant of bulk YIG material is 12.376 Å. One cubic unit cell consists of eight chemical formula 

units, with 24 Y3+ cations, 40 Fe3+ cations, and 96 O2- anions.75 ,76  Figure 4.1 presents the 

schematic diagrams for the iron and yttrium cations surrounded by oxygen anions in YIG materials. 

The Y3+ ion is located on a c-site and is surrounded by eight nearest oxygen anions which form a 

dodecahedron. Among the 40 Fe3+ cations, 40% are located on a-sites and 60% are located on d-

sites. Six oxygen anions surround one a-site cation, forming an octahedron, while four anions are 

around one d-site cation and form a tetrahedron. Normally, Gadolinium gallium garnet (Gd3Ga5O12, 

GGG) substrates are used for YIG thin film deposition. This is because the GGG single crystal has 

the identical crystal structure as that of the YIG crystal. The difference between the YIG and GGG 

lattice constants is as small as 0.01%. 
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Figure 4.1. Schematic diagrams of three different sites occupied by cations in yttrium iron garnet.9 
 
 

Figure 4.2 shows the cation placement in one octant of an YIG unit cell. The magnetization 

in YIG originates from super-exchange interaction77,78 between a-site and d-site Fe3+ cations. The 

net magnetic moment of Y3+ cations is zero. Based on Anderson’s theory33, in magnetic ion – 

oxygen ion – magnetic ion bonds, the interaction is strongest with a bond angle near 180o and 

weakest for 90o. In the YIG crystal structure, the largest bond angle of 126.6o 79 occurs at “a-site 

Fe3+" - O2- - "d-side Fe3+”. This interaction leads to anti-paralleled magnetic moments between the 

a-site and d-site Fe3+ ions. Each Fe3+ ion contributes 5 Bohr magnetons (B) and each unit cell in 

YIG material has a net magnetic moment of 40 B (Bohr magneton). This leads to a theoretical 

saturation induction (4πMS) value of 2470 G at 0 K, which is very close to the value (2463 G) 

measured for YIG thin films at 4.2 K in previous study.80 At room temperature, the 4πMS value is 

about 1750 G. Depending on the fabrication methods and defects in the film, the 4πMS value may 

vary from 1450 to 2100 G. 

The single-crystal yttrium iron garnet has weak cubic magneto-crystalline anisotropy with the 

easy axis along (111) direction. At room temperature, the first- and second-order cubit anisotropy 

constants are -6100 erg/cm3 and -260 erg/cm3, respectively, 81  which correspond to effective 

magnetic anisotropy fields of -87.6 Oe and -3.7 Oe, respectively, for a saturation induction of 1750 

O2- Fe3+ Fe3+ Y3+

d site 
(tetrahedral site)

a site 
(octahedral site)

c site 
(dodecahedral site)
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Oe. The negative sign of anisotropy constant indicates easy-plane anisotropy. 

 

Figure 4.2. Cation arrangement in one octant of a YIG unit cell. A-site ions form a body-centered cubit (bcc) 
sub-unit cell. D-site and c-site cations are distributed symmetrically along the center lines of the cubic 
faces.9 
 

 
The ferromagnetic resonance (FMR) linewidth originating from intrinsic damping in YIG 

single crystals is about 0.2 Oe at 10 GHz.82,83 This leads to an intrinsic Gilbert damping constant 

α of about 310-5 assuming zero inhomogeneous linewidth broadening. This damping value is 

about one order of magnitude smaller than that in other magnetic insulators such as barium 

hexagonal ferrites84 and two orders of magnitude smaller than that in ferromagnetic metals. The 

extremely small intrinsic magnetic damping makes YIG a good candidate for studies of spin waves 

as well as magnetic insulator-based spintronics applications. Structural and physical properties of 

single-crystal YIG are listed in Table 4.1. All values in the table are for room temperature unless 

specified. 

Table 4.1. Properties of yttrium iron garnet. 
 

Parameter Value Reference 

Lattice constant a (273 K) 12.3760.004 Å 75, 78 

Lattice constant a (77 K) 12.361 Å 75 
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Lattice constant a (4 K) 12.359 Å 75 

Thermal expansion coefficient (298 K) 8.310-6 75 

Thermal expansion coefficient (623 K) 11.010-6 75 

Density 5.17 g/cm-3 80 

Band gap 2.85 eV 80 

Saturation induction 4Ms 1750 G 78 

Saturation induction 4Ms (4.2 K) 2463 G 79 

Cubic anisotropy constant K1 -6100 erg/cm3 80 

Cubic anisotropy constant K2 -260 erg/cm3 80 

Curie temperature Tc 559 K 80 

Exchange constant  310-12 cm2 80 

Intrinsic damping constant  310-5 81 

Faraday rotation (1.2 m) 240 deg/cm 80 

Dielectric constant (10 GHz) 14.7 85 

Dielectric loss tangent (10 GHz) 0.0002 83 

 

4.3 Sputtering growth and characterization of yttrium iron garnet 

thin films 

The YIG films were grown on single-crystal (111) Gd3Ga5O12 (GGG) substrates by radio-

frequency sputtering.  The GGG substrate is rinsed sequentially with acetone, isopropyl alcohol, 

and DI water, before being loaded into the sputtering chamber.  A commercial YIG target is used 

that has a diameter of 2 inches and a thickness of 0.25 inches. The deposition is carried out at room 

temperature, at a rate of about 0.63 nm/min; prior to sputtering, the chamber system has a base 

pressure of 2.0×10-8 Torr.  The deposited YIG film is then annealed at high temperature in a 

separate chamber.  The major sputtering and post-annealing control parameters are summarized 

in Table 4.2.  More details about the sputtering and annealing processes can be found in Refs. [61  
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and [64 .  

 

For the YIG films presented in this letter, the surface morphological properties were analyzed 

through tapping-mode atomic force microscopy (AFM) measurements.  The crystalline structure 

and film thickness were characterized through X-ray diffraction (XRD) and X-ray reflectivity 

(XRR) measurements, respectively.  The static magnetic properties of the YIG films were 

measured by a vibrating sample magnetometer (VSM).  The dynamic properties of the films were 

determined through ferromagnetic resonance (FMR) using X-band and Ku-band shorted 

rectangular waveguides and lock-in detection techniques.  Shorted waveguide-based FMR 

approaches generally have lower signal-to-noise ratios and require the use of larger samples than 

microwave cavity-based FMR techniques, but they allow for measurements over a range of 

frequencies, in contrast to single-frequency measurements in the cavity FMR case.  For the data 

presented below, the FMR frequency ranges from 8 GHz to 17 GHz, and the sample size is about 

Table 4.2. Sputtering and annealing parameters for YIG film fabrication. 

Sp
ut

te
rin

g 

Target-to-substrate distance  6.8 cm 

Sample holder rotation rate  25 rpm 

Ar pressure  20 mTorr 

Ar flow  4 sccm 

Sputtering power  75 W 

Sputtering time  120 min 

A
nn

ea
lin

g 

Heating rate  10 °C/min 

O2 pressure  10 Torr 

Annealing temperature  800 - 1200 °C 

Annealing time  300 min 

Cooling rate  2 °C/min 
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1.5 mm by 1.5 mm.  The analyses of the FMR data yielded the FMR field (HFMR) and linewidth 

(ΔH) values of the films.  Note that the ΔH values presented below all refer to the peak-to-peak 

linewidths of the FMR power absorption derivative profiles. 

 

For the data presented below, the YIG films are all 75 nm thick.  They were prepared at the 

same conditions except that they were annealed at different temperatures.  The thickness was 

measured using X-ray reflection (XRR). 

Figure 4.3 shows the representative data obtained for the YIG film that was annealed at 900 °C 

and shows the lowest damping.  Figure 4.3(a) gives an AFM image which clearly indicates that 

the film has a very smooth surface; the analysis of the AFM data indicates a rms roughness of 0.08 

± 0.02 nm.  Such smoothness allows for the fabrication of YIG-based bi-layered structures with 

sharp interfaces for spintronic and magnonic device applications.  Note that the surface roughness 

values in this work were all determined by averaging over AFM measurements on five different 5 

μm × 5 μm areas on the film, while the uncertainty for each roughness value is the corresponding 

standard deviation.   

Figure 4.3(b) shows an XRD spectrum that indicates the (111) orientation of the YIG film.  

This is expected because (1) the GGG substrate is (111) oriented and (2) the YIG lattice almost 

perfectly matches the GGG lattice9.  Note that the lattice constants of YIG and GGG materials 

 
Fig. 4.3. Atomic force microscopy (AFM) surface image, X-ray diffraction (XRD) spectrum, and 
magnetization vs. in-plane and out-of-plane fieldresponses of a 75-nm-thick YIG film. 
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are 12.376 Å and 12.382 Å, respectively, at room temperature.  Three important points should be 

made about the XRD spectrum.  First, in Fig. 4.3(b) the YIG (444) peak appears as a relatively 

small hump on the left shoulder of the GGG (444) peaks; this hump can be much better resolved 

for other samples [see Fig. 4.5(a) and 4.5(b) .  Second, theoretically speaking the YIG (444) peak 

should be present on the right side of the GGG (444) peaks according to the Bragg’s law, and the 

presence of the YIG (444) peak on the left side suggests that the YIG lattice has been expanded or 

enlarged vertically.  The location of the YIG (444) peak on the wrong side of the GGG (444) peak 

has been previously reported60,66,67.  Possible reasons include (1) lattice mismatching between the 

film and the substrate65 and (2) small off-stoichiometry, such as oxygen deficiency, in the film66.  

For the YIG films in this work, it is believed that (2) is dominant over (1), because the YIG and 

GGG lattice constants are very close to each other, and the YIG films are also relatively thick and 

are therefore expected to be insensitive to the interfacial lattice mismatching.  Third, the above-

described lattice expansion may induce magneto-elastic anisotropy in the YIG film.  For the films 

in this work, one can expect an easy-plane anisotropy, as discussed in detail in Ref. 14.  This 

corresponds to Ha<0, if one defines Ha as the effective field of the uniaxial perpendicular 

anisotropy in the film.   

Figure 4.3(c) presents magnetization vs. field (H) hysteresis loops measured with a VSM 

system at different field directions, as indicated.  The analysis of the loop data measured with an 

in-plane (IP) field yields a saturation induction (4Ms) of about 177815 G, which is very close to 

the bulk value (1750 G), and a coercivity of only about 0.18 Oe, which indicates the presence of 

weak anisotropy and very few defects in the film.  These VSM results, together with the AFM 

and XRD results, clearly suggest that the film is of high quality and is therefore expected to show 

low damping.  The damping properties are presented below.   
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4.4 Damping of yttrium iron garnet thin films 

The left column in Fig. 4.4 shows the FMR data measured with an in-plane (IP) field.  The 

blue circles in Fig. 4.4(a-i) show a representative FMR profile which was measured at a frequency 

(f) of 14.5 GHz.  The red curve shows a fit to a derivative Lorentzian trial function.  Figures 

4.4(a-ii) and 4.4(a-iii) show HFMR and H, respectively, as a function of f.  The dots show the 

experimental data obtained through the Lorentzian fitting, while the lines show numerical fits, 

which are explained below.    

The line in Fig. 4.4(a-ii) is a fit to the Kittel equation 

 = 2|𝛾|√𝐻FMR(𝐻FMR + 4𝑀s−eff)                    (4.1)  

where  = 2𝑓 is the angular frequency, |𝛾| is the absolute gyromagnetic ratio, and 4𝑀s−eff 
denotes 4𝑀s − 𝐻𝑎.  𝐻𝑎 is the effective field of a perpendicular anisotropy in the YIG film; 

“𝐻𝑎 > 0” and “𝐻𝑎 < 0” correspond to an easy-axis anisotropy along the film normal direction and 

an easy-plane anisotropy in the film plane, respectively.  One physical origin of 𝐻𝑎 is the above-

discussed magneto-elastic anisotropy associated with the lattice expansion in the YIG film88.  The 

other is associated with the magneto-crystalline anisotropy in the YIG film.  In brief, single-

crystal YIG materials exhibit cubic magneto-crystalline anisotropy, with anisotropy constants K1 

=  -6100 erg/cm3 and K2 = -260 erg/cm3.  For a (111)-oriented YIG film, such a crystalline 

anisotropy gives rise to an easy-axis anisotropy along the film normal direction that can be 

described by an effective field 

  𝐻𝑎 = 2|𝐾1|𝑀𝑠 + 4|𝐾2|𝑀𝑠                              (4.2) 
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Figure 4.4. Ferromagnetic resonance (FMR) data on a 75-nm-thick YIG film.  The left and right columns 
show the data for field IP and OOP FMR measurements, respectively.  In each column, the first graph 
shows an FMR profile and a Lorentzian fit. The second and third graphs show the FMR field and linewidth 
data, respectively, which were obtained via the Lorentzian fitting.  In all the graphs, the blue symbols 
show the data, while the red lines show the fits. 
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Taking 4Ms = 1778 G presented above, one can use Eq. (4.2) to calculate and obtain 𝐻𝑎  

94 Oe.  Note that the actual 𝐻𝑎 associated with the magneto-crystalline anisotropy in the YIG 

film should be smaller than 94 Oe because the film is not single-crystal.  The linear fitting in Fig. 

4.4(a-ii) yields 4𝑀s−eff  = 1761 G, which indicates an anisotropy field of 𝐻𝑎 = 4𝑀s −4𝑀s−eff ≈ 17  Oe.  A discussion about this 𝐻𝑎 value is presented shortly.  The fitting also 

yields |𝛾| = 2.82 MHz/Oe, which is very close to the standard value (2.8 MHz/Oe). 

 The line in Fig. 4.4(a-iii) is a numerical fit to  

  Δ𝐻 = 2𝛼√3|𝛾| 2
+ Δ𝐻0                           (4.3) 

where Δ𝐻0 denotes the line broadening due to the spatial inhomogeneity in the YIG film.  The 

fitting gives  = (5.33 ± 0.18)×10-5 and Δ𝐻0 = 1.46±0.06 Oe, which are key results of this work, 

as discussed shortly.  It should be noted that the damping constant and its error were obtained 

through the mathematical least-square fitting of the mean values of Δ𝐻 excluding their error bars.  

The purpose of presenting the error bars of the Δ𝐻 data points in Fig. 4.4(a-iii) is to show the 

quality of the Lorentzian fitting of the FMR profiles, such as the fitting shown in Fig. 4.4(a-i).   

It is known that if present, two-magnon scattering can contribute to H and thereby change 

the slope of the H vs. f response, making it bigger or smaller, or turn an otherwise linear response 

to a curve response86,87,88,89.  As such, the above-presented  value may not represent the true 

damping in the film.  To check this, FMR measurements were also carried out in an out-of-plane 

(OOP) field configuration in which there are no degenerate spin-wave modes at the FMR 

frequency and two-magnon scattering is therefore prohibited.  The right column of Fig. 4.4 shows 

the data.  The graphs are shown in the same format as those in the left column, to ease the 

comparison.  The line in Fig. 4.4(b-ii) is a fit to  

 = 2|𝛾|(𝐻FMR − 4𝑀s−eff)                       (4.4) 
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while the line in Fig. 4.4(b-iii) is a fit to Eq. (4.3).  The linear fitting in Fig. 4.4(b-iii) yields  = 

(5.16 ± 0.16)×10-5 and Δ𝐻0 = 1.92±0.07 Oe.  This damping value is only about 3.2% smaller 

than the value from the IP FMR measurements.  This nearly perfect agreement clearly confirms 

that the two-magnon scattering, if present, is very weak in the YIG film. 

The fitting in Fig. 4.4(b-ii) yields 4𝑀s−eff = 1728 G, which indicates an anisotropy field of 𝐻𝑎 = 4𝑀s − 4𝑀s−eff ≈ 50  Oe.  Thus, one can see the two 𝐻𝑎  values (17 Oe and 50 Oe) 

from the FMR measurements are both positive and are both smaller than the value (94 Oe) 

expected according to Eq. (4.2).  This result indicates that in the YIG film concerned here the 

magneto-crystalline anisotropy (𝐻𝑎 > 0) is stronger than the magneto-elastic anisotropy (𝐻𝑎 < 0).  

Further, one can see that the 𝐻𝑎 values from the IP and OOP FMR measurements do not match 

with each other.  Possible reasons for this mismatching include misalignment of the magnetic 

field during the FMR measurements and errors in the field measurements.   

The above-presented  values represent the lowest value reported so far for magnetic films, 

either metallic or insulating, thinner than 200 nm.  This low damping is associated with the high 

structural quality of the YIG film that is evidently indicated by the very small surface roughness, 

very small Hc, and similarity of both 4𝑀s  and |𝛾|  to the standard values.  In general, the 

damping in magnetic insulators may consist of an intrinsic contribution from magnon-phonon 

scattering and an extrinsic contribution from two-magnon scattering.  In the YIG film concerned 

here, the two-magnon scattering process is very weak, as indicated by the linear behavior of the 

H vs. f response over the entire 8-17 GHz range shown in Fig. 4.4(a-iii) and the consistency of 

the IP and OOP FMR measurements shown in Figs. 4.4(a-iii) and 4.4b(iii).  This result is most 

likely because the density of the defects in the film is low.  The very smooth surface suggests the 

absence of large imperfections on the film surface, while the very small coercivity and the 
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consistency of 4𝑀s with the bulk value indicate the absence of high-density defects in the film 

bulk.   

 

Table 4.3 compares the properties of the YIG film discussed above with those of some YIG 

films reported previously.  One can see that the films showing relatively small damping values 

all exhibit a 4𝑀s value relatively close to the bulk value.  It should be noted that Table 4.3 

serves to provide an overview of the properties of YIG thin films in recent studies, and a rigorous 

comparison of the listed  values may be inappropriate because the actual  values also depend 

Table 4.3. Properties of YIG thin films reported previously. 

Thickness (nm) 4MS (G)  (10-5) Reference 

9 1996 71 [57] 

19 1670 23 [58] 

20 1700 23 [60] 

10.2 1770 103 [61] 

100 1809 28 [62] 

83 1294 70 [63] 

22.3 1795 8.6 [64] 

36.5 1606 91 [65] 

23 1600 18 [66] 

56 1795 6.2 [67] 

79 1721 22 [68] 

30 1715 80 [69] 

106 1780 12 [70] 

50 1721 140 [93] 

18 1800 34 [71] 

42 1724 9 [73] 

110 1800 26 [94] 

54 1800 24 [59] 

50 1377 855 [72] 

75 1778 5.2 This work 
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on (1) the FMR measurement techniques, and (2) the data analysis approaches, in particular, when 

multiple peaks appear in the FMR profiles. 

 

In addition to the damping constant , H is also a relevant parameter for certain device 

applications.  What’s more, Δ𝐻0  is also a very useful parameter because it speaks about the 

spatial homogeneity of the films.  In consideration of these facts, Table 4.4 compares the , H, 

and Δ𝐻0 values, as well as the thickness and 4𝑀s values, of several YIG thin films with   

2.310-4.  The third column indicates the direction of the static magnetic field relative to the film 

plane during the FMR measurements.  The fifth column lists the H values measured at or near 

15 GHz.  All the H and Δ𝐻0 values are peak-to-peak linewidths.     

One can see from the data in Table 4.4 that even though the YIG film in this work shows the 

lowest  value, its H and Δ𝐻0 values are not the lowest.  The 106-nm film, which was grown 

Table 4.4. Static magnetic and ferromagnetic resonance (FMR) properties of nm-thick, low-damping YIG 
thin films reported previously. 

Thickness 
(nm) 

4MS 
(G) 

FMR field 
configuration 

  
(10-5) 

H (Oe) 
(FMR frequency) 

H0 
(Oe) Reference 

19 1670 In-plane 23 4.0 (15 GHz) 2.9 [59] 

20 1700 In-plane 23 3.5 (15 GHz) 2.1 [60] 

22.3 1795 Out-of-plane 8.6 6.9 (15 GHz) 6.4 [64] 

23 1600 In-plane 18 2.4 (15 GHz) 1.2 [66] 

56 1795 In-plane 6.2 1.4 (12 GHz) 1.1 [67] 

79 1721 In-plane 22 2.5 (14 GHz) 1.5 [68] 

106 1780 Out-of-plane 12 1.2 (14 GHz) 0.4 [70] 

42 1724 Out-of-plane 9 1.8 (15 GHz) 1.5 [73] 

75 1778 Out-of-plane 5.2 2.2 (15 GHz) 1.9 This work 
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by the LPE method, has both the lowest H and Δ𝐻0 values70, among all the films.  For the 

films thinner than 100 nm, the 56-nm YIG film, which was grown by the PLD technique, shows 

the lowest H and Δ𝐻0 values67.  The fact that these two films exhibit smaller H and Δ𝐻0 
values than the YIG film in this work may suggest that LPE and PLD are better techniques than 

sputtering in terms of the realization of nm-thick, highly-homogeneous, low-H YIG films.  It 

may also result from the use of different FMR measurement techniques.  The measurements in 

[67  and [70  were carried out using a strip line and a coplanar waveguide, respectively, with the 

help of a vector network analyzer.  Depending on the widths of the strip line and the co-planar 

waveguide signal line, these FMR techniques may allow for measurements of film samples with 

size much smaller than the YIG sample in this work; in general, Δ𝐻0 is larger in films with larger 

dimensions. 

        

 The above discussions indicate that the damping properties of a YIG film depend on the 

  
Figure 4.5. Effects of the post-annealing temperature on the properties of YIG thin films.  In (b), the red 
circles show the experimental XRD data measured on the film annealed at 1200 C, while the blue curve 
shows a fit.  The data in (c) were obtained from fitting, such as that shown in (b).  The error bars in (c), 
(d), (f), and (g) are the standard deviation values from the numerical analyses or fitting which are described 
in the text. 
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structural properties of the film. This result is further elucidated by the data in Fig. 4.5, which were 

obtained on five YIG film samples annealed at different temperatures.  Figure 4.5(a) gives the 

XRD spectra.  Figure 4.5(b) illustrates the numerical fitting of the XRD profile.  The red circles 

show the same profile as the red one in Fig. 4.5(a), while the blue curve shows a fit that consists 

of three Viogt functions: one for the YIG (444) peak and the other two for the GGG (444) peaks.  

Such fitting was performed for all the five profiles shown in Fig. 4.5(a); the fitting-yielded results 

are presented in Fig. 4.5(c), where the left and right axes show the position of the YIG (444) peak 

and the amplitude of the YIG (444) peak normalized by the amplitude of the dominant GGG (444) 

peak, respectively.  Figures 4.5(d) and 4.5(e) show the surface roughness and  4𝑀s  as a 

function of the annealing temperature (Ta).  Figure 4.5(f) gives H vs. f responses for the five 

samples which were measured with IP fields.  The symbols show the data, while the lines show 

fits to Eq. (4.3).  The fitting-yielded  and Δ𝐻0 values are presented in Fig. 4.5(g). 

The data in Fig. 4.5 indicate three important results.  First, Ta plays a crucial role in the 

structural properties of the YIG thin films.  This is evident from (i) the evolution of the YIG (444) 

peak with Ta, which is shown in Figs. 4.5(a) and 4.5(c), (ii) the change of the surface roughness 

with Ta, which is shown in Fig. 4.5(d), and (iii) the dependence of the film spatial inhomogeneity 

on Ta, which is indicated by the Δ𝐻0  data shown in Fig. 4.5(g).  Second, there is a strong 

correlation between the Ta dependences of the roughness, 4𝑀s, , and Δ𝐻0 data; the films with 

small  values show small roughness values, close-to-bulk-value 4𝑀s, and small Δ𝐻0, and vice 

versa. Third, among the five annealing temperatures, 900 C appears to be the best in terms of the 

realization of a smooth, homogeneous, low-damping YIG film.  These results together show that 

Ta critically affects the structural properties of the YIG films and thereby plays an essential role in 

the damping properties of the films.  
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4.5 Conclusions and outlook 

Three final remarks are as follows.  (i) Previous and ongoing efforts on YIG film growth 

utilize mainly LPE, PLD, and sputtering techniques, but sputtering is a much more industry-

friendly approach.  (ii) In order to clarify the role of Ta, the thicknesses of the YIG films were 

kept the same in this work, which is 75 nm.  To realize low-damping films that are much thinner 

or thicker, one may need to use an annealing temperature other than 900 C.  (iii) The damping 

analyses in this work were based on the Gilbert model, which does not capture two-magnon 

scattering.  As a result, if the two-magnon scattering is present, strictly speaking one cannot use 

Eq. (4.3) to fit the H data measured under IP fields, even though it is appropriate to use it to fit 

the OOP H data.  In this work, however, Eq. (4.3) is approximately valid because the two-

magnon scattering is very weak, which is indicated by the linear behavior of the H vs. f response 

and the agreement of the α values from the IP and OOP FMR measurements.  

There are several future works that are of great interest.  (i) FMR linewidth in YIG thin films 

represents a complex subject. In addition to magnon-phonon scattering and two-magnon scattering, 

there are also valence-exchange, slowly-relaxing-impurity, and rapidly-relaxing impurity 

mechanisms that contribute to the FMR linewidth of YIG materials, in particular, at low 

temperature.  It would be very interesting to separate the quantize the contributions of different 

mechanisms to the overall FMR linewidth in the nm-thick YIG films through comprehensive 

frequency-, temperature, and field angle-dependent FMR measurements.  Such studies may 

enable further improvement in the damping of nm-thick YIG films.  (ii) The YIG films in this 

work exhibits magneto-elastic anisotropy, which is uniaxial (along the film normal), and magneto-

crystalline anisotropy, which is three-fold in the film plane.  Future study is very interesting that 

takes advantage of field angle-dependent FMR measurements to determine the anisotropy axes 
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and constants in the films90.  (iii) The YIG films in this work have weak anisotropy, but certain 

device applications, such as racetrack memory91,92, may require YIG films with perpendicular 

anisotropy88,93,94.  The development of such films is presented in the next Chapter. 

This work is published on IEEE Magn. Lett. 11, 5502305 (2020).  The full author list is 

Jinjun Ding, Tao Liu, Houchen Chang, and Mingzhong Wu. Tao Liu prepared the YIG films.  

Jinjun Ding performed FMR measurements on the films. Houcheng Chang helped with preparation 

of the film.  
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CHAPTER 5  NANOMETER-THICK YTTRIUM 

IRON GARNET FILMS WITH PERPENDICULAR 

ANISOTROPY AND LOW DAMPING 

5.1 Introduction 

Magnetic thin films with perpendicular anisotropy manifest themselves as core components 

in a wide variety of electronic devices that range from hard disk drives95  to magnetic tunnel 

junction (MTJ)-based sensors96 ,97 ,spin-transfer-torque (STT) memory91,98 , racetrack memory99 , 

spin-torque nano-oscillators (STNOs)100,101, and spin-wave logics102.  For magnetic films in such 

applications, perpendicular magnetic anisotropy (PMA) is essential because it dictates the thermal 

stability, reliability, scalability, density, and/or compatibility of the devices.  On the other hand, 

low damping is also essential for many of those applications.  To give a few examples, the critical 

current for switching in STT memory is proportional to the damping constant () in PMA films; 

the speed of domain wall motion in racetrack memory is generally inversely proportional to ; the 

threshold current for auto-oscillations in STNOs scales with ; and the spin-wave decay rate in 

spin-wave logic devices increases with .  As such, it is of great technological significance to 

search for magnetic thin films that exhibit (1) PMA and (2) low damping. 

In terms of magnetic damping, yttrium iron garnet (YIG) is probably the most interesting 

material ⎯  in YIG single crystals can be as low as 310-5, which is lower than in any other 

known magnetic materials9,82.  However, YIG thin films unfortunately do not show PMA, as 
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discussed in Chapter 4; magneto crystalline anisotropy in YIG materials is weaker than most 

magnetic materials.  Nevertheless, several recent works suggest that one can realize PMA in YIG 

thin films through substrate lattice mismatching-induced epitaxial strain65,103,104,105. In fact, two of 

those works even succeeded in the realization of YIG thin films in which PMA is so strong that 

the hysteresis loops are nearly square104,105.  Those works, though intriguing and enlightening, 

reported no results about the damping properties of the YIG films.  Demonstration of YIG thin 

films that are nm-thick, show PMA, and exhibit low damping simultaneously, are still awaiting. 

This chapter reports nm-thick YIG thin films with both PMA and low damping.  The YIG 

films, with a thickness range of 4-30 nm, were deposited by magnetron sputtering at room 

temperature first and then annealed in O2 at high temperature.  The substrates are Gd3(Sc2Ga3)O12 

that share the same crystalline structure as the YIG but have a lattice constant slightly larger than 

that of the YIG, resulting in an out-of-plane tensile strain and a PMA in the YIG film.  The PMA 

was confirmed by vibrating sample magnetometer (VSM), magneto-optical Kerr effect (MOKE), 

anomalous Hall effect (AHE), and angle-dependent ferromagnetic resonance (FMR) 

measurements.  The damping of the films was analyzed through frequency-dependent FMR 

measurements. As an example, an 8-nm-thick YIG film showed an effective PMA field of about 

2800 Oe, a square-like hysteresis loop with a remnant-to-saturation magnetization ratio of 98 %, 

and a damping constant of about 4.210-4.   As an illustration of possible applications of such 

films, current-induced magnetization switching of PMA YIG films was demonstrated using YIG/Pt 

bi-layered devices.  

5.2 Film growth and characterization 

The YIG films were grown on single-crystal (111) gadolinium scandium gallium garnet 

Gd3(Sc2Ga3)O12 (GSGG) substrates by radio-frequency sputtering.  The lattice constant of the 
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GSGG substrates is about 12.554 Å at room temperature.  This constant is slightly larger than the 

lattice constant in YIG materials which is 12.359 Å at 4 K, 12.361 Å at 77 K, and 12.376 Å at 273 

K.  This lattice mismatching is crucial for the realization of PMA in the YIG films, as discussed 

shortly.  The GSGG substrates are rinsed sequentially with acetone, isopropyl alcohol, and DI 

water, before being loaded into the sputtering chamber.  A commercial YIG target is used that has 

a diameter of 2 inches and a thickness of 0.25 inches. The deposition is carried out at room 

temperature, at a rate of about 0.94 nm/min; before sputtering, the chamber has a base pressure of 

2.0 × 10-8 Torr.  The as-deposited YIG films are amorphous.  To realize the crystalline structure, 

they are annealed in O2 at high temperature in a separate chamber.  The major sputtering and 

post-annealing control parameters are summarized in Table 5.1.  More information about the 

sputtering and post-annealing processes can be found in Refs. [61,64 .   

 

As control samples, YIG thin films were also grown on single-crystal (111) gadolinium 

gallium garnet Gd3Ga5O12 (GGG) substrates.  The GGG substrates have a lattice constant (12.382 

Table 5.1. Sputtering and post-annealing control parameters for YIG film fabrication. 

Sp
ut

te
rin

g 

Target-to-substrate distance 4.8 cm 

Sample holder rotation rate 10 rpm 

Ar pressure 20 mTorr 

Ar flow 4 sccm 

Sputtering power 80 W 

Sputtering time 4-13 min 

A
nn

ea
lin

g 

Heating rate 5 °C/min 

O2 pressure 25 Torr 

Annealing temperature 900 °C 

Annealing time 180 min 

Cooling rate 2 °C/min 
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Å) very close to that in YIG materials, so they are the most common substrates for YIG film growth. 

For the YIG films presented in this article, the surface morphological properties were analyzed 

through tapping-mode atomic force microscopy (AFM) measurements.  The crystalline structure 

was characterized through X-ray diffraction (XRD) measurements.  The film thicknesses were 

determined through X-ray reflectivity (XRR) and ellipsometry measurements.   

The static magnetic properties of the YIG films were measured by a vibrating sample 

magnetometer (VSM) and a polar magneto-optical Kerr effect (MOKE) system.  They were also 

examined through electric transport measurements on a Hall bar device made of a YIG/Pt bi-

layered structure.  The dynamic properties of the films were determined through (1) polar angle-

dependent ferromagnetic resonance (FMR) measurements using an X-band rectangular microwave 

cavity with a resonance frequency of 9.5 GHz and (2) frequency-dependent FMR measurements 

using a broadband vector network analyzer FMR (VNA-FMR) spectrometer.  For (1), field 

modulation and lock-in detection techniques were used to increase the sensitivity of the FMR 

measurements.  For (2), a coplanar waveguide (CPW) was used to provide microwave magnetic 

fields to the YIG films. 

This section describes the use of static and dynamic measurements, respectively, to 

characterize the PMA properties of the YIG films grown on GSGG substrates.  Figure 5.1 shows 

representative hysteresis loops of the PMA YIG films.  The first row presents the data obtained 

on a 6-nm-thick YIG film with three different measurement techniques.  Specifically, graphs (a) 

and (b) show the data obtained with a VSM system, graph (c) presents the data measured with a 

polar MOKE system, and graph (d) gives the anomalous Hall effect (AHE) resistivity data obtained 

with a YIG/Pt Hall bar structure.  The second row presents the data measured with the same 

technique, namely, the VSM method, but on four YIG films of different thicknesses, as indicated.  
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During the measurements, an external static magnetic field (H) was applied in the film plane for 

the data in graph (a), but was applied out-of-plane for the data shown in all other graphs. 

The VSM data in graphs (a) and (b) clearly show that (1) the magnetization is relatively hard 

to saturate when the field is in-plane ((IP) but is much easier when the field is out-of-plane (OOP); 

(2) the coercive field (HC4 Oe) is close to zero for the IP configuration; (3) the hysteresis loop is 

nearly square and shows a very high remnant-to-saturation magnetization ratio (Mr/Ms97 %) for 

the OOP configuration.  These results are typical responses of magnetic thin films with PMA and 

thereby evidently confirm the presence of the PMA in the YIG film. 

 

Turn now to the comparison of three hysteresis loops in graphs 5.1 (b), (c), and (d) which 

were obtained on the same 6-nm film in the same field configuration but with different techniques.  

Five important results are evident.  (1) The data all show square-like loops with near 100% Mr/Ms 

 

Figure 5.1. Magnetic hysteresis responses of YIG thin films grown on GSGG substrates.  (a), (b), (c), and 
(d) show the hysteresis loops measured on a 6-nm-thick YIG film.  The data in (a) and (b) were measured 
by a vibrating sample magnetometer (VSM) under an in-plane (IP) field and an out-of-plane (OOP) field, 
respectively.  (c) and (d) show the magneto-optical Kerr effect (MOKE) data and the anomalous Hall 
effect (AHE) resistivity data, respectively, both measured with OOP fields.    (e), (f), (g), and (h) show 
the VSM data measured with OOP fields on YIG films of different thicknesses, as indicated.  Note that 
the data in (d) were measured with a YIG/Pt Hall bar structure. 
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ratios.  Thus, the presence of PMA in the 6-nm YIG film is confirmed by three completely distinct 

measurement techniques.  (2) The data in graph (b) were measured on a sample with a dimension 

of 10 mm by 10 mm, the MOKE data in graph (c) were obtained with a laser beam size of about 8 

m, and the AHE data in graph (d) were collected with a Hall bar structure that had a bar width of 

10 m.  In spite of this size difference, the hysteresis loops are similar to each other, which 

indicates that the presence of the PMA is independent of the sample dimension.  (3) The MOKE 

technique probes the entire thickness of the YIG film, while the AHE measurement examines only 

the magnetization at the YIG/Pt interface, as explained shortly.  The consistency of the MOKE 

and AHE hysteresis loops indicates no major differences between the PMA in the bulk and that on 

the surface.  (4) The comparison of the MOKE and AHE loops suggests that the growth of a Pt 

layer on top did not result in a notable degradation of the PMA in the YIG film.  (5) From the 

VSM, MOKE, and AHE data, one can estimate Hc values to be 42 Oe, 73 Oe, and 76 Oe, 

respectively.  One can see that the values from the MOKE and AHE loops agree with each other, 

but they are larger than the VSM value.  This observation correlates with the sample size relation 

mentioned above.  Specifically, the MOKE and AHE measurements were carried out on film 

areas (about 1010 m2) substantially smaller than the samples used in the VSM measurements 

(about 1010 mm2).  Because of this considerable difference in the sampling area, the magnetic 

domain nucleation processes in the MOKE and AHE measurements can be different from those in 

the VSM measurements.  This could be the reason why  a difference in the Hc values was 

observed. 

It is worth highlighting that the above-presented results about the independence of the PMA 

from the film lateral dimension, the consistency between the bulk and surface properties, and the 

robustness of the PMA against the growth of a heavy metal capping layer are important in terms 
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of device applications of PMA YIG thin films. 

It should also be explained that the AHE response usually occurs only in ferromagnetic metals 

and the AHE in the Pt layer of the YIG/Pt structure may originate (1) from the magnetic proximity 

effect, namely, magnetic ordering in the Pt layer induced due to the proximity to the YIG layer106, 

(2) by the effects of the imaginary part of the spin-mixing conductance at the interface107, or (3) 

due to the spin-dependent scattering of itinerant electrons in the Pt layer with the magnetic 

interface108.  One can write the Hall resistivity in the Pt layer as    𝜌𝐻 = 𝜌𝑂𝐻𝐸 + 𝜌𝐴𝐻𝐸 = 𝑅0𝐻 + 𝑅𝑎𝑀                  (5.1)      

where 𝜌𝑂𝐻𝐸  denotes the ordinary Hall effect (OHE) resistivity in the Pt layer, M is the 

magnetization in the YIG film, and 𝑅0 and 𝑅𝑎are constants.  For the data shown in graph (d), 

the 𝜌𝑂𝐻𝐸 component, scaling linearly with H, has already been subtracted.  From Eq. (5.1), one 

can see that the 𝜌𝐴𝐻𝐸  vs. H loop can evolve in the same or opposite manner as the M-H loop, 

depending on the sign of 𝑅𝑎.  The opposite sign of the AHE and MOKE loops shown in Fig. 5.1 

clearly indicates that 𝑅𝑎 is negative in the YIG/Pt structure, which is consistent with the previous 

reports on the AHE responses in YIG/Pt106,109  and Tm3Fe5O12/Pt110 ,111  bi-layered structures.  

Note that the data in graph (d) were measured at room temperature.  The AHE resistivity loop 

can show an opposite evolution at low temperature, as reported previously106. 

Graphs (b), (e), (f), (g), and (h) present the hysteresis loops measured with the same technique, 

namely, the VSM, under the same field, namely, an OOP field, for five YIG films with different 

thicknesses (t), as indicated.  The data clearly indicate that PMA and the resulting square-like 

loop exist in YIG films with a thickness ranging from 4 nm to 9 nm.  Although not shown, the 

loop evolves gradually from a nearly square shape with a Mr/Ms ratio of 64.4% to a well tilted or 

sheared shape with a Mr/Ms ratio of only 0.3% when the film thickness t is increased from 10 nm 
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to 30 nm.  This evidently shows the degradation of the PMA with an increase in t. The reason for 

this degradation is discussed in section 5.3. 

The analyses of the VSM data, such as those shown in Fig. 5.1, can yield the Hc, saturation 

induction 4Ms, and effective PMA field Hk values of the YIG films.  Table 5.2 lists such values 

for eight samples.  The first column gives the nominal thickness values (t) of the YIG films, which 

were determined through the XRR and ellipsometry measurements.  The second column lists the 

4Ms values estimated from the saturation magnetic moments obtained from the VSM 

measurements under OOP fields.  The estimation assumed a 2-nm-thick interfacial layer with 

zero moments at the YIG/GSGG interfaces.  This “dead” layer results from the interfacial 

diffusion of Y3+ ions in the YIG film and Gd3+ ions in the substrate.  As Y3+ ions have no magnetic 

moments but Gd3+ ions do, the substitution of Y3+ by Gd3+ in this interfacial layer can result in 

antiferromagnetic coupling between the magnetization in this layer and that in the YIG bulk, as 

studied previously through magneto-optical spectroscopy 112 , neutron reflectivity 113 , 114 , and 

energy-dispersive x-ray spectroscopy measurements115.  The interfacial layer thickness reported 

previously ranges from about 1 nm to 7 nm; such a wide range may result from the use of different 

YIG film growth conditions.  For the YIG films in this work, the estimation of the dead layer 

thickness (2 nm) was based on polarized neutron reflectometry measurements of the depth 

dependence of both the structure and the magnetism in the YIG films116.  
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The third column in Table 5.2 lists the Hk values evaluated according to 𝐻𝑠 = 𝐻𝑘 − 4𝜋𝑀𝑠 = 2𝐾𝑢𝑀𝑠 − 4𝜋𝑀𝑠                  (5.2) 

where Hs is the saturation field for the IP configuration and can be obtained from the IP VSM loops 

such as the one shown in Fig. 5.1(a).  The last column in Table 5.2 gives the Hc values obtained 

from the OOP hysteresis loops, including those shown in Figs. 5.1(b), 5.1(e), 5.1(f), 5.1(g), and 

5.1(h). 

Note that each 4Ms value in Table 5.2 was obtained by simply averaging the 4Ms values 

measured with the positive and negative fields, while the corresponding error bar is the difference 

of the two 4Ms values divided by two.  The Hk and Hc values and the corresponding errors were 

obtained with the same method. 

Three main results are evident from the data in Table 5.2.  First, the 4Ms value of the 12-

nm YIG film almost perfectly agrees with that of the bulk value in YIG crystals, which is 1750 G, 

but the values for the thinner films are smaller than the bulk value; a general trend is present in 

which 4Ms decreases with a decrease in t.  These observations indicate that the very thin films 

Table 5.2. Static magnetic properties of PMA YIG thin films. 

Thickness (nm) 4MS (G) Hk (Oe) Hc (Oe) 

4 1206±11 2556±16 2.5±0.4 

5 1243±8 2443±14 28±0.8 

6 1218±6 3428±17 42±1.6 

7 1319±9 2819±16 32±1.6 

8 1427±4 2827±11 7.5±0.8 

9 1491±8 2741±12 1.5±0.4 

10 1663±12 2263±21 5.0±0.4 

12 1758±13 2058±25 0.3±0.1 
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have low quality, possibly due to lattice mismatching and diffusion at the interfaces, and the film 

quality is gradually improved as t increases from 4 nm to 12 nm.  

Second, the 6-nm YIG film shows the highest Hk, and Hk becomes smaller if t is either smaller 

or larger.  This response likely results from the co-existence of two distinct effects: with an 

increase in t, the film quality becomes better as evident from the 4Ms data in the second column, 

while the PMA becomes weaker due to strain relaxation.  In other words, Hk is relatively small 

in very thin films (4-5 nm) because of the low film quality and is also small in relatively thick 

films (10-12 nm) due to the strain relaxation.  

Third, the Hc data show the exact same trend as the Hk data, namely, that Hc is the largest for 

the 6-nm film and decreases if t is either reduced or increased.  This consistency supports the 

validity of the observed Hk properties; in PMA films Hk generally dictates the domain nucleation 

and domain wall motion processes and thereby determines Hc. 

 

Figure 5.2 presents the ferromagnetic resonance (FMR) data that further support the above-

presented results on the PMA properties of the YIG films.  The data were measured with a 9.5-

GHz rectangular cavity on a 10-nm-thick YIG film for different field angles (H) relative to the 

 

Figure 5.2. Polar angle (H)-dependent ferromagnetic resonance (FMR) on a 10-nm-thick YIG film grown 
on a GSGG substrate.  (a) An FMR profile measured at H =30.  (b) FMR field as a function of H. 

(c) FMR linewidth as a function of H.  The red curve in (a) is a fit to the derivative of a Lorentzian trial 
function.  The red curve in (b) is a fit to Eq. (5.3).    
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film normal direction.  Graph (a) shows a representative FMR profile measured at H=30.  The 

blue circles show the data, while the red curve shows a numerical fit to the derivative of a 

Lorentzian trial function.  The fitting yields the field (HFMR) and peak-to-peak linewidth (Hpp) 

of the FMR.  At certain field angles, the FMR profiles consist of multiple resonances, rather than 

a well-defined single resonance; for such profiles, the fitting was carried out only for the narrow 

central portion of the main resonance.  Graphs (b) and (c) show HFMR and Hpp, respectively, as 

a function of H, which were obtained from the Lorentzian fitting.  The red curve in graph (b) 

shows a fit to117,118 

( 𝑓|𝛾|)2 = [𝐻𝐹𝑀𝑅 cos(𝜃𝐻 − 𝜙𝑀) + (𝐻𝑘 − 4𝜋𝑀𝑠) cos(2𝜙𝑀)] ∙ [𝐻𝐹𝑀𝑅 cos(𝜃𝐻 − 𝜙𝑀) + (𝐻𝑘 −4𝜋𝑀𝑠) cos2(𝜙𝑀)]                                                     (5.3) 

where |𝛾|  is the absolute gyromagnetic ratio, and 𝜙𝑀  is the angle of the equilibrium 

magnetization relative to the film normal direction that can be found according to 𝐻𝐹𝑀𝑅 sin(𝜃𝐻 − 𝜙𝑀) − 12 (𝐻𝑘 − 4𝜋𝑀𝑠) sin(2𝜙𝑀) = 0               (5.4) 

The fitting yields Hk=2234.83.3 Oe and |𝛾|=2.80 MHz/Oe. 

One can see two important results from the data in Fig 5.2.  First, the fitting-yielded Hk value 

(2235 Oe) is consistent with the corresponding value (2263 Oe) in Table 5.2.  This consistency 

evidently confirms the presence of the PMA in the film.  Second, one has Hpp10 Oe at low 

field angles.  This suggests that the film has relatively low damping.  The detailed discussions 

about the damping properties are presented in section 5.4.  

 In addition, one can also see that Hpp increases with H, which is likely due to the presence 

of two-magnon scattering in the YIG film.  It is known that for magnetic thin films, two-magnon 

scattering is prohibited when H=0, because of lacking degenerated spin-wave modes at the FMR 
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frequency (FMR), but occurs and contributes to Hpp when  H is nonzero and degenerated spin 

waves are present at FMR
87,90  In principle, one can numerically fit the data in graph (c) to 

determine the contributions to Hpp from the intrinsic damping and the two-magnon scattering 

process.  Such an analysis, however, was not carried out in consideration of the presence of 

multiple FMR peaks for some field angles and the error bars being relatively large. 

Two notes should be made about the data presented in Fig. 5.2.  First, FMR measurements 

with microwave cavities are usually expected to yield FMR profiles with large signal-to-noise 

ratios (SNR), but the data in Fig. 5.2(a) appear to have a relatively small SNR.  Possible reasons 

for this include the relatively low Q factor of the cavity and the aging of the diode detector used in 

the FMR measurements.  Second, the presence of multiple FMR peaks is likely due to spatial 

inhomogeneity of the magnetic properties of the YIG films produced during the sputtering and 

annealing processes or induced by the strain. 

5.3 Origin of PMA 

The above-presented PMA originates from strain-induced magnetoelastic anisotropy, as 

discussed in Refs. [103,104,105 .  Specifically, because the lattice constant of YIG materials 

(aYIG=12.376 Å) is smaller than that of GSGG substrates (aGSGG=12.554 Å), there exists a tensile 

strain in the (111) plane of a (111) YIG thin film grown on a (111) GSGG substrate.  This in-

plane (IP) tensile strain corresponds to an out-of-plane (OOP) compressive strain if one assumes 

that the volume of the YIG unit cells is conserved.  Such interfacial lattice mismatching-produced 

strain can induce a perpendicular, uniaxial magnetoelastic anisotropy in the YIG film that can be 

described by Refs. [119  𝐾𝑢 = 32 𝜆111𝜎                     (5.5) 
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where 𝐾𝑢  is the anisotropy constant, 𝜆111  is the magnetostriction constant along the (111) 

direction of the YIG, and 𝜎 is the uniaxial stress along the normal direction of the YIG film.  

Note that 𝜎 > 0 and 𝜎 < 0 correspond to a tensile stress and a compressive stress, respectively.  

The OOP compressive strain in the YIG films in this work gives rise to 𝜎 < 0.  On the other 

hand, it is known that YIG materials have 𝜆111 = −2.4 × 10−6 104,105,120.  Thus, 𝐾𝑢 is positive 

according to Eq. (5.5), and PMA is present in the YIG films grown on the GSGG substrates. 

 

Figures 5.3 and 5.4 present experimental data that support the above interpretation about the 

physical origin of the PMA in the YIG films.  Figure 5.3 gives the VSM and MOKE data 

measured on a 6-nm-thick YIG film that was grown under the exact same conditions as the 6-nm 

YIG film cited in Fig. 5.1 and Table 5.2, but on a single-crystal (111) GGG substrate, rather than 

a GSGG substrate.  The data show that the YIG film is much easier to magnetize for the field IP 

configuration than for the field OOP configuration.  Further, the data for the OOP configuration 

show Hc0.8 Oe and Mr/Ms0.3%, both substantially smaller than the corresponding values shown 

by the data in Fig. 5.1(b).  These results are typical for YIG thin films grown on GGG substrates 

in which the lattice constants of the film and the substrate almost match each other, and lattice 

mismatching-produced strain is negligible.  The comparison of the data in Fig. 5.3 with those in 

 

Figure 5.3. Magnetic hysteresis responses of a 6-nm-thick YIG film grown on a GGG substrate.  (a) VSM 
data measured under an out-of-plane (OOP) field and an in-plane (IP) field.  (b) Polar MOKE data 
measured under an OOP field. 
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Figs. 5.1(a), 5.1(b), and 5.1(c) evidently confirm that the substrate, rather than the growth condition 

or the film thickness, plays a critical role in the formation of the above-described PMA.  Note 

that the field IP VSM data yield 4Ms1722 G, which is close to the bulk value of the YIG (1750 

G). 

Figure 5.4(a) presents the XRD spectra for five YIG thin films grown on GSGG substrates as 

well as a bare GSGG substrate.  In each spectrum, the two main peaks are for the (444) peaks of 

the GSGG substrate.  The appearance of the two (444) peaks results from the coexistence of the 

Kα1 and Kα2 components of the X ray.  The vertical dashed line indicates the position or angle 

expected for the (444) peak of YIG crystals, while the short arrows indicate the actual positions of 

the (444) peaks of the YIG films.  

 

The comparison of the spectra in Fig. 5.4(a) indicates that the YIG (444) peaks of the films 

appear on the right side of the dashed line.  This result indicates the presence of an OOP 

compressive strain in the YIG films according to the Bragg’s law for the XRD   2𝑑 sin  = 𝑛𝜆                        (5.6) 

where d is the spacing between diffracting planes parallel to the film plane,  is the incident angle 

of the X ray, n is an integer, and 𝜆 is the wavelength of the X ray.  An OOP compressive strain 

 

Figure 5.4. (a) X-ray spectra of YIG thin films grown on GSGG substrates.  (b) X-ray spectrum of a 10-
nm YIG film (blue circles) and its numerical fit (red curve).  (c) Angles of (444) peaks (left axis) and out-
of-plane strain (right axis) of YIG thin films grown on GSGG substrates. 
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gives rise to a smaller d, while a decrease in d leads to an increase in , according to Eq. (5.6).  

In other words, a vertical compressive strain results in the appearance of the diffraction peak on 

the right side of the theoretical peak position. 

The comparison of the XRD spectra in Fig. 5.4(a) also shows that the thicker the YIG film is, 

the closer the (444) peak is to the dashed line.  This observation indicates that an increase in the 

film thickness gives rise to a weaker strain in the film.  This result is consistent with the interfacial 

nature of the lattice mismatching-produced strain; such a strain relaxes partially as the film 

becomes thicker. 

In fact, one can also use the XRD data in Fig. 5.4(a) to determine the (444) peak positions (2) 

of the YIG films and thereby estimate the strain () in the YIG films.  Figure 5.4(b) shows the 

numerical fitting of the XRD spectrum of the 10-nm-thick YIG film.  The red curve is a profile 

that consists of three Viogt functions, one for the YIG (444) peak and the other two for the GSGG 

(444) peaks; the fitting yields 2  51.54 for the 10-nm film.  Through such fitting, one can 

obtain 2 values for all the YIG films. 

Figure 5.4(c) presents the 2 and  values. The green symbols show 2 as a function of the 

film thickness (t), while the blue symbols show the  values as a function of t, evaluated according 

to 

   𝜀 = 𝑑−𝑑0𝑑0 = sin 𝜗0−sin 𝜗sin 𝜗0                          (5.7) 

where d0 and 0 is the spacing and the peak position, respectively, expected for bulk YIG crystals.  

One can see that  is negative, confirming the compressive nature of the strain in the YIG films.  

One can also see that the amplitude of  decreases with an increase in t.  This result, together with 

Eq. (5.5), suggests that the PMA in the YIG film should become weaker if t is increased.  This 

trend is consistent with the overall trend shown in Table 5.2, namely, that both Hk and Hc decreases 
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when t is increased from 6 nm to 12 nm. 

Three notes should be made about the above discussions.  First, in addition to the 

magnetoelastic anisotropy described by Eq. (5.5), the YIG thin films are also expected to exhibit 

cubic magneto crystalline anisotropy.  For YIG crystals, the cubic anisotropy constants are K1=-

6100 erg/cm3 and K2=-260 erg/cm3.  For a (111)-oriented YIG film, such a crystalline anisotropy 

gives rise to an easy-axis anisotropy along the film normal direction that can be described by an 

effective anisotropy field 

   𝐻𝑘 = 2|𝐾1|𝑀𝑠 + 4|𝐾2|𝑀𝑠                            (5.8) 

If one takes the 6-nm YIG film as an example and uses the 4Ms value presented in Table 2, one 

obtains an anisotropy field of about 135 Oe, which is only about 4% of the corresponding Hk value 

in Table 5.2.  Thus, strictly speaking Hk in Eqs. (5.2) and (5.3) have two origins, a strain-induced 

magnetoelastic anisotropy and an intrinsic magneto crystalline anisotropy, but the latter is 

substantially smaller than the former and is therefore neglected in the analyses.  The magneto 

crystalline anisotropy is also neglected in the discussions in the following sections for the same 

reason. 

 

 

Figure 5.5. Atomic force microscopy surface images of YIG thin films of different thicknesses, as indicated. 
The films were grown on GSGG substrates.   
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Second, in spite of the strong dependence of , Hk, and Hc on t, all the PMA YIG films show 

smooth surfaces, with a rms surface roughness range of 0.11-0.13 nm.  This result is important 

from the point of view of applications of PMA YIG thin films in spintronic devices.  Figure 5.5 

presents representative AFM images obtained on films of different thicknesses, as indicated.  The 

roughness values given in the figure were obtained by averaging over AFM measurements on five 

different 5 μm × 5 μm areas on the YIG film, while the uncertainty for each roughness value is the 

corresponding standard deviation.  One can see that the films all show smooth surfaces. 

Finally, it should be mentioned that in the XRD spectra shown in Fig. 5.4(a) the YIG (444) 

peaks appear as broad, weak humps on the right shoulder of the strong GSGG (444) peaks.  Those 

YIG peaks are clearly defined for thicker films (20-30 nm), are less defined for thinner films (8-

12 nm), and cannot be detected for very thin films (4-6 nm).  Future work is of interest that makes 

use of high-resolution XRD measurements and reciprocal space mapping analyses or high-

resolution scanning transmission electron microscopy measurements to confirm the crystalline 

structure and analyze the strain properties in ultrathin PMA YIG films.    

5.4 Damping constant of PMY YIG films 

The dynamical properties of the PMA YIG films were determined through broadband vector 

network analyzer (VNA)-based FMR measurements.  Figure 5.6 shows the measurement and 

analysis approaches.  Figure 5.6(a) sketches the experimental setup, which consists mainly of a 

VNA and a coplanar waveguide (CPW).  The CPW structure has a 50-μm-wide signal line and a 

signal line-to-ground spacing of 25 μm; its nominal impedance is 50 W.  The PMA YIG sample, 

shown as a red disk in Fig. 5.6(a), is placed on the CPW with the YIG film side facing the CPW 

structure and the GSGG substrate side facing up. An external static magnetic field (H), shown as 

a blue arrow in Fig. 5.6(a), is applied perpendicular to the film plane to either magnetize the YIG 
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film to saturation or enable VNA-FMR measurements.  The major measurement and data 

analysis procedures are as follows: 

(i) Magnetize the YIG film to saturation with a large perpendicular magnetic field.  For the 

data presented below, this field is 5 kOe. 

(ii) Measure the transmission coefficient (S21) of the CPW/YIG structure as a function of H at a 

fixed microwave frequency (f).  Figure 5.6(b) presents representative S21 profiles measured 

on an 8-nm-thick YIG film at f=14 GHz. 

(iii) Fit the S21 data with the theoretical S21 profiles121,122 to determine the FMR field (HFMR) and 

the FMR linewidth (H).  The curves in Fig. 5.6(b) show such fits.  Note that H here 

refers to “full width at half maximum” rather than the peak-to-peak linewidth. 

(iv) Repeat (i)-(iii) for different microwave frequencies over 7-26 GHz. 

(v) Plot HFMR vs. f and then numerically fit the data using the Kittel equation 𝑓 = |𝛾|(𝐻𝐹𝑀𝑅 + 𝐻𝑘 − 4𝜋𝑀𝑠)                       (5.9) 

as shown in Fig. 5.6(c).  Note that in Fig. 5.6(c), the symbols show the data, while the line 

shows the fit.  The fitting yields two values, |𝛾| and (𝐻𝑘 − 4𝜋𝑀𝑠), as indicated in Fig. 

5.6(c). 

(vi) Plot H vs. f and then numerically fit the data using ∆𝐻 = 2𝛼|𝛾| 𝑓 + ∆𝐻0                      (5.10) 

as shown in Fig. 5.6(d).  In Eq. (5.10),  is the effective damping constant, and ∆𝐻0 denotes 

line broadening due to the spatial inhomogeneity of the YIG thin film.  Note that in Fig. 5.6(d), 

the symbols show the data, while the line shows the fit.  The fitting yields  and ∆𝐻0 , as 
indicated in Fig. 5.6(d).  
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Two notes should be made about the FMR data shown in Fig. 5.6.  First, the FMR profiles 

shown in Fig. 5.6(b) were obtained after averaging over five field-swept measurements.  Second, 

only the H data over 7-26 GHz were analyzed; the FMR measurements were also carried out at 

lower frequencies, but H does not follow the linear trend shown in Fig. 5.6(d) and increases with 

a decrease in f.  This linewidth enhancement at low frequencies results from the so-called “low-

field loss” associated with demagnetization effects in not fully saturated films or propagation of 

“slow” electromagnetic waves along interfaces between magnetic thin films and non-magnetic 

substrates123,124,125. 

Table 5.3 presents the data obtained through the above steps.  The first column lists the 

thicknesses (t) of the PMA YIG films.  The second column gives the 𝐻𝑘 − 4𝜋𝑀𝑠 values, which 

 

Figure 5.6. Vector network analyzer ferromagnetic resonance measurements on YIG thin films grown on 
GSGG substrates.  (a) Experimental configuration.  (b) Representative transmission coefficient (S21) 
profiles, (c) FMR field as a function of microwave frequency (f), and (d) FMR linewidth as a function of f, 
measured on an 8-nm-thick YIG film.  In (b)-(d), the symbols show the experimental data, while the 
curves and lines show numerical fits.  
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are obtained from the numerical fitting such as that shown in Fig. 5.6(c).  The third and fourth 

columns give the  and ∆𝐻0 values, respectively, obtained from the fitting such as that shown in 

Fig. 5.6(d).   

 

One can see three important results from the data in Table 5.3.  First, the films with t=6-12 

nm all exhibit relatively low damping, with α<0.001.  The 4-nm film shows the largest damping, 

which is likely because the film has relatively low quality due to lattice mismatching and diffusion 

at the YIG/GSGG interface.  Second, 𝐻𝑘 − 4𝜋𝑀𝑠 is positive for all the films, which confirms 

the presence of strong PMA in the films.  Third, there exists a correlation between 𝐻𝑘 − 4𝜋𝑀𝑠  

and ∆𝐻0, namely, that the films with low 𝐻𝑘 − 4𝜋𝑀𝑠 values also exhibit low ∆𝐻0 values, vice 

versa.  This suggests that the line broadening is mostly due to the spatial inhomogeneity of 𝐻𝑘, 

rather than 4𝜋𝑀𝑠, in the YIG films. 

Two notes should also be made about the data in Table 5.3.  (1) The 𝐻𝑘 − 4𝜋𝑀𝑠 values in 

Table 5.3 do not match those calculated using the data in Table 5.2.  The major reason for this 

mismatching lies on the fact that the GSGG substrates for the YIG films cited in the two tables 

were obtained from different sources and thereby showed different lattice constants, resulting in a 

Table 5.3. VNA-FMR data of PMA YIG thin films grown on GSGG substrates 

Thickness 

t (nm) 

Hk-4πMs 

(Oe) 

Damping constant 

α (10-3) 

Inhomogeneity line 

broadening H0 (Oe) 

4 234.4 ±1.3 1.16 ± 0.02 10.4 ± 0.2 

6 511.0 ± 2.1 0.47 ± 0.06 41.4 ± 0.6 

7 372.4 ± 0.2 0.45 ± 0.09 13.6 ± 0.6 

8 498.4 ± 7.1 0.42 ± 0.02 30.6 ± 0.3 

12 440.8 ± 2.8 0.73 ± 0.02 39.1 ± 0.4 
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difference in the strength of lattice mismatching-produced strain in the YIG films.  Other possible 

reasons include errors in the field measurements and field misalignments during the measurements.  

(2) The 6-nm, 7-nm, and 8-nm films show very similar  values, but the 12-nm film shows a value 

which is about 60% higher.  The reason for this difference is currently unknown.   

Table 5.4 compares the lowest  value in Table 5.3 with the  values of other PMA thin films 

reported previously65,126,127,128,129,130,131,132,133.  These values were all measured with OOP fields, 

namely, H=0.  The OOP field configuration was taken for two considerations: (1) two-magnon 

scattering is prohibited in the presence of an OOP field, but it can occur and contribute to H, and 

thereby complicate the FMR data analysis if the field is not perpendicular to the film plane and (2) 

the OOP configuration is relevant for most device applications of magnetic films with 

perpendicular anisotropy.   

  

It is evident from the data in Table 5.4 that the PMA YIG films have a damping constant lower 

Table 5.4. Summary of the damping constants (α) of PMA thin films reported previously. 

Material Damping constant Reference 

CoGd 0.1 [125] 

Co 0.13 [126] 

Co2FeAl 0.008 [127] 

(Co/Ni)n 0.02 [128] 

CoFeB 0.011 [129] 

Eu3Fe5O12 0.024 [130] 

Tm3Fe5O12 0.013 [131] 

Tm3Fe5O12 0.02 [132] 

Dy3-xCexFe5-yAlyO12 0.23 [133] 

Y3Fe5O12 0.00042 This work 
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than other PMA films.  This observation clearly suggests the merit of PMA YIG films for 

applications where low damping is essential.  Specifically,  in the PMA YIG film is more than 

20 times smaller than that in CoFeB thin films129 and more than 40 times smaller than that in 

(Co/Ni)n superlattices128.  Note that CoFeB and (Co/Ni)n films are both among the most common 

PMA thin films in previous studies.  

Two points should be mentioned about the data shown in Table 5.4.  First, the table serves 

to provide an overview of the damping properties of various PMA thin films in recent studies, and 

a rigorous comparison of the listed  values may be inappropriate because the actual  value also 

depends on (1) the FMR measurement technique, and (2) the data analysis approach, in particular, 

when multiple peaks appear in the FMR profiles.  Second, a recent article reported =310-4 for 

a Bi-doped YIG PMA film93, which is not included in Table 5.4 since only un-doped YIG films 

are included in the table.  This  value was obtained only for a particular field angle, which is  

H60; in the presence of an OOP field, the film showed ∆𝐻 1600 Oe (∆𝐻pp950 Oe), which is 

notably larger than many of the values reported previously for PMA thin films127,128,129,130,131,132.    

5.5 Spin-orbit-torque-induced magnetization switching 

The above-presented YIG films with both PMA and low damping may find broad applications 

in spintronic devices. As an example, this section demonstrates spin-orbit torque (SOT)-induced 

switching of magnetization in a YIG/Pt bi-layered Hall bar device.  The purpose of this 

demonstration is to illustrate the device application possibility of the YIG films described in the 

prior sections, while the switching mechanism is exactly the same as in previous works on 

YIG/Pt105, BaFe12O19/Pt134, and Tm3Fe5O12/Pt110 bi-layered structures. 

Figure 5.7 shows the experimental configuration and representative experimental data.  
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Figure 5.7(a) presents a photo of the measurement device and the electrical measurement 

configuration.  The core component is a Hall bar structure made of an YIG(6 nm)/Pt(5 nm) bi-

layer.  The Pt layer was grown on the YIG film by DC sputtering at room temperature.  The Hall 

bar device was fabricated through photolithography and argon ion milling processes.  The central 

area of the Hall bar is 30 m long and 10 m wide.  The contact leads of the Hall bar are made 

of a 200-nm-thick Au film; prior to the deposition of the Au film, a 4-nm-thick Ti adhesion layer 

was deposited.  As for the Pt layer, both the Ti and Au layers were grown by DC sputtering at 

room temperature.  The connections to the Au leads were made through wire bonding using Au 

wires under a microscope. The configuration shown in Fig. 5.7(a) allows for the measurement of 

the Hall resistivity (𝜌𝐻) of the YIG/Pt Hall bar device.  Figures 5.7(b) and 5.7(c) present the 

measured 𝜌𝐴𝐻𝐸  vs. H hysteresis responses for an out-of-plane (OOP) field and an in-plane (IP) 

field, respectively.  For the OOP configuration,  𝜌𝐻  has two components, 𝜌𝑂𝐻𝐸  and 𝜌𝐴𝐻𝐸  .  

Figure 5.7(b) shows only 𝜌𝐴𝐻𝐸; 𝜌𝑂𝐻𝐸 scales linearly with H and has already been subtracted.  

Figure 5.7(c) also shows 𝜌𝐴𝐻𝐸  only; 𝜌𝑂𝐻𝐸 is zero in the IP configuration.  Note that the data in 

Fig. 5.7(b) are the same as those in Fig. 5.1(d). 
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The data in Figs. 5.7(b) and 5.7(c) clearly show that the AHE response differs for different 

field configurations.  This is because 𝜌𝐴𝐻𝐸   in the Pt layer scales with the perpendicular 

component (M⊥) of the magnetization in the YIG film.  Note that the origin of 𝜌𝐴𝐻𝐸  in the non-

magnetic Pt layer is discussed in section 5.3.  In the OOP configuration, a sweep in H results in 

a switching between M⊥>0 and M⊥<0, giving rise to a square-like loop response shown in Fig. 

5.7(b).  In contrast, in the IP configuration, |M⊥| takes the maximum when H=0, due to PMA, but 

it gradually reduces to zero when the IP field is increased and gradually rotates the magnetization 

vector from the perpendicular direction to the plane of the YIG film, giving rise to a distorted loop 

with 𝜌𝐴𝐻𝐸0 at high fields, as shown in Fig. 5.7(c).  Note that the fields at which 𝜌𝐴𝐻𝐸  takes 

zero in Fig. 5.7(c) are almost the same as the fields at which the magnetization takes the saturation 

 

Figure 5.7. Spin-orbit torque (SOT)-induced magnetization switching in a YIG(6nm)/Pt(5nm) bi-layered 
structure.  (a) Experimental configuration.  (b) Anomalous Hall effect (AHE) resistivity (rAHE) measured 
as a function of an out-of-plane (OOP) field using the configuration shown in (a).  (c) rAHE measured as a 
function of an in-plane (IP) field using the configuration in (a).  (d) A schematic diagram for SOT 
switching in the YIG/Pt structure.  (e)  rAHE as a function of the DC current (IDC) in the Pt layer for two 
different external fields (Hx), as indicated.  (f) A switching current vs. in-plane external field phase 
diagram.  
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value in Fig. 5.1(c).  Thus, it is evident that one can probe the magnetization status in the YIG 

film, namely, M⊥>0 vs. M⊥<0, by simply measuring 𝜌𝐴𝐻𝐸  in the Pt layer. 

Figure 5.7(e) presents the 𝜌𝐴𝐻𝐸   data that demonstrate current-induced magnetization 

switching.  The data were measured as a function of a DC current (IDC) applied to the Pt layer of 

the Hall bar.  The duration of the DC current is 1 ms.  Right after the DC current is switched off, 

a small alternating current of 0.4 mA is applied to the Hall bar and a Hall voltage is measured, 

using the measurement configuration shown in Fig. 5.7(a).  During the measurements, an IP field 

was applied along the x axis.  This field (Hx) serves to ensure deterministic switching, as in 

previous work110,134,135,136.  The field also assists SOT switching, as discussed shortly.  The two 

sets of data in Fig. 5.7(e) were obtained with opposite Hx fields, as indicated. 

The data in Fig. 5.7(e) clearly show that a sweep in IDC leads to a flip in the sign of 𝜌𝐴𝐻𝐸 , 

which indicates current-induced magnetization switching.  The data also show that the hysteresis 

loop evolves in an opposite manner when the IP field (Hx) flips its sign.  This result has been 

observed previously and is a common feature of the SOT switching110,134,135,136. 

The switching mechanism is illustrated schematically in Fig. 5.7(d).  As a charge current 

flows in the Pt layer, it generates, via the spin Hall effect137,138, a pure spin current that flows along 

the Pt thickness direction or the z axis and is polarized along the y axis.  This spin current in the 

Pt layer can transfer spin into the YIG film via so-called s-d exchange interactions at the YIG/Pt 

interface.  The net effect is a torque, often called a spin-orbit torque (SOT), and a corresponding 

effective field (HSOT) that exert on the magnetization vector (M) in the YIG film and switch it 

between the up and down directions.  For the diagram shown in Fig. 5.7(d), M is initially pointing 

up; the SOT field, with the help of the external field (H0), rotates M from the up direction to the 

down direction, resulting in a switching of M.  This switching manifest itself as a change in the 
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sign of 𝜌𝐴𝐻𝐸 , as shown in Fig. 5.7(e).  

Based on the 𝜌𝐴𝐻𝐸  data in Fig. 5.7(e), one can also determine the switching current, which 

is about 1.35 mA.  This current corresponds to a current density of about 4.5 MA/cm2.  Previous 

works reported current densities of 10.9 MA/cm2 for BaFe12O19/Pt134, 18 MA/cm2 for 

Tm3Fe5O12/Pt110, and 30 MA/cm2 for YIG/Pt105.  A rigorous comparison of these switching 

current densities is not very meaningful as the switching current strongly depends on the strength 

of PMA in the magnetic layer, the thicknesses of the magnetic and Pt layers, and the magnitude of 

the IP field (Hx), but the fact that those densities share the same order of magnitude indicates that 

the interfacial spin transfer in the YIG/Pt system in this work is as efficient as in the bi-layered 

systems reported previously105,110,134. 

Figure 5.7(f) gives the switching phase diagram where the vertical and horizontal axes show 

the switching current and the IP field, respectively, both along the x axis, as shown in Fig. 5.7(d).  

The data were obtained through the switching measurements similar to those described above for 

the data in Fig. 5.7(e).  This phase diagram tells the charge current (or the magnetic field) required 

to switch M in the YIG film when a constant field (or a constant current) is applied. Note that each 

point in Fig. 5.7(f) shows the average over ten measurements, and the error bars in Fig. 5.7(f) show 

the corresponding uncertainties for the averaging.  One can see that if a higher field is applied, a 

smaller current is required to realize the switching.  This is consistent with the above-described 

switching mechanism.            

Several remarks should be made about the SOT switching presented in Fig. 5.7.  First, it is 

believed that the above-discussed switching was realized through domain wall motion, rather than 

magnetization rotation, as in previous switching studies110,134,136.  This is because the device 

dimension (30 m10 m) is relatively large compared with the exchange coupling length of 
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CoFeB (about 5 nm).  Future work is of interest that uses a MOKE microscopy technique92,139,140 

to confirm this.  Second, it is generally accepted that the damping of a PMA film does not affect 

the current density needed for SOT-induced rotational magnetization switching in the PMA film.  

In this work, however, the damping is relevant because the switching is realized through domain 

nucleation and domain wall motion, as mentioned above.  Third, the 𝜌𝐴𝐻𝐸  values in Fig. 5.7(e) 

are smaller than those in Fig. 5.7(b).  This observation likely results from the fact that the external 

field was applied IP for the measurements of the data shown in Fig. 5.7(e) but was applied OOP 

for the measurements of the data in Fig. 5.7(b).  Finally, the switching response shown in Fig. 

5.7(e) for Hx=-300 Oe seems to be less sharp than that for Hx=-300 Oe.  This difference is 

unexpected, and one possible reason is that the AHE in the YIG/Pt bilayer is weak and the AHE 

signals are noisy. 

5.6 Conclusions and outlook 

In summary, the work presented in this chapter demonstrates the feasibility of development 

of YIG thin films that are nm-thick, exhibit strong PMA, show nearly square magnetic hysteresis 

loops, and have a damping constant lower than other PMA thin films.   

The films in the 4-9 nm thickness range showed (1) smooth surfaces, with an rms surface 

roughness of about 0.12 nm, (2) strong PMA, with an effective PMA field in the range of 2400-

3400 Oe, and (3) square-like hysteresis loops, with a remnant-to-saturation magnetization ratio in 

the range of 86-98%.  The growth of a heavy metal layer on the top of a YIG film and patterning 

of mm-sized YIG films into m-sized elements did not result in the degradation of PMA in the 

film.   

The comparison of the structural and magnetic properties of the PMA YIG films with those 

of the control samples clearly indicates that the PMA originates mainly from magnetoelastic 
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anisotropy associated with a compressive strain along the film thickness direction; such a strain is 

induced by the lattice mismatching between the YIG films and the GSGG substrates.  There exists 

also cubic magneto crystalline anisotropy in the YIG films, but its contribution to the PMA is 

considerably smaller than the strain-induced magnetoelastic anisotropy. 

The films showed a damping constant () lower than other PMA thin films.  For the films 

with a thickness of 6-8 nm,  ranges from (4.2±0.2)10-4 to (4.7±0.6)10-4.  These values 

represent the lowest damping constants measured on magnetic nm-thick films with perpendicular 

anisotropy under perpendicular fields. 

Current-induced switching of the magnetization in PMA YIG thin films was realized with a 

YIG/Pt Hall bar structure.  The switching made use of a spin-orbit torque (SOT) that was 

produced through the spin Hall effect in the Pt layer.  This work demonstrates the feasibility of 

the use of spin currents in a neighboring material, such as a heavy metal or a topological insulator, 

to manipulate the magnetization in PMA YIG films.   

The low-damping PMA YIG films demonstrated in this work may have important applications 

in spintronic devices.  It should be highlighted that the films were deposited by sputtering, which 

is an industry-friendly thin film growth technique.  In terms of potential device applications of 

PMA YIG films, the following future works are of great, immediate interest.  (1) Optimization of 

the growth processes for the realization of PMA YIG films with even lower damping.  The work 

presented in the last chapter demonstrates the development of nm-thick YIG films with sputtering 

that showed a damping constant as low as about 5.210-5 11, which indicates the possibility of 

sputtering growth of PMA YIG films with <4.210-4.  (2) Measurements of speed of SOT-

induced domain wall motion in PMA YIG thin films.  In general, the speed of domain wall motion 

is inversely proportional to 141, so domain walls in YIG thin films are expected to move faster 
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than in other PMA thin films.  This work is of significance for the development of racetrack 

memory.  (3) SOT-induced precessional motion or switching of magnetization in nanoscale PMA 

YIG elements with single domains.  Such studies will provide important implications for 

potential applications of PMA YIG films in spin-torque nano-oscillators and STT memory. 

This work is published on Physical Review Applied 14, 014017 (2020).  The full author list 

is Jinjun Ding, Chuanpu Liu, Yuejie Zhang, Uppalaiah Erugu, Zhiyong Quan, Rui Yu, Ethan 

McCollum, Songyu Mo, Sheng Yang, Haifeng Ding, Xiaohong Xu, Jinke Tang, Xiaofei Yang, and 

Mingzhong Wu. Jinjun Ding prepared the YIG films.  Chuanpu Liu performed FMR 

measurements.  Yuejie Zhang performed XRD measurements. Uppalaiah Erugu helped with 

AHE measurements.  Zhiyong Quan preformed X-ray reflectivity (XRR) and ellipsometry 

measurements, Rui Yu helped with optimization of sputtering process, Ethan McCollum helped 

with VSM measurements, Songyu Mo and Sheng Yang helped with MOKE measurements. 
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CHAPTER 6  TOPOLOGICAL SURFACE 

STATES-CAUSED LARGE DAMPING 

ENHANCEMENT IN DIRAC SEMIMETAL-

FERROMAGNETIC METAL LAYERED 

STRUCTURES 

6.1 Introduction 

The phenomenon of spin pumping refers to the transfer of spins from precessional moments 

in a ferromagnet to a non-magnetic material.16,17 The origin of spin pumping is the magnon-

electron interaction at the interface of the bilayer. In a ferromagnetic/non-magnetic bi-layered 

system, spin pumping manifests itself as two distinct effects: (1) an enhancement in the damping 

in the ferromagnetic layer and (2) a pure spin current in the non-magnetic layer.  These effects 

are usually weak if the non-magnetic layer is a metallic thin film with weak spin-orbit coupling 

(SOC), such as Cu and Al, as there exists a strong spin backflow.  The effects, however, can be 

very strong if the non-magnetic layer is a heavy metal thin film with strong SOC, such as Pt and 

W, because such a film can work as a spin sink, giving rise to a very weak spin backflow. 4,142,143 

The effects can be even stronger if the non-magnetic component is a topological insulator (TI), 

such as Bi2Se3 and SmB6; a TI can efficiently convert a spin current to a charge current and thereby 

serve as a very efficient spin absorber due to the intrinsic spin-momentum locking of the 
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topological surface states.55,144,145,146,147 

Topological surface states (TSS) should also be present in other topological materials, such 

as Dirac semimetals and Weyl semimetals, when being interfaced with topologically trivial 

materials, due to the difference in the band topologies of the two types of materials.  These TSS 

are also expected to exhibit spin-momentum locking due to the broken inversion symmetry at the 

interface.  As such, one may also expect strong spin pumping in layered Dirac 

semimetal/ferromagnet systems. 

This chapter reports on the experimental observation of strong spin pumping in a 

ferromagnetic thin film due to TSS in a neighboring Dirac semimetal -Sn thin film.  Unstrained 

-Sn is a zero-gap semiconductor in which the conduction and valence bands have quadratic band 

touching at the  point at the Fermi level.  This band touching is protected by the cubic symmetry 

of the -Sn structure.  When the cubic symmetry is broken by a tensile strain along [001  or [111 , 

the two bands cross each other near the Fermi level, forming two Dirac points and giving rise to a 

topological Dirac semimetal (TDS) phase.34,49,50  Such band crossing is protected by the 

rotational symmetry that remains unbroken by the strain. 

In this work, TDS -Sn thin films are realized using InSb substrates.  The lattice constant of 

-Sn (a=6.489 Å) is slightly larger than that of InSb (a=6.479 Å), and this lattice mismatching 

gives rise to an in-plane compressive strain or a perpendicular tensile strain in the -Sn films.148,149  

The work made use of layered -Sn(6nm)/Ag(2nm)/NiFe(20nm) structures where the NiFe film 

is ferromagnetic, and the non-magnetic Ag layer works as a spacer to physically separate -Sn and 

NiFe and thereby avoid the suppression of TSS in -Sn by the magnetic ordering in NiFe.  The 

damping in these structures is found to be about a factor of 4.8 bigger than in the bare NiFe film.  

Measurements on control samples indicate that this damping enhancement is mostly due to the 
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TSS in the -Sn, rather than the bulk of the -Sn film or the Ag spacer; it is absent in -

Sn(6nm)/Ag(2nm)/NiFe(20nm) where the Sn film is topologically trivial.   

Three important points should be highlighted.  First, the topological Dirac semimetal (TDS) 

is a relatively newly-discovered topological phase; in comparison with other known TDS 

materials,150,151,152,153 -Sn is more appealing because (i) it is a single-element material and is 

therefore relatively easy to grow and (ii) it can transform into other topological phases, such as a 

TI and a Weyl semimetal, under certain strains or magnetic fields. Second, this work suggests that 

TDS materials may be as promising as TI materials in terms of applications in spintronics.  For 

example, they can be used to achieve efficient magnetization switching, as presented in Chapter 7.  

Third, the -Sn films in this work were grown by sputtering, which is an industry-friendly thin 

film growth technique.  

6.2 Growth of -Sn thin films 

The -Sn films were grown on single-crystal (001) InSb substrates by DC sputtering.  The 

InSb substrates are rinsed sequentially with acetone, isopropyl alcohol, and DI water, before being 

loaded into the sputtering chamber.  Prior to sputtering, the chamber has a base pressure of 

2.0×10-8 Torr; substrate biasing is performed that includes several cycles of Ar ion sputtering of 

the substrate surface and post annealing of the substrate at 250 °C.  The film deposition is carried 

out at room temperature, at a rate of about 2 nm/min.  The sputtering power is set to as low as 15 

W, in order to minimize the heating effect during the deposition.  The film thickness is determined 

through X-ray reflection and atomic force microscopy (AFM) measurements.  The major 

substrate biasing and sputtering control parameters are summarized in Table 6.1.   
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6.3 Surface morphological and structural properties 

Tin (Sn) exists in two major crystalline forms: α and .  -Sn is a zero-gap semiconductor 

with a face-centered diamond cubic crystal structure.  At high temperature, -Sn transforms into 

-Sn that is metallic and has a body-centered tetragonal structure.  For commercially pure -Sn 

bulk materials, this phase transformation occurs at 13.20.1 °C.47  For -Sn thin films, however, 

the transformation temperature can be significantly higher and usually increases with a decrease 

in the film thickness.  For example, previous work has demonstrated that -Sn films of a 

thickness of 50 monolayers grown on (111) InSb substrates are stable up to about 160 °C, while 

films of a thickness of 8 monolayers are stable up to about 200 °C.48  This enhanced stability is 

due to the substrate.  Specifically, -Sn has a cubic structure with a lattice constant close to that 

of the (111) InSb substrate, while -Sn has no threefold rotation axis.  As a result, the growth of 

an -Sn thin film on a (111) InSb substrate is more favorable, although -Sn is generally more 

stable at room temperature.   

Table 6.1. Substrate biasing and sputtering control parameters for Sn film growth. 
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Figure 6.1 shows the X-ray diffraction spectra of an InSb/Sn(8 nm) sample and an InSb/Sn(18 

nm) sample, which were prepared under the same conditions.  One can clearly see that the -Sn 

(400) peak is much more resolved in the 8-nm film than in the 18-nm film, indicating that the  

phase in the 8-nm film is more dominant than that of β phase.  This difference is associated with 

the above-described, substrate-enhanced stability. 

 

Figure 6.2 presents the structural properties of an 8-nm-thick -Sn film.  Figures 6.2(a) and 

6.2(b) give a wide-angle X-ray diffraction (XRD) spectrum and a fine-scan XRD spectrum, 

respectively.  The dotted and dashed lines in Fig. 6.2(b) indicate the expected positions for the -

Sn (400) and InSb (400) peaks, respectively.  The red curve in Fig. 6.2(b) is a fit that consists of 

three Viogt functions: one for the -Sn (400) peak and the other two for the InSb (400) peaks.  

Figure 6.2(c) shows an AFM surface image; the indicated roughness value is determined by 

averaging over the AFM measurements on five different 5 μm × 5 μm areas; the uncertainty is the 

corresponding standard deviation.  

 

Figure 6.1. X-ray diffraction spectra of InSb/Sn(8 nm) and InSb/Sn(18 nm). 
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Four results are evident from the data in Fig. 6.2.  (1) Although -Sn and -Sn coexist, the 

 phase is overwhelmingly dominant than the  phase; the -Sn (400) peak has an intensity three 

orders of magnitude stronger than the -Sn (200) peak.  (2) There is only one peak for the -Sn, 

indicating the highly epitaxial growth of the film.  (3) The -Sn (400) peak appears on the left 

side of the expected peak position, which indicates the presence of a perpendicular tensile strain 

in the film.  This is consistent with the expectation ⎯ the -Sn film grown on the InSb substrate 

should exhibit an in-plane compressive strain because the lattice constant of -Sn is slightly larger 

than that of InSb. 148,149  The Viogt fitting yields a=6.4890.005 Å for the -Sn film, which 

corresponds to a tensile strain of (0.270.08)%.  Such a strain makes the -Sn film a TDS. (4) 

The film has a very smooth surface, which facilitates the fabrication of layered heterostructures 

with high-quality interfaces for spin-pumping studies.  

6.4 Damping enhancement in α-Sn/Ag/NiFe layered structures 

The TSS of the TDS -Sn film concerned in this work originates from the band inversion – 

the conduction and valence bands (Γ8+) near the Fermi level are derived from p electrons while the 

s-derived band (Γ7−) is below the Fermi level, as sketched in Fig. 6.3(a), unlike other group-IV 

semiconductors with the diamond structure such as Si and Ge.  The Γ7− band is pushed below 

 

Figure 6.2. Properties for a 8-nm-thick -Sn film grown on a (100) InSb substrate.  (a) X-ray diffraction 
spectrum (XRD).  (b) Fine-scan XRD spectrum.  (c) Atomic force microscopy surface image.  
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the Fermi level mainly due to the scalar relativistic effects that affect the s electrons.51,52  The 

TSS bridge the Γ8+ conduction band and the Γ7− valence band, as indicated by the red dashed 

lines in Fig. 6.3(a). 

Figure 6.3 shows the main results of this work.  Figure 6.3(a) illustrates the spin-pumping 

process in an -Sn/Ag/NiFe tri-layered structure.  In brief, a microwave magnetic field (h) can 

drive the magnetization (M) in the NiFe film to precess around the static field (H); this precession 

can pump a spin current that flows across the Ag spacer and then enters the -Sn film.15,16,17  Due 

to spin-momentum locking of the TSS, the -Sn film can work as a highly-efficient spin absorber, 

leading to a very weak spin backflow; the net effect is an additional damping to the damping (0) 

of the NiFe film.  Such damping enhancement is evidently indicated by the ferromagnetic 

resonance (FMR) data in Figs. 6.3(b), 6.3(c), and 6.3(d).  

   

Figures 6.3(b) and 6.3(c) show the FMR data measured on an InSb/NiFe(20nm) sample and 

an InSb/-Sn(6nm)/Ag(2nm)/NiFe(20nm) sample, respectively, at a frequency of f=11.5 GHz with 

a X-band shorted waveguide.  The symbols show the data, while the curves are fits to Lorentzian 

and Gaussian functions.  The fitting-yielded peak-to-peak FMR linewidth (Hpp) values are 

indicated.  Note that the NiFe films in this work are 20-nm thick Ni80Fe20 alloy films; they were 

 

Figure 6.3. TSS-enhanced spin pumping in -Sn/NiFe structures.  (a) Conceptual diagram.  (b) FMR 
profile of InSb/NiFe(20nm).  (c) FMR profile of InSb/-Sn(6nm)/Ag(2nm)/NiFe(20nm).  (d) FMR 
linewidth as a function of frequency for the two samples. 

 



81 
 

grown with the same sputtering process.     

The data in Figs. 6.3(b) and 6.3(c) show that the FMR in InSb/-Sn/Ag/NiFe is significantly 

broader than that in InSb/NiFe.  Specifically, Hpp in InSb/-Sn/Ag/NiFe is more than six times 

larger than that in InSb/NiFe.  Further, Fig. 6.3(c) shows that the Lorentzian function fits the data 

much better than the Gaussian function, which indicates that the film inhomogeneity contribution 

to Hpp is relatively small.89  These results together suggest that a significant damping due to spin 

pumping is present in the sample with an -Sn layer, as discussed shortly. 

To confirm the above-discussed, -Sn-produced linewidth broadening, the FMR 

measurements were repeated at nine different frequencies (f).  The resulting Hpp vs. f responses 

are shown in Fig. 6.3(d).  One can see that Hpp in the sample with -Sn is larger at all frequencies, 

confirming the result shown in Figs. 6.3(b) and 6.3(c).  The lines in Fig. 6.3(d) show fits to ∆𝐻𝑝𝑝 = 2𝛼𝑒𝑓𝑓√3|𝛾| 𝑓 + ∆𝐻0                           (6.1) 

where 𝛼𝑒𝑓𝑓  is the effective damping constant, |𝛾| =2.8 MHz/Oe is the absolute gyromagnetic 

ratio, and ∆𝐻0  denotes the inhomogeneity-caused line broadening. The fitting-yielded 𝛼𝑒𝑓𝑓 

values are indicated in the figure.  One can see that 𝛼𝑒𝑓𝑓in the sample with -Sn is about 380% 

larger than that in the one without -Sn. 
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A strong damping enhancement in InSb/-Sn/Ag/NiFe is evident from the data in Fig. 6.3.  

However, it is not solely due to the -Sn film but also includes a contribution from spin absorption 

in the Ag spacer.  Approximately, the damping in InSb/-Sn/Ag/NiFe can be written as  𝛼𝑒𝑓𝑓 = 𝛼0 + 𝛼𝐴𝑔 + 𝛼𝑆𝑛                     (6.2) 

where 𝛼0 = 0.00860.0011  is the damping in the NiFe film, and 𝛼𝐴𝑔  and 𝛼𝑆𝑛  denote the 

extra damping in the NiFe film due to the spin absorption in the Ag and Sn layers, respectively.  

From Eq. (6.2), one obtains 𝛼𝐴𝑔 + 𝛼𝑆𝑛0.0324, but the weight of 𝛼𝑆𝑛 in the overall damping 

enhancement is unclear. 

In order to determine 𝛼𝑆𝑛, a control sample InSb/Ag(2nm)/NiFe(20nm) was fabricated using 

the exactly same substrate, targets, and sputtering process as for the InSb/-

Sn(6nm)/Ag(2nm)/NiFe(20nm) sample, and the same FMR measurements were conducted on this 

control sample.  The green symbols in Fig. 6.4 show the measured data.  The fitting yields 𝛼𝑒𝑓𝑓 = 0.0140.002 .  If one considers 𝛼𝑒𝑓𝑓 = 𝛼0 + 𝛼𝐴𝑔  in this sample, one obtains 𝛼𝐴𝑔0.0054. 

With 𝛼𝐴𝑔 being determined, one can now use Eq. (6.2) to find 𝛼𝑆𝑛0.027.  Thus, one can 

 

Figure 6.4. Comparison of FMR linewidth vs. frequency responses measured on four different samples, as 
indicated. 
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see that 𝛼𝐴𝑔 is relatively small in comparison with 𝛼0 in the NiFe film.  This is consistent with 

the expectation, namely, that the Ag layer works as a poor spin sink or a good spin conductor 

because it has relatively weak SOC.  It is for the same reason that Ag is chosen as a spacer 

material in this work.  Note that the spin Hall angle in Ag is about 0.0068 only, while the spin 

diffusion length in Ag is about 700 nm,154 which is much bigger than the Ag thickness in this work.  

In a stark contrast, 𝛼𝑆𝑛 is remarkably bigger ⎯ it is more than 3 times bigger than 𝛼0 and about 

5 times bigger than 𝛼𝐴𝑔.  This clearly indicates the presence of very strong SOC in the -Sn film.   

It is believed that the above-determined large 𝛼𝑆𝑛 is mostly due to the two-dimensional TSS 

at the -Sn/Ag interface, but there is also a possibility that 𝛼𝑆𝑛 is associated with the SOC in the 

bulk of the -Sn film.  To check this possibility, a control sample InSb/-Sn(6nm)/NiFe(20nm) 

was prepared using the exact same growth conditions as the InSb/-Sn(6nm)/Ag(2nm) 

/NiFe(20nm) sample.  It is expected that the -Sn TSS in this control sample are suppressed or 

damaged due to direct physical contact with the NiFe film. Previous experimental and theoretical 

works have shown that the magnetic ordering in a ferromagnetic metal can significantly modify 

and even completely suppress TSS in a neighboring TI.155,156,157,158  

The orange symbols in Fig. 6.4 present the Hpp vs. f data measured on the InSb/-Sn/NiFe 

control sample in which TSS are expected to be absent.  The fitting yields 𝛼𝑒𝑓𝑓 = 0.0120.002, 

which indicates 𝛼𝑆𝑛0.0034.  Thus, one can see that 𝛼𝑆𝑛 in InSb/-Sn/NiFe (0.0034) is only 

about 13% of that in InSb/-Sn/Ag/NiFe (0.027).  This big difference evidently shows that the 

large 𝛼𝑆𝑛 in InSb/-Sn/Ag/NiFe is mostly due to the TSS, while the bulk contribution is relatively 

small.   
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It should be highlighted that the topological nature of the -Sn film plays a critical role in the 

above-presented strong damping enhancement.  To demonstrate this role, a control sample 

Al2O3/Sn(6nm)/Ag(2nm) /NiFe(20nm) was fabricated using the exact same targets and sputtering 

conditions as for the InSb/-Sn(6nm)/Ag(2nm)/NiFe(20nm) sample, but with a different substrate.  

Figure 6.5 shows the data on this control sample.  The XRD spectrum in Fig. 6.5(a) shows that 

the Sn film grown on a (0001) sapphire substrate has  phase, rather than  phase.  This results 

from the fact that the sapphire has a crystalline structure very different from the -Sn, and the -

Sn film on the sapphire is more stable at room temperature.  In Fig. 6.5(b), the green symbols 

show the Hpp data of the Al2O3/Sn/Ag/NiFe sample.  The fitting yields 𝛼𝑒𝑓𝑓 = 0.0190.001.  

Based on this value and Eq. (6.2), one obtains 𝛼𝑆𝑛0.005.  One can see that 𝛼𝑆𝑛 in the sample 

with -Sn is only about 17% of that in the sample with -Sn.  This agrees with the expectation 

⎯ -Sn is a topologically trivial material159 and there exist no spin-momentum-locked TSS at the 

-Sn/Ag interface, giving rise to weak spin absorption in the -Sn. 

In order to describe more quantitatively the strong spin absorption in -Sn/Ag/NiFe, one can 

 

Figure 6.5. (a) XRD spectrum of an 8-nm-thick -Sn film grown on a (0001) sapphire substrate.  (b) 
Comparison of the FMR linewidth vs. frequency responses of the Al2O3/Sn(6nm)/ Ag(2nm)/NiFe(20nm) 
sample and the other two samples. 
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define an effective spin mixing conductance 𝑔↑↓𝑒𝑓𝑓 as160,161 

 Re(𝑔↑↓𝑒𝑓𝑓) = 4𝜋𝑀𝑠𝑑𝑔𝜇𝐵 (𝛼𝑒𝑓𝑓 − 𝛼0)                      (6.3) 

where “Re” denotes the real part of 𝑔↑↓𝑒𝑓𝑓, 4𝜋𝑀𝑠 7.84 kG is the saturation induction of the NiFe 

film, d=20 nm is the NiFe thickness, g=2.02 is the Landé factor, and 𝜇𝐵 is the Bohr magneton.  

The calculation using Eq. (6.3), 𝛼0 = 0.0086 , and 𝛼𝑒𝑓𝑓 = 0.041  yields Re(𝑔↑↓𝑒𝑓𝑓) = 2.71016 

cm-2.  This value is about one order of magnitude larger than the values in systems where spin 

absorption is attributed to SOC in heavy metals160 or at Rashba interfaces.161 This large value is 

mostly due to the large spin absorption associated with the spin-momentum-locked TSS of the -

Sn.  Note that a part of this large value may come from the film inhomogeneity. The presence of 

inhomogeneity-caused FMR linewidth broadening makes the extraction of 𝑔↑↓𝑒𝑓𝑓 challenging; it 

cannot be excluded that areas with slightly different 4𝜋𝑀𝑠or anisotropy lead to different FMR 

fields and thereby make the derivation of 𝑔↑↓𝑒𝑓𝑓 from the slopes of the Hpp vs. f responses less 

precise. 

6.5 Magnetic properties of the magnetic films 

Figure 6.6 presents in-plane (IP) and out-of-plane (OOP) magnetic hysteresis responses for 

five different samples: InSb/NiFe(20 nm), InSb/-Sn(6 nm)/Ag(2 nm)/NiFe(20 nm), InSb/Ag(2 

nm)/NiFe(20 nm), InSb/-Sn(6 nm)/NiFe(20 nm), and Al2O3/Sn(6 nm)/Ag(2 nm)/NiFe(20 nm).  

All the data were measured at room temperature by a vibrating sample magnetometer (VSM).  

Table 6.2 summarizes the saturation induction 4πMs values and saturation field Hs values of the 
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five samples.  The 4πMs values were determined through dividing the IP saturated magnetic 

moment of each sample by the volume of the NiFe film.  The Hs values were determined from 

the OOP hysteresis responses. 

 

In addition to the Hpp values, the Lorentzian fitting shown in Figs. 6.3(b) and 6.3(c) also 

yield the ferromagnetic resonance (FMR) fields (HFMR), which are presented in Fig. 6.7(a).  The 

curves in the figure show the fits to the Kittel equation 

𝑓 = |𝛾|√𝐻𝐹𝑀𝑅(𝐻𝐹𝑀𝑅 + 4𝜋𝑀𝑒𝑓𝑓)                  (6.4) 

where 4𝜋𝑀𝑒𝑓𝑓 denotes the difference between the saturation induction 4𝜋𝑀𝑠 and the effective 

anisotropy field 𝐻𝑎 of the NiFe film, namely, 4𝜋𝑀𝑒𝑓𝑓 = 4𝜋𝑀𝑠 − 𝐻𝑎.  Note that 𝐻𝑎 > 0 and 𝐻𝑎 < 0  correspond to the presence of a perpendicular uniaxial anisotropy and an easy-plane 

 

Figure 6.6. Magnetic hysteresis loops of five different samples, as indicated.  The red and blue symbols 
present the data measured by an in-plane (IP) field and an out-of-plane (OOP) field, respectively. 
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Table 6.2. Saturation induction (4πMs) and saturation field (Hs) values of five samples. 

Samples 4πMs (G) Hs (Oe) 

InSb/NiFe 9490±13 8596±199 

InSb/Sn/NiFe 9065±31 7615±169 

InSb/Ag/NiFe 7757±31 7007±202 

Al2O3/Sn/Ag/NiFe 7875±86 7015±235 

InSb/Sn/Ag/NiFe 7839±66 6780±241 
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anisotropy, respectively.  The fitting-produced 4𝜋𝑀𝑒𝑓𝑓 values are given in Fig. 6.7(b).  Also 

presented in Fig. 6.7(b) are the 4𝜋𝑀𝑠 values measured by a vibrating sample magnetometer 

 

(VSM) under an in-plane field (see Table 6.2).  The data indicate similar trends for 4𝜋𝑀𝑒𝑓𝑓 and 4𝜋𝑀𝑠 ⎯ they both decrease from the left to the right.  This suggests that the difference in the f 

vs. HFMR responses of the different samples shown in Fig. 6.7(a) is mostly associated with the 4𝜋𝑀𝑠 difference of the NiFe films and is therefore probably not due to the difference in the SOC 

strength in the non-magnetic layers adjacent to the NiFe films.  With the data in Fig. 6.7(b), one 

can evaluate 𝐻𝑎 = 4𝜋𝑀𝑠 − 4𝜋𝑀𝑒𝑓𝑓 .  The obtained 𝐻𝑎 values are less than 9% of 4𝜋𝑀𝑠 .  
These values may suggest the presence of anisotropy in the NiFe film but may also result from the 4𝜋𝑀𝑠 errors due to, for example, errors in estimating the volumes of the NiFe films.  Future work 

is of interest that makes use of much thinner ferromagnetic films and angle-dependent FMR 

measurements to explore possible -Sn-induced changes in Ha.   

6.6 Conclusions and outlook 

 

Figure 6.7. (a) Frequency vs. FMR field responses for five different samples.  (b) Comparison of the 
4Meff values from FMR measurements and the 4Ms values from VSM measurements. 
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Two notes should be made about the data presented in Figs. 6.3-6.5.  First, the damping in 

the NiFe film (0.0086) is only slightly larger than the intrinsic damping in NiFe thin films 

(0.008).162,163  This fact indicates the high quality of the NiFe thin films in this work.  Second, 

the data in Figs. 6.4 and 6.5(b) for InSb/NiFe and InSb/-Sn/NiFe are the same as those shown in 

Fig. 6.3(d).  They are included to ease comparison between the different samples. 

Four important final remarks should be made.  First, the -Sn films in this work are all 6-

nm thick.  In thicker films, the  phase may be dominant over the  phase, as discussed in the 

previous section 6.3.  On the other hand, with reduced -Sn thicknesses, the quantum 

confinement effect may turn a TDS to a TI or a quantum spin Hall insulator.164,165,166,167 Second, 

previous work has shown that interfacing a TI with a ferromagnetic metal can damage or suppress 

the TSS in the TI. 155-158  The comparison between the damping properties of  InSb/-

Sn/Ag/NiFe and InSb/-Sn/NiFe in Fig. 6.4 evidently suggests that this is also the case for the 

TSS in the TDS -Sn.  Third, TDSs should also host topological Fermi arc surface states;39,168 in 

the case of TDS -Sn, such states are expected to exist on surfaces parallel to the uniaxial tensile 

axis, namely, the four side surfaces of the -Sn film in this work.  Future studies on spin pumping 

effects associated with these Fermi arc states are very interesting. Finally, this work suggests that 

SOC in the bulk of -Sn films and in the -Sn films is no stronger than that in Ag.  Future work 

that measures the bulk SOC strength, such as the spin Hall angle, in -Sn and -Sn films is of 

great interest. 

This work has been presented in a manuscript entitled “Topological Surface States-Caused 

Large Damping Enhancement in Dirac Semimetal-Ferromagnetic Metal Layered Structures”.  

The full author list is Jinjun Ding, Chuanpu Liu, Rui Yu, Uppalaiah Erugu, Jinke Tang, Haifeng 

Ding, Hua Chen, and Mingzhong Wu. Jinjun Ding prepared the samples and performed FMR 
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measurements. Chuanpu Liu helped with data analysis. Rui Yu helped with magnetron sputtering. 

Uppalaiah Erugu helped with XRD measurements.



90 
 

CHAPTER 7  MAGNETIZATION SWITCHING 

USING SURFACE STATES IN A TOPOLOGICAL 

DIRAC SEMIMETAL 

7.1 Introduction 

Spin-orbit torque (SOT) refers to the torque exerted on magnetic moments in a magnet, by a 

spin current generated in a neighboring material.  In addition to being fundamentally intriguing, 

the SOT phenomenon enables the use of electric currents to manipulate nanoscale magnets and is 

therefore of great technological significance.   

Earlier work has focused on layered hetero-structures based on heavy metals, such as Pt, Ta, 

and W.169,170  Strong SOC in heavy metals has allowed for experimental demonstrations of SOT-

driven magnetization switching,134,169,170 domain wall motion,171 and magnetization precession.172  

Such demonstrations have fueled considerable ongoing efforts on the development of SOT-based 

energy-efficient spintronic devices, including memory, logic, and microwave and terahertz 

oscillators. 

Very recent work, however, shows that SOT devices with even higher efficiency can be 

achieved if one replaces heavy metals with topological insulators (TIs).  Due to intrinsic spin-

momentum locking of the topological surface states (TSS), a TI can convert a charge current into 

a spin current at an efficiency that is substantially higher than in a heavy metal.  In particular, 

efficient magnetization switching has already been realized in a good number of TI/magnet bi-

layered structures where the TI materials ranged from Bi2Se3 to (Bi1−xSbx)2Te3 to Bi0.9Sb0.1 to 
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SmB6, while the magnetic components included ferromagnetic metals, ferrimagnetic alloys, 

ferrimagnetic insulators, and magnetically doped TIs.173,174,175,176,177,178,179,180    

In principle, topological surface states (TSS) are also present at the interface between a 

topological Dirac semimetal and a topologically trivial material, because of different band 

topologies of the two materials.  These TSS are also expected to exhibit spin-momentum locking, 

due to the broken inversion symmetry at the interface.  As such, topological Dirac semimetal 

(TDS) materials may have a charge-to-spin conversion efficiency as high as in TIs and therefore 

may also be used to effectively manipulate magnets.  Such possibilities, however, have not been 

explored yet.  This chapter reports on the experimental observation of efficient switching in a 

ferromagnetic thin film enabled by SOT from a neighboring TDS -Sn thin film.  

Three important points should be highlighted. First, the TDS is a relatively newly-discovered 

topological phase; in comparison with other TDS materials,149,150,151,152 α-Sn is more attractive 

because (i) it is a single-element material and is therefore relatively easy to grow and (ii) it can 

transform to other topological phases, such as a TI or a Weyl semimetal, under certain strains or 

magnetic fields.48,49  Second, this work demonstrates that TDS materials may be as promising as 

TI materials in terms of applications in spintronics, which significantly broadens the range of SOT 

materials available for energy-efficient devices.  Third, this work may have transformative 

impact on the ongoing industrial development of SOT devices, because (i) the α-Sn thin films were 

grown on Si, a common industrial substrate, by sputtering, an industry-friendly film growth 

technique, and (ii) switching was demonstrated at room temperature (RT), rather than low 

temperature, in the absence of external fields.    

7.2 Growth of -Sn thin films 

The -Sn thin films were grown on single-crystal (111) Si substrates by DC magnetron 



92 
 

sputtering.  The substrates are rinsed sequentially with acetone, isopropyl alcohol, and DI water, 

before being loaded into the sputtering chamber.  Prior to sputtering, the chamber has a base 

pressure of 2.0×10-8 Torr; substrate biasing is performed that includes several cycles of Ar ion 

sputtering of the substrate surface and the post-annealing of the substrate at 250 °C.  The Ar ion 

sputtering process is aimed at removing the thin oxidized layer on the top of the substrate, while 

the post-annealing process is to remove the moisture adherent on the substrate surface.  After 

removing the oxidized layer and the surface moisture, the -Sn deposition is then carried out at 

room temperature, at a rate of about 2 nm/min.  The sputtering power is set to a low value of 15 

W, in order to minimize the heating effect during the deposition.  The film thicknesses are 

determined through X-ray reflection and atomic force microscopy (AFM) measurements.  The 

major substrate biasing and sputtering control parameters are summarized in Table 7.1.  The Si 

substrates are either n-type or undoped and have an electric resistivity larger than 1 kWcm.  

 

The surface roughness of the substrates is smaller than 0.5 nm.181 The lattice constant of -

Sn (a=6.489 Å) is larger than that of Si (a=5.4307 Å); this lattice mismatch gives rise to a 

perpendicular tensile strain in the -Sn films and therefore makes the films a TDS phase. 49,50  The 

Table 7.1. Substrate biasing and sputtering control parameters for Sn film growth. 
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TDS properties of the -Sn films were characterized through electric transport measurements and 

analyses.  The switching experiment was carried out with a micron-sized rectangular element 

made of an -Sn(6 nm)/Ag(2 nm)/CoFeB(2 nm) tri-layered structure; the magnetization in CoFeB 

favors alignment along the length directions of the rectangular element.  Field-free, current-

induced switching of the magnetization between the length directions was observed at room 

temperature, with a switching current density (Jc) of about 4.7106 A/cm2.  The analysis of Jc 

yielded a SOT efficiency of 2.2 in the -Sn film, which is comparable to that in TIs and is 

substantially higher than that in heavy metals.  Control measurements indicate that the switching 

is enabled mostly by the TSS in the -Sn film, rather than by SOC in the bulk of the -Sn film or 

current-produced heating effects in the structure. 

The representative structural and morphological properties of the films are presented in Fig. 

7.1.  Figure 7.1(a) gives the X-ray diffraction (XRD) spectra of a 4-nm-thick Sn film (blue) and 

an 8-nm-thick Sn film (green), which were both capped by a 3-nm-thick Si3N4 protection layer.  

Figure 7.1(b) shows a fine-scan XRD spectrum of the 4-nm Sn film.  The red profile is a fit to a 

Gaussian trial function, while the vertical dashed line indicates the theoretically expected position 

of the -Sn (111) peak.  Figure 7.1(c) presents an atomic force microscopy (AFM) surface image; 

the roughness value indicated is determined by averaging over the AFM measurements on five 

different 5 μm × 5 μm areas; the uncertainty is the corresponding standard deviation. 
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Four results are evident from the data in Fig. 7.1.  (1) -Sn and -Sn coexist in the 8-nm 

film, but in the 4-nm film the  phase is more dominant than the  phase.  As shown in Fig. 7.1(a), 

for the 4-nm film the -Sn (111) peak has an intensity that is more than two times stronger than 

the -Sn (211) peak, although both peaks are very weak in comparison with the Si and Si3N4 peaks.  

(2) There is only one peak for the -Sn in the 4-nm film, possibly indicating the quasi-epitaxial 

growth of the -Sn film.  (3) As shown in Fig. 7.1(b), the -Sn (111) peak appears on the left side 

of the theoretically expected peak position, which indicates the presence of a perpendicular tensile 

strain or an in-plane compressive strain in the film.  This is consistent with the expectation that 

an -Sn film grown on a Si substrate should exhibit an in-plane compressive strain because the 

lattice constant of -Sn is larger than that of Si.  The fitting in Fig. 7.1(b) yields a lattice constant 

 

Figure 7.1. Structural and morphological properties of -Sn thin films. (a) XRD spectra of a 
Si/Sn(4nm)/Si3N4(3nm) sample and a Si/Sn(8nm)/Si3N4(3nm) sample.  (b) Fine-scan XRD spectrum of 
the Si/Sn(4nm)/Si3N4(3nm) sample.  (c) AFM surface image of a Si/Sn(4nm) sample. 
 
 



95 
 

of about 6.519Å for the 4-nm film, which corresponds to a perpendicular tensile strain of 0.46%.  

Such a strain makes the -Sn film a TDS.49,50  (4) The film has a very smooth surface, which 

facilitates the fabrication of layered hetero-structures with high-quality interfaces for switching 

experiments.   

7.3 Electric transport properties of -Sn thin films 

In order to measure the electric transport properties of -Sn thin films, a Hall bar device was 

fabricated through photolithography and argon ion milling processes.  Figure 7.2(a) illustrates 

the Hall bar structure and the experimental configuration for the measurements of electric transport 

properties of -Sn thin films.  The central area of the Hall bar is 300 μm long and 100 μm wide. 

 

 

Figure 7.2. Electric transport properties of -Sn thin films. (a) Measurement configuration.  (b) Hall 
resistance (Rxy, left) and longitudinal resistance (Rxx, right) of a Si/-Sn(6nm)/Si3N4(3nm) sample 
measured as a function of the magnetic field (H).  The circles show the experimental data, while the 
curves show numerical fits.   
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Figure 7.2 presents the transport data that show the features of TDS materials.  Figure 7.2(a) 

illustrates the measurement configuration.  Figure 7.2(b) gives the Hall resistance (Rxy) and 

longitudinal resistance (Rxx) of a Hall bar structure made of Si/-Sn(6 nm)/Si3N4(3 nm) measured  

as a function of a perpendicular magnetic field (H) at RT.     

The data in Fig. 7.2 show three important results.  (1) The Rxy vs. H response is strongly 

nonlinear, as shown by the black circles in Fig. 7.2(b).  This result clearly indicates the existence 

of parallel conduction channels in the -Sn film, which is common in TDS materials.182   In 

contrast, -Sn thin films show usual linear Rxy vs. H responses. (2) The Rxx vs. H data show a 

quadratic field dependence at low fields (H<20 kOe), as indicated by the quadratic fit (blue curve) 

in the right graph in Fig. 7.2(b).  This quadratic response is common for non-magnetic systems, 

including TDS materials,182,183,184,185 and is believed to arise from the Lorentz deflection of the 

carriers in the -Sn film.  (3) The Rxx vs. H data show non-saturating linear magnetoresistance at 

high fields (H>50 kOe).  This is an important property of TDS materials, although its physical 

origin is still under debate.40 ,41,186,187,188,189   

The above results together clearly indicate that the 6-nm Sn film is a semimetal, rather than a 

metal.  In other words, the films are dominated by the -Sn phase, not the -Sn phase.  This 

conclusion is further supported by the fact that the resistivity of the -Sn films in this work (5.6  

10-4 Wcm) is more than one order of magnitude higher than in metallic -Sn films grown on Si 

substrates (1.510-5 Wcm).  These results, together with the strain property indicated by the XRD 

data in Fig. 7.1(b), suggest that the 6-nm film in this work is a TDS.  

In addition to the above qualitative results, one can also achieve a more quantitative 

understanding on the properties of the -Sn films by numerically fitting the Rxx(H) and Rxy(H) data 

in Fig. 7.2, as in previous works.182, 190 , 191   The two red curves in Fig. 7.2(b) show the 
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simultaneous fits of Rxx(H) and Rxy(H) to a three-channel model in which two channels are n-type 

and the other is p-type:  𝜌𝑥𝑥 = 𝜎𝑥𝑥𝜎𝑥𝑥2 +𝜎𝑥𝑦2 𝑡                        (7.1) 

𝜌𝑥𝑦 = 𝜎𝑥𝑦𝜎𝑥𝑥2 +𝜎𝑥𝑦2 𝑡                        (7.2)                                                                            

𝜎𝑥𝑥 = ∑ 𝑛𝑖𝑒𝜇𝑖1+(𝜇𝑖𝜇0𝐻)23𝑖=1                    (7.3)                                     

𝜎𝑥𝑦 = ∑ 𝑛𝑖𝑒𝜇𝑖2𝜇0𝐻1+(𝜇𝑖𝜇0𝐻)23𝑖=1                          (7.4)  

where 𝜌𝑥𝑥 = 𝑅𝑥𝑥 𝑤𝑡𝑙   (thickness t=6 nm, width w=100 m, length l=300 m) and 𝜌𝑥𝑦 = 𝑅𝑥𝑦𝑡 
denote the longitudinal and Hall resistivities, respectively; 𝜎𝑥𝑥 and 𝜎𝑥𝑦 are the two-dimensional 

(2D) longitudinal and Hall sheet conductivities, respectively; 𝑛𝑖  is the 2D carrier density 

(positive); e and 𝜇𝑖 denote the carrier charge and mobility, respectively (negative for electrons and 

positive for holes); and 𝜇0 = 4𝜋 × 10−7 H/m is the free-space permeability constant.  

One can see that the two fits in Fig. 7.2(b) are both almost perfect.  On the other hand, the 

fitting is poor if one considers either a two-channel model or a three-channel model with one n-

type and the other two p-type.  These results together indicate that the three-channel model used 

can appropriately describe the physical processes in the -Sn film.  Note that the fitting shown 

in Fig. 7.2(b) is for a field range from -40 kOe to 40 kOe, not for the entire field range, as Eqs. 

(7.1) and (7.2) are valid for weak fields only.  

Table 7.2 lists the fitting-yielded results, together with the sheet resistance 𝑅𝑠,𝑖 = (𝑛𝑖𝑒 𝜇𝑖  )−1 
values.  The carriers in the first two channels have relatively high density and relatively low 

mobility.  They can be assigned to holes and electrons activated thermally for the bulk states.  

As reported previously, due to the band crossing at the Fermi level, TDS materials can undergo 

thermal activation in which electrons in the valence band below the Dirac points can be thermally 
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activated to the conduction band above the Dirac points.  These carriers can also be attributed to 

indirect inter-band thermal transitions in the -Sn film, as discussed previously.182  The third 

channel in Table 1 can be assigned to the TSS.  The carriers are n-type, which is consistent with 

the fact that the Dirac point of the TSS is below the Fermi level;49,50 the mobility is relatively high, 

which is expected because, unlike the bulk states, the TSS do not undergo backscattering. 

 

As presented above, three different models have been used to fit numerically the 

experimentally measured Rxx(H) and Rxy(H) data. Figure 7.3 presents more numerical fits.  The 

black and blue circles show the experimentally measured Rxy(H) (left axes) and Rxx(H) (right axes) 

data, respectively, while the red curves present the numerical fits.  The left, middle, and right 

columns show the fits to a three-channel model with two n-type and the other p-type, a three-

channel model with one n-type and the other two p-type, and a two-channel model with one n-type 

and the other p-type, respectively.  The first, second, and third rows show the fits of the data over 

different field (H) ranges, as indicated.  The fitting-yielded carrier density and mobility values 

for the fits in Figs. 7.3(a) and 7.3(b) are listed in Table 7.3 and Table 7.4, respectively. 

Table 7.2. Carrier properties in a 6-nm -Sn thin film, obtained through fitting the resistivity data shown 
in Fig. 7.2(b). 

Channel 
Carrier density 

(cm-2) 
Mobility 

(cm2V-1s-1) Type 
Sheet 

resistance (W) 

1 (8.530.05)1012 11134 p 658 

2 (3.310.05)1012 -125431 n 1506 

3 (1.830.04)1012 -358819 n 952 
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Figure 7.3. Hall resistance (Rxy, black circles, left axes) and longitudinal resistance (Rxx, blue circles, right 
axes) of a Si/-Sn(6m)/Si3N4(3nm) sample measured as a function of an out-of-plane magnetic field (H) 
and fitted numerically to (a) a two-n-channel and one-p-channel model,  (b) a two-p-channel and one-n-
channel model,  and  (c) a one-n-channel and one-p-channel model.  The three rows show the numerical 
fits (red curves) of the experimental data over different field ranges, as indicated.   
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 The numerical fits presented in Fig. 7.3 and the fitting-yielded results listed in Tables 7.3 

and 4 together show three important results: 

1. The two-channel model cannot appropriately fit the data, as shown in Fig. 7.3(c), while the 

two “three-channel” models can fit the data much better, as shown in Figs. 7.3(a) and 7.3(b).     

Table 7.3. Carrier properties of a 6-nm-thick -Sn thin film obtained through the numerical fitting of the 
experimentally measured resistance data to a two-n-channel, one-p-channel model.  The numerical fits are 
shown in Fig. 7.3(a).  

 

Channels Field Range -30 kOe to 30 kOe -40 kOe to 40 kOe -90 kOe to 90 kOe

Channel 1
p-type

2D carrier density (cm-2) (8.9280.012)1012 (8.5380.054)1012 (1.490.01)1012

Carrier mobility (cm2V-1s-1) 10918.2 11134.0 173611

Channel 2
n-type

2D carrier density (cm-2) (3.0800.058)1012 (3.3190.046)1012 (1.150.01)1012

Carrier mobility (cm2V-1s-1) 15868.0 125431 233613

Channel 3
n-type

2D carrier density (cm-2) (1.4780.008)1012 (1.8260.036)1012 (4.001.51)1013

Carrier mobility (cm2V-1s-1) 378153 358819 3312

Table 7.4. Carrier properties of a 6-nm-thick -Sn thin film obtained through the numerical fitting of the 
experimentally measured resistance data to a one-n-channel, two-p-channel model.  The numerical fits are 
shown in Fig. 7.3(b).  

 

Channels Field Range -30 kOe to 30 kOe -40 kOe to 40 kOe -90 kOe to 90 kOe

Channel 1
p-type

2D carrier density (cm-2) (4.671.44)1012 (5.390.78)1012 (5.430.49)1012

Carrier mobility (cm2V-1s-1) 137612 132062 133147

Channel 2
n-type

2D carrier density (cm-2) (2.490.084)1012 (2.70.06)1012 (3.570.05)1012

Carrier mobility (cm2V-1s-1) 328337 314929 259027

Channel 3
p-type

2D carrier density (cm-2) (2.20818)1014 (9.9833)1014 (1.310.22)1013

Carrier mobility (cm2V-1s-1) 27.525.6 4.5615.2 25870
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2. Among the two “three-channel” models, the “two-n-channel, one-p-channel” model can fit the 

data with reasonably small uncertainties or error bars, as shown in Table 7.3, while the other 

“three-channel” model does not, as can be seen from the bottom two rows in Table 7.4.  This 

result suggests that the “two-n-channel, one-p-channel” model is more appropriate or accurate 

than the “one-n-channel, two-p-channel” model, in terms of describing the electric transport 

properties of the -Sn thin film.  

3. The results for the fitting of the data measured over relatively narrow fields are close to each 

other, but they are very different from the fitting results for the data measured over “-90 kOe 

to 90 kOe”.   This big difference is likely since Eqs. (7.3-7.4) are less valid or appropriate at 

high fields than at low fields.  Because the fits over the field range of “-40 kOe to 40 kOe” 

capture more features of the experimental data than the field range of “-30 kOe to 30 kOe,” 

only they are shown in Fig. 7.2(b) (red curves).        

 

Figure 7.4 shows the Hall resistance of a 21-nm-thick β-Sn thin film measured as a function 

of an out-of-plane magnetic field.  The film was grown on a Si substrate using the same growth 

conditions as for the -Sn thin films.  The green circles show the experimental data, while the 

red line is a linear fit.  The negative slope shown in Fig. 7.4 indicates that the carrier in the β-Sn 

 
Figure 7.4. Hall resistance vs. field response of β-Sn film. 
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thin film is n-type.  Based on the slope, one can estimate the carrier density as 1.72 ×1022 cm-3. 

This carrier density value is close to that in heavy metal Pt thin films (1.6×1022 cm-3)192 and about 

3-4 orders of magnitude higher than the values shown in Table 7.2 for the -Sn thin film. 

7.4 Magnetization switching using α-Sn 

Turn now to the use of the TSS in the -Sn film to switch a ferromagnet.  The switching 

device was fabricated from a Si/Sn(6 nm)/Ag(2 nm)/CoFeB(2 nm) thin-film stack.   A photo 

image of the device is presented in Fig. 7.6(a).  The switching device was fabricated through the 

following steps:  

1. A Sn(6 nm)/Ag(2 nm)/CoFeB(2 nm) thin-film stack was deposited via magnetron sputtering, 

where the Sn film has  phase as the dominant phase, and the CoFeB film is a Co40Fe40B20 

amorphous thin film with an in-plane easy anisotropy, as discussed shortly. 

2. Photolithography and argon ion milling were used to fabricate an elliptical rectangle pitch of 

the Sn(6 nm)/Ag(2 nm)/CoFeB(2 nm) thin film stack (see the central part of the device photo 

image).   

3. In order to make electric contacts, photolithography and argon ion milling were used to 

remove the CoFeB and Ag layers on the left and right portions of the elliptical rectangle pitch 

(the areas on the left and right sides of the red dashed rectangular in Fig. 7.6(a)).  After that, 

a 50-nm-thick Au layer was deposited on top of the whole film structure. 

4. The standard lift-off technique was used to form two Au pads for conducting electric currents.    

As shown in Fig. 7.6(a), the central area of the Hall bar structure is 30 μm long (along the y axis) 

and 15 μm wide (along the x axis).  The length is along the [112̅] of the (111) Si substrate.  The 

electrical connections were made using wire bonding with gold wires under a microscope. 
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In order to detect the magnetization of the CoFeB thin film, the magneto-optical Kerr effect 

(MOKE) technique was used. The MOKE measurements probe the change of the polarization 

direction of a linearly polarized light when it reflects from a magnetic material, which was 

observed first by John Kerr back in 1887. The MOKE response in magnetic materials arise due to 

the optical anisotropy of the materials. The source of this optical anisotropy is the magnetization 

M within the surface domains which can be influenced by external forces such as magnetic fields. 

The optical anisotropy alters the state of linearly polarized light which is reflected off the magnetic 

materials. The MOKE is characterized by the Kerr effect being proportional to the magnetization. 

This makes it particularly useful in the study of surface magnetism since it is highly sensitive to 

the magnetization within the skin depth region, typically 10-20 nm in most metals. The effect has 

been utilized to obtain hysteresis loops or domain images and is a relatively simple technique to 

implement. It has the ability to probe the magnetization in very small regions of a material, such 

 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 7.5. Longitudinal MOKE system. 
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as wires or patterns, or in real device applications. The MOKE technique has been used extensively 

to characterize magnetic materials, especially magnetic thin films.  

The longitudinal magneto-optical Kerr effect (MOKE) system build in the lab is shown 

schematically in Fig. 7.5.  The MOKE system is equipped with a 405-nm laser with an output 

power of 10 mW; a temperature controller is embedded to enable steady output of the laser power.  

The beam from the laser is focused by a focal lens first and then goes to a polarizer and a beam 

splitter, as shown in Fig. 7.5. Before the laser beam hits the sample, an objective lens is used to 

further focus the beam down to about 8 µm in diameter. After hitting the sample, the laser beam is 

reflected, hits the beam splitter, and then goes to an analyzer. After that, the laser beam is 

modulated by a photon elastic modulator (PEM) and then goes to a photodetector. The modulation 

frequency is fixed at 50 kHz. A lock-in amplifier is used to detect the voltage signal from the 

photodetector. 

Prior to each switching experiment, the laser beam is focused to the center of the switching 

device, with a laser spot size of about 8 µm in diameter.  A MOKE hysteresis loop such as that 

shown in Fig. 7.6(b) is taken by sweeping the external magnetic field first; then current-induced 

magnetization switching is carried out.   

Figure 7.6 shows the main data.  Figure 7.6(a) shows the experimental configuration, with a 

picture of the switching device on the left and a diagram of the layered structure on the right.  

Figures 7.6(b) and 7.6(c) present the magneto-optical Kerr effect (MOKE) data for field- and 

current-induced switching, respectively, both measured at RT. 
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As shown in Fig. 7.6(a), the core of the switching device is a 30 m  15 m rectangle made 

of an -Sn(6 nm)/Ag(2 nm)/CoFeB(2 nm) tri-layered structure.  A 6-nm-thick -Sn film was 

used for three reasons: (i) thicker films may have the  phase, not the  phase, as the dominant 

phase; (ii) in thinner films there may exist a quantum confinement effect that can turn the films 

into TI materials or quantum spin Hall insulators;164,165,166,167 and (iii) the transport properties of 

the 6-nm -Sn film are already known, as presented in Fig. 7.6 and Table 7.2.  The CoFeB layer 

in the structure is a ferromagnetic amorphous alloy.  The easy axis in the CoFeB film is along the 

rectangle length direction (the y axis), which facilitates the switching of the magnetization (M) 

between the y directions.  The Ag layer works as a spacer to physically separate the -Sn film 

from the CoFeB film.  Previous works have shown that in a TI/ferromagnet bi-layered structure 

the TSS can be modified or even completely suppressed by the magnetic ordering in the 

ferromagnet.155,156,157,158  Recent experiments demonstrated that this is actually the case in -

Sn/ferromagnet bilayers.55  They also showed that an ultrathin Ag spacer could protect the TSS 

in the -Sn film.  Note that Ag is chosen because it has a long spin diffusion length (700 nm) 

and a small spin Hall angle (0.0068).154  

The data in Fig. 7.6(b) indicate that the CoFeB element can be switched with a modest 

 

Figure 7.6. Magnetization switching in a Si/-Sn(6nm)/Ag(2nm)/CoFeB(2nm) structure.  (a) 
Experimental configuration.  (b) Field-induced switching measured by a magneto-optical Kerr effect 
(MOKE) technique.  (c) Field-free, current-induced switching measured by the MOKE technique.  
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magnetic field of 80 Oe.  The data in Fig. 7.6(c) show that the same switching can be achieved 

by a current, in the absence of an external field.  It is believed that this switching is induced by 

the spin current in the -Sn film that is produced by the charge current along the x axis and has a 

spin polarization along the y axis; the spin current exerts an anti-damping torque on M, and the 

latter induces domain nucleation and drives domain walls to move in the CoFeB, giving rise to 

switching of M between the y directions.  Note that the data shown in Fig. 7.6(c) were measured 

using current pulses with a duration (p) of 0.1 ms.  The switching current is about 31.1 mA, 

which corresponds to a switching current density (Jc) of 4.72106 A/cm2 in the -Sn film. 

Several notes should be made about the data shown in Fig. 7.6.  First, prior to the collection 

of the data in both Figs. 7.6(b) and 7.6(c), an external field was applied to saturate M in the CoFeB 

film along the +y direction.  Second, the two hysteresis loops in Figs. 7.6(b) and 7.6(c) evolve in 

opposite manners.  This can be attributed to the definition of the sign of the charge current; a flip 

in the current sign would lead to two loops with the same evolution.  Third, the overall change of 

the MOKE voltage in Fig. 7.6(c) is slightly smaller than that in Fig. 7.6(b).  Possible reasons for 

this difference include: (i) there may be a difference in the position of the MOKE laser beam 

relative to the device center during the measurements and (ii) the current-induced switching may 

not be as complete as the field switching due to the use of a modest current.   

The field-free, RT, current-induced switching demonstrated in Fig. 7.6 is very intriguing, yet 

it is possible that the switching is not associated with the TSS, but with other mechanisms ⎯ the 

switching may result from (1) the Oersted field produced by the current, (2) current-caused Joule 

heating, or (3) a SOT due to the bulk of the -Sn film.  The switching current cited above 

corresponds to an Oersted field of 4.6 Oe, which is significantly smaller than the switching field 

shown in Fig. 7.6(b).  Thus, one cannot attribute the current switching to the Oersted field and 
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can therefore rule out mechanism (1). 

 

To check the possibility of mechanism (2), current-induced switching measurements were 

carried out with different p.  Figure 7.7 presents the data.  One can see that a decrease in p 

gives rise to a slightly noisier loop, but no notable changes in the loop width.  Specifically, as p 

is reduced by two orders of magnitudes, Jc increases only about 3.4%.  This result evidently 

indicates that the current switching cannot be attributed to the heating effects produced by the 

current. 

 

Figure 7.7. Effects of current pulse duration (p) on switching in a Si/-Sn(6nm)/Ag(2nm)/CoFeB(2nm) 
structure. (a), (b), and (c) present the switching responses for three different p, as indicated.  (d) presents 
the switching current density (Jc) and SOT efficiency () as a function of p.  
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To further confirm the invalidity of mechanisms (1) and (2) and check the possibility of 

mechanism (3), two control samples were fabricated and measured, with the data shown in Fig. 

7.8.  Note that the control samples were prepared using the exact same substrates, targets, and 

sputtering conditions as the -Sn/Ag/CoFeB sample.  It is evident that no switching responses 

are observed in Figs. 7.8(b) and 7.8(c), even with larger currents.  This supports the above 

conclusions, namely, that the switching cannot be attributed to the current-produced Oersted field 

or heating.  What’s more, the absence of a switching response in the -Sn/CoFeB sample 

indicates that the SOT from the bulk of the -Sn film alone is not strong enough to switch the 

CoFeB.  Note that there are no TSS at the -Sn/CoFeB interface, due to the reason mentioned 

above; any SOT effects, if present in the structure, would be mostly due to the bulk of the -Sn 

film.  As such, mechanism (3) can be ruled out. 

7.5 Spin-orbit torque efficiency of α-Sn 

 

Figure. 7.8. Comparison of MOKE voltage vs. current responses in three different structures. 
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7.5.1  Magnetic properties of CoFeB nano-device 

The static magnetic properties of the CoFeB thin film in the Si/Sn(6 nm)/Ag(2 nm)/CoFeB(2 

nm) layered structure were characterized via MOKE and vibrating sample magnetometer (VSM) 

measurements.  Figure 7.9 gives the representative data, all measured at room temperature (RT).  

Figure 7.9(a) shows the magnetic hysteresis loops measured by a VSM with magnetic fields (H) 

applied along two different crystal-axis directions of the (111) Si substrate, as indicated.  Figure 

7.9(b) shows the remnant moments determined from the magnetic hysteresis loops, such as those 

shown in Fig. 7.9(a), that were measured by in-plane magnetic fields applied at different angles 

(H) relative to the [11̅0]  direction of the Si substrate.  Figure 7.9(c) presents a MOKE 

hysteresis loop measured on the same sample, with a magnetic field applied along the [112̅] 
direction.  Note that [11̅0] and [112̅] are both on the (111) plane and are perpendicular to each 

other. 

 

The data in Fig. 7.9 evidently show that there exists a weak in-plane uniaxial anisotropy in 

the CoFeB film, with its easy axis along the [112̅] direction, despite the three-fold rotational 

symmetry of the (111) Si substrate.  The presence of such an in-plane uniaxial anisotropy in 

 

Figure 7.9. Static magnetic properties of the CoFeB thin film in a Si/Sn/Ag/CoFeB layered structure. (a) 
Magnetic hysteresis loops measured by a VSM for two different field directions, one along [11̅0] and the 
other along [112̅].  (b) Angular dependence of remnant moments obtained from the VSM hysteresis 
loops. (c) Magnetic hysteresis loop measured by a MOKE system. 
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amorphous CoFeB thin films has been reported previously by a number of groups.193,194,195,196  

The formation of this anisotropy may be associated with the presence of a weak stress induced by 

the rotating substrate holder or the stray field of the CoFeB film during the deposition process, as 

discussed previously.193,194,196  Besides, from the data in Fig. 7.9(a) one can also obtain the 

saturation induction (4Ms) of the CoFeB film, which is about 11.6 kG. 

 

In addition to the anisotropy described above, there also exists a weak shape anisotropy in the 

rectangular CoFeB thin film element in the switching device.  Considering the geometry shown 

in Fig. 7.10 and taking 2a=15 m, 2b=30 m, and 2c=2 nm, one can obtain the demagnetization 

factors along the three axes as Nx = 2.1×10-4, Ny = 4.2×10-5, and Nz = 0.999.  The calculation of 

Ny used197  

𝜋𝑁𝑦 = 𝑏2−𝑐22𝑏𝑐 ln (√𝑎2+𝑏2+𝑐2−𝑎√𝑎2+𝑏2+𝑐2−𝑎) + 𝑎2−𝑐22𝑎𝑐 ln (√𝑎2+𝑏2+𝑐2−𝑏√𝑎2+𝑏2+𝑐2−𝑏) + 𝑏2𝑐 ln (√𝑎2+𝑏2+𝑎√𝑎2+𝑏2−𝑎) + 𝑎2𝑐 ln (√𝑎2+𝑏2+𝑏√𝑎2+𝑏2−𝑏) +
𝑐2𝑎 ln (√𝑐2+𝑏2−𝑏√𝑐2+𝑏2+𝑏) + 𝑐2𝑏 ln (√𝑎2+𝑐2−𝑎√𝑎2+𝑐2+𝑎) + 2 arctan ( 𝑎𝑏𝑐√𝑎2+𝑏2+𝑐2) + 𝑎3+𝑏3−2𝑐33𝑎𝑏𝑐 +

𝑎3+𝑏3−2𝑐33𝑎𝑏𝑐 √𝑎2 + 𝑏2 + 𝑐2 + 𝑐𝑎𝑏 (√𝑎2 + 𝑐2 + √𝑏2 + 𝑐2) − (𝑎2+𝑏2)32+(𝑏2+𝑐2)32+(𝑎2+𝑐2)323𝑎𝑏𝑐   (7.5) 

The calculation of Nx used a similar equation but with b and a exchanged.  Nz was evaluated as 1 − 𝑁𝑥 − 𝑁𝑥.  One can see that Ny is five times smaller than Nx, indicating that the y axis is a 

slightly more preferred axis for the magnetization than the x axis.  The combination of this shape-

associated anisotropy and the growth-associated anisotropy described in the last section makes the 

 

Figure 7.10. Geometry for demagnetization factor calculations. 
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length direction of the rectangular CoFeB element an easy axis. 

 

The magnetic damping constant of the CoFeB thin film was determined through broadband 

vector network analyzer (VNA)-based ferromagnetic resonance (FMR) measurements.  Figure 

7.11 shows the measurement and analysis approaches.  Figure 7.11(a) sketches the experimental 

setup, which consists mainly of a VNA and a coplanar waveguide (CPW).  The CPW structure 

has a 50-μm-wide signal line and a signal line-to-ground spacing of 25 μm; its nominal impedance 

is 50 Ω.  The CoFeB sample, shown as a red disk in Fig. 7.11(a), is placed on the CPW with the 

CoFeB film side facing the CPW structure and the Si substrate side facing up. An external static 

magnetic field (H), shown as a blue arrow in Fig. 7.11(a), is applied along the CPW signal line to 

 

Figure 7.11. Vector network analyzer ferromagnetic resonance (FMR) measurements on a 2-nm-thick 
CoFeB thin film.  (a) Experimental configuration.  (b) Representative transmission coefficient (S21) 
profiles.  (c) FMR field as a function of microwave frequency (f).  (d) FMR linewidth as a function of f. 
In (b)-(d), the symbols show the experimental data, while the curves and lines show numerical fits. 
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either magnetize the film to saturation or enable VNA-FMR measurements.  The major 

measurement and data analysis procedures are as follows: 

(i) Magnetize the CoFeB film to saturation with a large in-plane magnetic field.  For the data 

presented below, this field is 2 kOe. 

(ii) Measure the transmission coefficient (S21) of the CPW/CoFeB structure as a function of H at 

a fixed microwave frequency (f).  Figure 7.11(b) presents representative S21 profiles 

measured at f = 7 GHz.  

(iii) Fit the S21 data with the theoretical S21 profiles121,122 to determine the FMR field (HFMR) and 

the FMR linewidth (H).  The curves in Fig. 7.11(b) show such fits.  Note that H here 

refers to “full width at half maximum,” rather than the peak-to-peak linewidth. 

(iv) Repeat (i)-(iii) for different microwave frequencies over 3-11 GHz. 

(v) Plot HFMR vs. f and then numerically fit the data using the Kittel equation: 

 = 2|𝛾|√𝐻FMR(𝐻FMR + 4𝑀S)                      (7.6) 

as shown in Fig. 7.11(c).  Note that in Eq. (7.6),  = 2𝑓 is the angular frequency, |𝛾| is 
the absolute gyromagnetic ratio, and 4𝜋𝑀𝑠 is the saturation induction.  In Fig. 7.11(c), the 

symbols show the data, while the line shows the fit.  The fitting-yielded |𝛾|   and 4𝜋𝑀𝑠 
values are indicated in Fig. 7.11(c). 

(vi) Plot H vs. f and then numerically fit the data using ∆𝐻 = 2𝛼|𝛾| 𝑓 + ∆𝐻0                      (7.7) 

as shown in Fig. 7.11(d).  In Eq. (7.7),  is the effective damping constant, and ∆𝐻0 denotes line 

broadening due to the spatial inhomogeneity of the CoFeB thin film.  Note that in Fig. 7.11(d), 

the symbols show the data, while the line shows the fit.  The fitting yields  and ∆𝐻0 , as 
indicated in Fig. 7.11(d). 
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The fitting in Fig. 7.11(d) gives α=0.035±0.001.  This damping value is close to that reported 

previously for CoFeB thin films.198 The fitting in Fig. 7.11(c) gives 4𝜋𝑀𝑠10.9 kG, which is 

close to the value from the VSM measurements mentioned above (11.6 kG).  Further, the fitting-

yielded |g| value (2.79 MHz/Oe) almost perfectly agrees with the standard value (2.80 MHz/Oe). 

 

The evaluation of the spin-orbit-torque (SOT) efficiency in this work needs to use the domain 

wall width dw in the CoFeB thin film.  To estimate dw, micromagnetic simulations were 

performed using object-oriented-micromagnetic-framework (OOMMF).199  The simulated film 

size was set to 10 µm × 5 µm × 2 nm. The mesh size of 5 nm × 5 nm × 2 nm was used. The 

magnetic material parameters are as follows: saturation induction 4Ms ≈ 12 kG which was 

measured by a VSM, Gilbert damping constant α = 0.035 which was measured by the VNA-FMR, 

exchange constant A = 1.6×10-11 J/m (or 1.6×10-6 erg/cm),200 and absolute gyromagnetic ratio |γ| 

= 2.211×105 m/(A∙s) (or 2.8 MHz/Oe).  No anisotropy was introduced in the simulation.  

Figure 7.12(a) shows the two snapshots of the magnetization distribution in the 

micromagnetic simulation: the left one shows the initial state of the film which was set to two 

perfectly antiparallel domains with a head-to-tail boundary, while the right one shows the finalized 

state of the film which was obtained after the film had been relaxed freely for a sufficiently long 

 

Figure 7.12.  Micromagnetic simulations of magnetic domains in CoFeB thin films.  (a) The initial (left) 
and final (right) states of magnetization distribution in a simulation. The black arrows indicate the spin 
direction.  (b) Spatial profiles of different magnetization components along the white dashed line in (a).  
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time.  The black arrows represent the spin direction, and the colors of the pixels help to guide to 

different domains. The normalized magnetization profile along the white dash line in the right 

snapshot is shown in Fig. 7.12(b).  The black, red, and blue dots present the in-plane 

magnetization component Mx, the in-plane component My, and the absolute value of My, 

respectively, along the white dash line. The spatial distance of half maximums of the |My| profile 

shown in Fig. 7.12(b) is defined as the domain wall width, which is w = 280 nm. 

7.5.2  Spin-orbit torque efficiency 

The above results together indicate that the current switching in the -Sn/Ag/CoFeB sample 

is mostly associated with the TSS in the structure.  This suggests that TSS in TDS materials can 

be utilized to manipulate magnets, just as TSS in TI materials.  In order to compare the 

efficiencies of TDS -Sn with TI materials as well as heavy metals in terms of producing SOT, 

one can define a dimensionless charge-to-spin conversion efficiency as  𝜃 = 𝐽𝑠𝐽𝑐                              (7.8) 

where 𝐽𝑠  and 𝐽𝑐  denote the nominal spin current density and the charge current density, 

respectively.  This SOT efficiency can be estimated from the switching current measured 

experimentally;175 it corresponds to the spin Hall angle of a material in which the same charge 

current density as in the -Sn film could produce the same spin current density.      

The red points in Fig. 7.7(d) represent the estimated efficiency 𝜃 values.  The data in Fig. 

7.7(d) show that as the current duration is reduced by two orders of magnitude, 𝜃 remains almost 

unchanged, as expected.  Table 7.5 compares the 𝜃 values in several different materials used in 

recent SOT switching experiments.33,178,201,202  It can be seen that the SOT efficiency in the -Sn 

thin film in this work is comparable to that in TI thin films and is one order of magnitude higher 
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than that in heavy metals. 

 

The switching current density Jc values used in the SOT efficiency calculations (next section) 

were determined by considering the Sn, Ag, and CoFeB layers in the switching element as three 

resistors in parallel.  They were evaluated by the use of the following equation 

𝐽𝑐 = 𝐼𝑐𝑤𝜌𝑆𝑛 (𝑡𝑆𝑛𝜌𝑆𝑛 + 𝑡𝐴𝑔𝜌𝐴𝑔 + 𝑡𝐶𝑜𝐹𝑒𝐵𝜌𝐶𝑜𝐹𝑒𝐵)−1
                    (7.9) 

where 𝐼𝑐 is the switching current; w=30 m is the width of the switching element; 𝑡𝑆𝑛=6 nm, 𝑡𝐴𝑔 =2 nm, and 𝑡𝐶𝑜𝐹𝑒𝐵 =2 nm are the thicknesses of the three layers; 𝜌𝑆𝑛 =5.5610-4 Wcm, 𝜌𝐴𝑔=1.1810-4 Wcm,203 and 𝜌𝐶𝑜𝐹𝑒𝐵=1.7010-4 Wcm136 are the resistivities of the three layers.   

From the MOKE data in Figs. 7.7(a), 7.7(b), and 7.7(c), one can obtain the switching current 𝐼𝑐 as 30.6 mA for 𝜏𝑝=1 ms, 31.1 mA for 𝜏𝑝=0.1 ms, and 31.6 mA for 𝜏𝑝=0.01 ms.  From these 

Ic values, one can then use the above equation to calculate the switching current density Jc as 

4.64106 A/cm2 for 𝜏𝑝=1 ms, 4.72106 A/cm2 for 𝜏𝑝=0.1 ms, and 4.80106 A/cm2 for 𝜏𝑝=0.01 

ms.  These values are presented in Fig. 7.7(d). 

The switching relies on an anti-damping torque exerted by the spin current on the 

magnetization M.  Specifically, if M is initially aligned along the +y direction and the spin current 

Table 7.5. Comparison of SOT efficiency in different materials. 

Material Efficiency  Temperature Reference 

Bi2Se3 2.0-3.5 4.2 K 173 

BixSe1-x 1.7 RT 174 

W 0.4 RT 201 

Ta 0.15 RT 170 

Pt 0.08 RT 202 

α-Sn 2.2 RT This work 
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has a polarization along the –y direction, the spin current exerts a torque on M that is anti-parallel 

to the damping torque.  If the charge current density is increased to be beyond a threshold value 

so that the anti-damping torque is larger than the damping torque, M starts to precess about its 

equilibrium direction, with a precession angle increasing with time.  As long as the current is on, 

the precession angle will increase continuously, and M will eventually reverse and align along the 

–y direction. 

By considering a fine balance between the damping torque and the SOT-produced anti-

damping torque in the Gilbert equation, one can derive the critical charge current density for the 

switching as204,205 𝐽𝑐0 = 2𝑒ℏ 1𝜃 𝑀𝑠𝑑𝛼𝜇0 (𝐻𝑎 + 𝑀𝑠2 )                     (7.10) 

where e is the electron charge, ℏ  is the reduced Planck constant, and 𝜃  is the dimensionless 

charge-to-spin conversion efficiency or the SOT efficiency;  𝑀𝑠 , 𝑑 , 𝛼 , and 𝐻𝑎  denote the 

saturation magnetization, thickness, Gilbert damping constant, effective anisotropy field (along 

the y axis) of the ferromagnetic film, respectively; and 𝜇0 is the free-space permeability constant. 

Equation (7.5) is obtained in the absence of thermal fluctuations but switching in a real device 

is influenced by thermal activation processes and therefore requires a current density lower than 𝐽𝑐0.  Specifically, at finite temperature, there exists a finite probability for the magnetization M 

in a small ferromagnet to flip and reverse its direction.  The mean time between the two flips is 

often called the Néel relaxation time and is usually given by206 

𝜏𝑁 = 1𝑓0 𝑒 𝐾𝑉𝑘𝐵𝑇                     (7.11) 

where 𝑓0 is the so-called attempt frequency associated with the precession frequency of M, K is 

the anisotropy constant, V is the volume of the ferromagnet, kB is the Boltzmann constant, and T 

is the temperature.  Note that KV in Eq. (7.11) denotes the energy barrier for thermally activated 
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magnetization switching.  In the presence of a SOT, the effective energy barrier is lower but is 

difficult to define.  However, Eq. (7.10) can still be approximately valid if one replaces T with an 

effective temperature defined as175,207 

𝑇𝑒𝑓𝑓 = 𝑇1− 𝐽𝐽𝑐0                     (7.12) 

Based on Eqs. (7.11) and (7.12), one can see that as J is increased towards 𝐽𝑐0,  𝑇𝑒𝑓𝑓 increases 

and 𝜏𝑁 decreases.  If 𝜏𝑁 is reduced to be as short as the duration 𝜏𝑝 of the current pulse used 

in the switching experiments, thermal agitation plays an important role in the magnetization 

switching.  Note that Eq. (7.12) breaks down if 𝐽 ≥ 𝐽𝑐0.  Thus, one can see that there exists a 

critical current density 𝐽𝑐 for 𝜏𝑁 being comparable to 𝜏𝑝.  This 𝐽𝑐 satisfies 

 𝜏𝑝 = 1𝑓0 𝑒 𝐾𝑉𝑘𝐵𝑇(1− 𝐽𝑐𝐽𝑐0)                          (7.13) 

One can use Eq. (7.14) to estimate Jc as 𝐽𝑐 = 𝐽𝑐0 [1 − 𝑘𝐵𝑇𝐾𝑉 ln(𝜏𝑝𝑓0)]                   (7.14) 

Substituting Eq. (7.11) to Eq. (7.15), one then obtains 𝐽𝑐 = 2𝑒ℏ 1𝜃 𝑀𝑠𝑑𝛼𝜇0 (𝐻𝑎 + 𝑀𝑠2 ) [1 − 𝑘𝐵𝑇𝐾𝑉 ln(𝜏𝑝𝑓0)]               (7.15) 

This equation allows for the use of the experimentally measured Jc to evaluate the SOT efficiency 𝜃 in the switching device. 

The switching element in this work is relatively large, so the magnetization switching is most 

likely realized through (1) domain nucleation and (2) domain wall motion.  As the Jc value 

measured experimentally is mostly for the domain nucleation process, one can use Eq. (7.15) to 

evaluate 𝜃 by considering the localized nucleation of a reverse domain in an activation volume 

of 𝑉𝑚 ≈ 𝛿𝑤2 𝑑, where 𝛿𝑤 is the width or thickness of the domain wall in the CoFeB thin film. 

As such, one can rewrite Eq. (7.8) as 
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𝜃 = 2𝑒ℏ 1𝐽𝑐 𝑀𝑠𝑑𝛼𝜇0 (𝐻𝑎 + 𝑀𝑠2 ) [1 − 𝑘𝐵𝑇𝐾(𝛿𝑤2 𝑑) ln(𝜏𝑝𝑓0)]             (7.16) 

The calculations of the 𝜃 values presented in Fig. 7.6(d) and Table 7.6 assumed 𝐻𝑎 ≈ 𝐻𝑐 =76 

Oe and 𝐾 ≈ 𝐻𝑐𝑀𝑠2 . The calculations used 𝑀𝑠924 emu/cm3 which was measured by a vibrating 

sample magnetometer, d=2 nm, 𝛼0.035  which was determined through vector network 

analyzer-based ferromagnetic resonance measurements, 𝛿𝑤 ≈  280 nm which was determined 

through micromagnetic simulations, and 𝑓0=10 GHz.  For 𝜏𝑝=1 ms, one obtains Jc0 = 5.28106 

A/cm2 and 𝜃 = 2.19.   For 𝜏𝑝=0.1 ms, one obtains Jc0 = 5.27106 A/cm2 and 𝜃 =2.20.   For 𝜏𝑝=0.01 ms, one has Jc0 = 5.26106 A/cm2 and 𝜃 = 2.20.   

7.5.3  Calculation of 2D efficiency of α-Sn 

The parameter 𝜃 defined by Eq. (7.8) enables a straightforward comparison of the efficiency 

in this work with the efficiencies reported previously in the interpretation of charge-to-spin 

conversion in TIs and heavy metals, but strictly speaking it is inappropriate to use 𝜃  to 

characterize the efficiency in this work as the switching is mostly associated with the TSS, rather 

than the bulk states in the -Sn.  Instead, one can define a 2D efficiency as33,208 

𝑞 = 𝐽𝑠𝑗𝑐                        (7.17) 

where 𝐽𝑠 is the three-dimensional spin current density as in Eq. (7.5), while 𝑗𝑐 is the 2D surface 

current density for the TSS.  Using 𝑅𝑠 in Table 1, one obtains 𝑞 ≈ 2.3 nm-1 for the TSS in the 

-Sn.  This value is comparable to previously reported value (1.0 nm-1) for Sb2Te3.208  This 

result further shows that the SOT efficiency in the -Sn in this work is comparable to that in TI 

thin films. 

For the switching in this work, the 𝑗𝑐 value for the TSS in the -Sn can be evaluated by 
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considering the three parallel conduction channels described in Table 7.2.  For each channel, the 

resistance can be written as 𝑅𝑖 = 𝑅𝑠,𝑖 𝑙𝑤   (𝑖 = 1, 2, 3)              (7.18) 

where l=15 m is the dimension of the -Sn film along the x axis (or along the current) and w=30 

m is the dimension along the y axis.  From Eq. (7.18), one can then write the conductance for 

each channel as 𝐺𝑖 = 𝑤𝑅𝑠,𝑖𝑙                               (7.19)               

Then, the current in each channel can be evaluated as 𝐼𝑖 = 𝐺𝑖𝑉 = 𝐺𝑖 𝐼𝑡𝑜𝑡𝑎𝑙𝐺𝑡𝑜𝑡𝑎𝑙         (7.20) 

where V is the electric voltage along the current direction, 𝐼𝑡𝑜𝑡𝑎𝑙 = 𝐽𝑐𝑤𝑡 is the total current in the 

-Sn film, 𝐺𝑡𝑜𝑡𝑎𝑙 = ∑ 𝐺𝑖3𝑖=1   is the total conductance of the -Sn film, and 𝑡 = 6  nm is the 

thickness of the -Sn film.  Substituting 𝐼𝑡𝑜𝑡𝑎𝑙 and 𝐺𝑡𝑜𝑡𝑎𝑙 into Eq. (7.20), one obtains 

𝐼𝑖 = 𝐺𝑖∑ 𝐺𝑖3𝑖=1 𝐽𝑐𝑤𝑡 = 1𝑅𝑠,𝑖∑ ( 1𝑅𝑠,𝑖)3𝑖=1 𝐽𝑐𝑤𝑡       (7.21) 

By dividing both the sides of Eq. (7.21) with w, one then obtains the 2D charge current density for 

each channel as 

𝑗𝑐,𝑖 = 1𝑅𝑠,𝑖∑ ( 1𝑅𝑠,𝑖)3𝑖=1 𝐽𝑐𝑡        (7.22) 

Note that jc,1 and jc,2 correspond to the first two channels in Table 1, which are for the bulk states; 

jc,3 correspond to the third channel, which is for the TSS.  Considering the coexistence of the top 

and bottom surfaces, one can use jc,3/2 to represent the 2D charge current density for one of the 

two surfaces of the -Sn thin film.  Using the sheet resistance 𝑅𝑠,𝑖 data in Table 2 and the Jc 
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values obtained, one can estimate the 2D charge current density jc for each surface as 0.453 A/cm 

for 𝜏𝑝=1 ms, 0.460 A/cm for 𝜏𝑝=0.1 ms, and 0.468 A/cm for 𝜏𝑝=0.01 ms. 

With the jc values for the 2D TSS on each surface, one can now use Eq. (7.9) to estimate the 

2D efficiencies (q) for different 𝜏𝑝 values.  One obtains q=2.25 nm-1 for 𝜏𝑝=1 ms, q=2.26 nm-1 

for 𝜏𝑝=0.1 ms, and q=2.26 nm-1 for 𝜏𝑝=0.01 ms.  These results indicate that 2D efficiency q 

does not vary with the current duration 𝜏𝑝, which is expected. 

7.6 Conclusions and outlook 

Four final remarks are as follows.  (1) This work demonstrates -Sn TSS-induced field-free 

RT switching of a ferromagnet with in-plane magnetization; future studies using ferromagnets with 

perpendicular anisotropy are important from the perspectives of high-density memory and logic 

applications.  Note that the SOT memory concept is very attractive currently as it allows for low-

current switching and also enables the separation of the writing and reading channels.  (2) The 

switching in this work is believed to be realized through domain nucleation and domain wall 

motion; future work is of great interest, particularly for racetrack memory applications,99 that 

makes use of time- and spatial-resolved techniques139,140 to directly probe such switching processes.  

(3) Further work is also of great interest that makes use of strain engineering to modify the band 

structure49,50 or voltage gating to tune the Fermi level in -Sn, to explore the possibilities of 

realizing -Sn thin films with an even higher SOT efficiency.  (4) TDSs should also host 

topological Fermi arc surface states;39,168 in the case of TDS -Sn, such states are expected to exist 

on surfaces parallel to the uniaxial tensile axis,49 namely, the four side surfaces of the -Sn film in 

this work.  It is interesting to explore how to use such Fermi arc states for SOT switching in the 

future. 
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CHAPTER 8  TOPOLOGICAL HALL EFFECT IN 

A TOPOLOGICAL INSULATOR INTERFACED 

WITH A MAGNETIC INSULATOR 

8.1 Introduction 

A topological insulator (TI) is a material that is electrically insulating in its interior but hosts 

conducting states on its surfaces.  The surface states in a TI are topologically protected by time-

reversal symmetry; in momentum space, such topological surface states (TSS) manifest 

themselves as a linear Dirac cone with spin-momentum locking in the bulk band gap.  One can 

break the time-reversal symmetry of the TSS and thereby open a gap at the Dirac point by 

interfacing the TI with a magnetic insulator (MI) with perpendicular magnetization.  It is 

expected that such manipulation of the TSS can give rise to exotic, emergent quantum effects.  In 

fact, previous experiments have already demonstrated the presence of the quantum anomalous Hall 

effect (QAHE) and axion insulator states in the region where the Fermi level is within the magnetic 

gap opened by the MI,209,210,211 and the presence of the anomalous Hall effect (AHE) in the TI in 

the case where the Fermi level is not located in the magnetic gap.180,212,213,214,215 Since these effects 

have both  fundamental  and  potential technological implications, they have attracted 

considerable interest in recent years.  

In the region where the Fermi level is not in the magnetic gap, a topological Hall effect (THE) 

has also been reported, adding a new member to the “Hall” family of the TI.216,217 The experiments 

were carried out by interfacing a TI film with a magnetic TI film216 or sandwiching a TI film with 
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two magnetic TI layers,217 and the THE was measured as an “excess” Hall signal on top of the 

AHE signal.  In contrast to the AHE and the QAHE that arise from the Berry-phase curvature in 

momentum space,218,212,213 the THE originates from the Berry-phase curvature of topological spin 

textures in real space. 219 , 220 , 221 , 222 , 223   A very recent experiment, 224  however, offered an 

alternative interpretation of the reported THE ⎯ it attributes the THE signals to the overlapping 

of two AHE signals with opposite signs arising either from coexisting surface and bulk magnetic 

phases in the magnetic TI layer in the TI/MI bi-layer case, or two interfaces in the MI/TI/MI tri-

layer case, rather than a genuine THE phenomenon arising from real-space topological texture. It 

is thus important to study THE with a sample structure that can readily distinguish these two 

scenarios.   

This chapter reports the observation of THE responses in a bi-layered structure that consists 

of a topological insulator Bi2Se3 thin film grown on top of a magnetic insulator BaFe12O19 thin 

film.  As opposed to the structures in previous experiments, this bi-layer facilitates the 

demonstration of bona fide THE phenomena in TI materials: On one hand, the BaFe12O19 film is 

a well-characterized, insulating, single-phase material; on the other hand, only one of the Bi2Se3 

film surfaces is interfaced with a MI.  These two facts together exclude the possibility of the 

coexistence of two AHE signals224 and thereby establish the Bi2Se3/BaFe12O19 bilayer as a model 

structure for THE studies.   

The magnetization in BaFe12O19 is perpendicular to the film plane, thanks to intrinsic 

magneto-crystalline anisotropy.225  The Fermi level in Bi2Se3 is in the bulk conduction band, not 

in the gap opened by BaFe12O19, setting the bilayer to the AHE region, rather than the QAHE or 

axion insulator region.  The structure showed pure AHE responses over a temperature (T) range 

of 80–300 K but pure THE responses at T = 2–3 K.  In the temperature range of 3–80 K, the two 
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effects coexist, but exhibit totally opposite T dependences ⎯ as T is decreased, the AHE becomes 

notably weaker but the THE becomes significantly stronger.  The strongest THE responses were 

observed for a certain narrow range of a perpendicular field (H⊥).  The application of an in-plane 

field (H||) can result in a substantial decrease in H⊥ needed for the presence of the strong THE, but 

yields very weak effects on the THE strength.   

Theoretical analyses show that the observed THE originates from the presence of a 

Dzyaloshinskii–Moriya interaction (DMI) at the interface due to strong spin-orbit coupling in 

Bi2Se3 and broken spatial inversion symmetry of the bilayer.  The DMI induces a skyrmion-like 

topological spin texture in BaFe12O19, while the latter gives rise to the THE in Bi2Se3 via spin-

dependent scattering at the interface.  The T dependence of the THE signal is related to that of 

the DMI strength and the carrier density, while the T dependence of the AHE signal is associated 

mainly with that of the conductivity of the TSS.  The weak correlation of the THE strength with 

H|| indicates the robustness of the skyrmions. 

These results have important implications, as highlighted below.  From a fundamental point 

of view, they demonstrate for the first time a genuine THE in TI materials.224  The results are also 

of great technological interest in view of potential applications of skyrmions as information 

carriers.  First, they demonstrate a new proof-of-concept approach for skyrmion realization that 

uses a robust TI/MI structure in a geometry that can in principle be appropriately engineered to 

work at technologically relevant temperatures.  As discussed shortly, the spin-momentum locking 

of the TSS enables the presence of an interfacial DMI that is substantially stronger than in heavy 

metal-based structures, while strong DMI is essential for the realization of small-size skyrmions.  

Second, the insulating nature of MI films in general precludes direct, electrical detection of chiral 

spin textures in the films; this work demonstrates the feasibility of electrical reading of skyrmions 
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in MI thin films, thus providing a route toward proof-of-concept demonstrations of MI-based 

skyrmion devices. 

8.2 Growth of Bi2Se3/BaFe12O19 heterostructure 

The data presented in this article were obtained mainly on a sample that consisted of a 6-nm-

thick Bi2Se3 film grown on the top of a 5-nm-thick BaFe12O19 film.  The BaFe12O19 thin films 

were grown on (0001)-oriented Al2O3 substrates (Crystal-GMBH) using a pulsed laser deposition 

(PLD) system with a base pressure of 2 × 10-7 Torr. The deposition used a 248 nm KrF excimer 

laser, and the energy fluence of the laser beam was 1.7 J/cm2. The target-to-substrate distance was 

set to 5 cm. The BaFe12O19 target was pre-ablated while the temperature was ramped up to 800 oC. 

During the deposition, the oxygen pressure was kept at 75 mTorr. The laser pulse rate ramped from 

1 to 5 pulse per second with equal steps during the initial 5 minutes, and it was kept at 5 pulse per 

second for the rest, which corresponds to a film growth rate of about 2.5 Å/min. The film was 

annealed in-situ at 800 oC in 400 Torr oxygen for 10 minutes and was then cooled to room 

temperature at a rate of 2 oC/min. Atomic force microscopy was used to measure the roughness of 

the film. As shown in Fig. 8.1, the root-mean-square (RMS) surface roughness for a 5-nm-thick 

BaFe12O19 thin film is 0.14±0.07 nm.  

 

 
Figure 8.1. Atomic force microscopy of a 5-nm-thick BaFe12O19 film. The root-mean-square surface 
roughness is 0.14±0.07 nm. 
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A Microsense EV7 vibrating sample magnetometer (VSM) and a Quantum Design Dynacool 

VSM were used to measure the magnetization curves at different temperatures (T). The saturation 

magnetization (Ms) vs. temperature data shown in Fig. 8.2 were fitted by the Bloch law 𝑀𝑠(𝑇) =𝑀𝑠0[1 − (𝑇 𝑇𝑐⁄ )3 2⁄ ], where Ms0 denotes the value of Ms at T=0 K and Tc is the Curie temperature. 

As shown in Fig. 2, the Block law fits the data points reasonably well. The T3/2 dependence of 𝑀𝑠(𝑇)  indicates a three-dimensional nature of the BaFe12O19 film, as opposed to the two-

dimensional nature of ultrathin films with linear T dependence. The fitting yielded Tc=767 K and 

Ms0=5.29 kG. The fitted Tc is close to the bulk value (725 K) and was used in the calculations 

which are described shortly. 

  

The growth of the Bi2Se3 film was performed by Dr. Nitin Samarth’s group in Penn State, in 

a molecular beam epitaxy (MBE) system with a base pressure of 2×10-10 Torr or lower. High-purity 

Se (99.999%) and Bi (99.999%) targets were supplied from solid sources in Knudsen cells to 

maintain a flux ratio of 16.8:1.0.  Prior to the growth, the BaFe12O19 film was heated to 340 °C 

first.  The temperature was subsequently reduced to 225 °C, and at this temperature a Bi2Se3 

buffer layer (<1 nm) was deposited for 90 seconds to facilitate growth.  The film temperature was 

 
Figure 8.2. BaFe12O19 magnetization vs. temperature fitted with the Block law. 
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then increased to 290 °C. Once at this temperature, Bi2Se3 deposition continued at 2.34 Å/min 

while the temperature was continually ramped to an ultimate temperature of 320 °C.  After 

cooling the film to room temperature, a thin Te capping layer (2 nm) was deposited, using Te 

(99.9999%) also from a Knudsen cell, to prevent the oxidization of the Bi2Se3 film. 

 

Figure 8.3(a) presents an X-ray diffraction spectrum measured on the BaFe12O19 film prior to 

the growth of the Bi2Se3 film.  The spectrum indicates c-axis orientation in the film, and this 

orientation gives rise to perpendicular magnetic anisotropy (PMA).225,134  Figure 8.3(b) gives a 

reflection high-energy electron diffraction image obtained in situ right after the growth of the 

 

Figure 8.3. Properties of a Bi2Se3(6 nm)/BaFe12O19 (5 nm) sample.  (a) X-ray diffraction spectrum of the 
BaFe12O19 film.  (b) A reflection high-energy electron diffraction image obtained right after the growth of 
Bi2Se3 on BaFe12O19.  (c) Magnetization (M) vs. magnetic field (H) loops measured on the BaFe12O19 film. 
(d) Saturation magnetization (Ms, left axis) and anisotropy constant (K, right axis) as a function of 
temperature (T). 
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Bi2Se3 film on the BaFe12O19 film.  The image shows notable streaks that confirm the epitaxial 

growth of the Bi2Se3 film.  Figure 8.3(c) presents the magnetic hysteresis loops of the sample 

measured under different fields, as indicated.  The comparison of the two loops clearly confirms 

PMA in the BaFe12O19 film.  For the field-in-plane configuration, the magnetization (M) reaches 

its saturation value (Ms) at 𝐻𝑠 = 𝐻𝑎 − 4𝜋𝑀𝑠 = 2𝐾𝑀𝑠 − 4𝜋𝑀𝑠            (8.1) 

where Hs denotes the saturation field, Ha is the effective PMA field, and K is the anisotropy 

constant.  We determine Hs and Ms from the data in Fig. 8.3(c) and further determine Ha and K 

via Eq. (8.1).  Figure 8.3(d) presents the 4Ms and 𝐾 values obtained for different temperatures 

(T).  We find 4Ms=4.0 kG at T=300 K, which is slightly smaller than the bulk value (4.7 kG),225 

and 𝐾=4.6106 ergs/cm3 (or 4.6105 J/m3) at T=2 K, which is very close to the bulk value (4.4106 

ergs/cm3 at T0 K).226  

8.3 Device fabrication and characterization 

Standard nano-fabrication procedures were used to pattern the Bi2Se3/BaFe12O19 bi-layers. 

The samples were patterned into 1000 µm×500 µm Hall bars in a photolithography system first 

and were then etched in an argon ion milling system. Contact pads of Ti(5 nm)/Au(150 nm) were 

deposited for electrical measurements. 

In our previous work,180 we calculated the sheet carrier density (n2D) from the experimentally 

measured Hall coefficients. It was found that the Bi2Se3 film in the sample has a conductive bulk. 

The Fermi level (EF) is in the bulk conduction band and moves towards the bottom of the 

conduction band with a decrease in temperature from room temperature to 2 K.  Figure 8.4 

presents the resistivity (rxx) data of the sample.  The data show that rxx decreases with a decrease 
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in T from 300 K to about 50 K, but then increases slightly with a further decrease in T.  This 

response indicates that in the high-T range the electron-phonon scattering overwhelms the Fermi 

level shifting effect, but in the low-T range the Fermi level shifting plays a major role.  This result 

can be understood in terms of the change of phonon density with T.   

 

Hall measurements were conducted in two Quantum Design PPMS systems.  A Keithley 

6221 current source was used to generate alternating currents, and two SR830 lock-in amplifiers 

were used to measure the Hall voltage of the Hall bars. The alternating current with an RMS 

amplitude of 0.1 mA and a frequency of 186 Hz was used to measure the Hall responses. 

Due to the misalignment of the contact electrodes, the longitudinal resistance Rxx was mixed 

in the Hall resistance Rxy, leading to an offset in the resistance axis. To remove this offset, we have 

performed the anti-symmetrization216 for all the Hall curves by taking 𝑅𝑥𝑦𝑛𝑒𝑡(𝐻) = [𝑅𝑥𝑦𝑅𝑎𝑤↓(𝐻) −𝑅𝑥𝑦𝑅𝑎𝑤↑(−𝐻)]/2 , where 𝑅𝑥𝑦𝑅𝑎𝑤↓(𝐻) and 𝑅𝑥𝑦𝑅𝑎𝑤↑(𝐻) are the raw Hall resistances measured by a 

down-swept field and an up-swept field, respectively. Similar to the data in Ref. [227 , the non-

monotonous THE components are obvious in our Hall data.  Thus, one can see that the anti-

symmetrization process is helpful in removing the resistivity offset but does not affect our results 

and conclusions. 

 

Figure 8.4. Resistivity as a function of temperature (T) for Bi2Se3/ BaFe12O19. 
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8.4 THE in Bi2Se3/BaFe12O19 heterostructure 

8.4.1  Experimental observation of THE responses 

Figure 8.5 presents the main data of this work.  Figure 8.5(a) illustrates the experimental 

configuration, while Fig. 8.5(b) gives representative Hall resistivity (𝜌𝐻) vs. field (𝐻) responses 

measured at different T, as indicated.  In general, the Hall resistivity is expressed as219,220  𝜌𝐻 = 𝜌𝑂𝐻𝐸 + 𝜌𝐴𝐻𝐸 + 𝜌𝑇𝐻𝐸 = 𝑅0𝐻 + 𝑅𝑎𝑀 + 𝜌𝑇𝐻𝐸             (8.2)      

where 𝜌𝑂𝐻𝐸, 𝜌𝐴𝐻𝐸 , and 𝜌𝑇𝐻𝐸  denote the OHE, AHE, and THE resistivities, respectively, and 𝑅0 
and 𝑅𝑎   are constants.  For the data in Fig. 8.5(b), the 𝜌𝑂𝐻𝐸  component has already been 

subtracted, and the vertical axis shows the sum of the 𝜌𝐴𝐻𝐸  and 𝜌𝑇𝐻𝐸  contributions.  At T=100 

K, the data show a nearly-square hysteresis loop response that is similar to the corresponding loop 

in Fig. 8.3(c) and is typical for the AHE.212-214  With a decrease in T, however, a hump-like 

structure develops on the top of the loop, indicating the coexistence of the AHE and the THE. 223  

As T is further decreased to 3 K and then 2 K, the square loop response disappears, and we observe 

only peak- and dip-like responses expected for the THE, 223 indicating the presence of a pure THE 

in the Bi2Se3 film. 

The above-presented THE results can be attributed to the formation of skyrmions created are 

created by the DMI at the Bi2Se3/BaFe12O19 interface. The DMI in our heterostructures can arise 

from the combined presence of strong spin-orbit coupling in the Bi2Se3 film and broken inversion 

symmetry of the Bi2Se3/BaFe12O19 bilayer.  This DMI competes with exchange interaction and, 

under certain conditions, can produce a skyrmion lattice in the BaFe12O19 film.  As electrons in 

the Bi2Se3 film move along the surface at the interface and across through regions right above the 

skyrmions, they interact with the magnetic moments in the skyrmions and thereby experience a 
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fictitious magnetic field (b) from them.  This fictitious field is associated with the Berry phase of 

the skyrmions.219,220,227  It deflects the electrons from their otherwise straight course and results 

in a Hall voltage, just as an external magnetic field deflects electrons in the OHE.  Note that the 

interaction of the conduction electrons in Bi2Se3 with the magnetic moments in BaFe12O19 may be 

achieved through spin-dependent scattering at the interface,108 which is a non-equilibrium 

proximity effect, or direct coupling to the moments induced in the Bi2Se3 atomic layers near the 

interface212,213,214, 228 , 229  which is an equilibrium proximity effect, or both.  Note also that 

“topology” in the topological Hall context manifests itself in the real space, as opposed to that in 

topological insulators which manifests itself in the momentum space.  

The physical scenario described above would naturally give rise to four important 

expectations.  First, the THE should be present only in a certain field range.  Previous work 

showed that the formation of skyrmions involves a fine balance between different energies, thus 

usually requiring an external perpendicular field of appropriate strength: if the field is too weak, 

one generally has a helical state; if the field is too strong, one has a usual ferromagnetic state.230,231  

Second, the strength of the THE should not be affected by a moderate in-plane field, because 

skyrmions, once formed, are topologically protected and are therefore expected to be robust against 

in-plane fields.  Third, the THE should be absent above a critical or threshold temperature (Tth).  

 

Figure 8.5. Hall properties of the Bi2Se3(6 nm)/BaFe12O19(5 nm) sample described in Fig. 3.  (a) 
Experimental configuration.  (b) Hall resistivity measured as a function of a perpendicular field (H) at 
different temperatures, as indicated.  The vertical axis shows the sum of the AHE resistivity (rAHE) and 
the THE resistivity (rTHE). 
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This expectation results from the T dependence of the DMI constant D.  In general, the formation 

of highly packed skyrmions requires230,231 𝐷 ≥ 4𝜋 √𝐴𝐾                (8.3)      

where A is the exchange constant.  Consider first that Eq. (8.3) is satisfied at low T.  With an 

increase in T, both D and K decrease, but D can decrease more significantly than K and Eq. (8.3) 

can be violated at a certain temperature, resulting in the disappearance of the THE.   

 

Previous experiments, for example, have found 𝐷 ∝ 𝑀𝑠4.9  and 𝐾 ∝ 𝑀𝑠2.1  for Pt/Co bi-

layered structures, where Ms decreases with T according to Bloch’s law.232   Fourth, the THE 

strength is expected to decrease when T is increased towards Tth.  This is because 𝜌𝑇𝐻𝐸  can be 

evaluated as219,220,227 𝜌𝑇𝐻𝐸 = 𝑃𝑒𝑛2𝐷 𝑏 = 𝑃𝑒𝑛2𝐷 Φ0𝑑2                (8.4) 

where P is the dimensionless spin polarization rate of the Bi2Se3 film, e is the electron charge, n2D 

the two-dimensional sheet carrier density in the Bi2Se3 film, Φ0 is the magnetic flux quantum, and 

d is the average distances between the centers of two neighboring skyrmions and scales with 2𝜋𝐴𝐷 .230  𝜌𝑇𝐻𝐸  decreases with an increase in T for two reasons: (i) an increase in T leads to a 

decrease in D and a corresponding increase in d, and (ii) an increase in T also gives rise to an 

 

Figure 8.6. THE and AHE properties of Bi2Se3(6 nm)/BaFe12O19(5 nm).  (a) Diagram illustrating how rTHE 

and rAHE are separated.  The black curves show fits to Eq. (5).  (b) and (c) color maps showing rTHE 
(color) as a function of temperature (T, horizontal axis) and field (H, vertical axis).  During the 
measurements, the field was swept up for (b) and swept down for (c).  (d) rTHE vs. T.  (e) Maximum or 
saturated rAHE vs. T. 
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increase in n2D as shown in Ref. [239 . 
8.4.2  THE phase diagrams 

To check the above-described expectations, we carried out several control measurements 

whose main features are presented in Figs. 8.6 and 8.7.  Figures 8.6(b) and 8.7(c) give 𝜌𝑇𝐻𝐸  as 

a function of T and H, where 𝜌𝑇𝐻𝐸  is separated from 𝜌𝐴𝐻𝐸  by assuming223  𝜌𝐴𝐻𝐸(𝐻) = 𝜌𝐴𝐻𝐸−𝑀𝑎𝑥 tanh 𝐻±𝐻𝑐𝐻0             (8.5) 

for a given T, as illustrated in Fig. 8.6(a).  In Eq. (8.5), Hc is the coercivity, while H0 and rAHE-

Max are fitting parameters.  The red-yellow pockets in Figs. 8.6(b) and 8.6(c) indicate that the 

strongest THE occurs in a field range of about 2-5 kOe over T=2-10 K.  Over T=30-50 K, the 

THE exists only in a narrow field range from about 2.5 kOe to about 5 kOe.  These results 

evidently support the first expectation. 

Figure 8.6(d) presents rTHE-Max over T=2-200 K.  The data in Fig. 8.6(d), together with the 

color maps in Figs. 8.6(b) and 8.6(c), show two important results: (i) there exists Tth for the onset 

of the THE, which is about 80 K, and (ii) as T is decreased from 80 K to 2 K, the THE strength 

evidently increases.  These results confirm the third and fourth expectations described above.  

Figure 8.7(a) shows the data measured at different field angles () relative to the film normal 

direction.  Figures 8.7(b) and 8.7(c) present rTHE-Max and the perpendicular component of the field 

(H⊥=Hcos) at which rTHE-Max occurs, as a function of the in-plane component of the field 

(H||=Hsin).  One can clearly see that an increase in H|| leads to a notable decrease in H⊥, but only 

a minor change in rTHE-Max.  The former result is consistent with the fact that skyrmion formation 

requires a fine balance between different energies, and a change in one energy should be 

accompanied by a change in another so that an energy balance is maintained; the latter indicates 
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the robustness of the skyrmions and thereby supports the second expectation. 

 

To further support the above conjecture about the origin of the observed THE, our collaborator 

Dr. Shulei Zhang calculated the magnetic phase diagrams using experimentally measured Ms and 

K values, taking A from the literature,84,233 and considering T-dependent D as232   

 

Figure 8.7. Effects of in-plane fields on the THE properties of Bi2Se3(6 nm)/BaFe12O19(5 nm).  (a) 
rAHE+rTHE measured as a function of a field (H) for different field angles (), as indicated.  (b) and (c) 
show rTHE-Max and the corresponding perpendicular field as a function of the in-plane field.  
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𝐷(𝑇) = 𝐷0 ( 𝑀𝑠𝑀𝑠0)𝑛 = 𝐷0 [1 − ( 𝑇𝑇𝑐)32]𝑛
            (8.6) 

where D0 and Ms0 are the values of D and Ms, respectively, at T=0 K, Tc is the Curie temperature 

of BaFe12O19, and n equals 5 according to Ref. [232 .  The calculations were based on a Ginzburg-

Landau model.230,234,235  Figure 8.8 shows one representative phase diagram that was obtained 

with D0=2.0 × 10-3 J/m2.  This D0 value is purposely chosen to let Tth in the calculated phase 

diagram roughly match Tth measured experimentally [see Fig. 8.6(b) .  The main features of the 

calculated diagram are very similar to the experimental diagram given in Fig. 8.6(b); this similarity 

evidently supports the above interpretation of the THE responses.  Further, since D0 is the only 

free parameter in the calculation, we expect that the actual D0 value at the Bi2Se3/BaFe12O19 

interface is close to 2.0×10-3 J/m2.  Besides, the skyrmion region in Fig. 8.8 is present at fields 

higher than that for the THE region in Fig. 8.6(b).  The reason for this inconsistency is currently 

unknown; possible causes for the experimental observation of THE behavior at lower fields 

include heating due to the charge currents used for Hall measurements and likely contributions to 

the THE from skyrmion bubbles.236   

 

 
Figure 8.8. A magnetic phase diagram calculated for a Bi2Se3/BaFe12O19 bi-layered structure.  The 
horizontal and vertical axes show the temperature (T) and the perpendicular field (H), respectively. 
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Figure 8.6(e) shows the T-dependence of rAHE-Max.  In general, express rAHE can be 

expressed as218 𝜌𝐴𝐻𝐸 ≈ 𝜎𝑥𝑦𝜎𝑥𝑥2 = 𝜌𝑥𝑥2 𝜎𝑥𝑦𝐼𝑛𝑡 + 𝜌𝑥𝑥2 𝜎𝑥𝑦𝑆𝑘𝑒𝑤 + 𝜌𝑥𝑥2 𝜎𝑥𝑦𝑆𝐽          (8.7) 

where 𝜎𝑥𝑥 = 1𝜌𝑥𝑥  and 𝜎𝑥𝑦  denote the longitudinal and transverse conductivities, respectively.  

𝜎𝑥𝑦𝐼𝑛𝑡 describes the intrinsic contribution from the Berry-phase curvature in the momentum space; 

it depends on the band structure and is largely independent of scattering.  Thus, the first term on 

the right side of Eq. (8.7) scales with 𝜌𝑥𝑥2 .  𝜎𝑥𝑦𝑆𝑘𝑒𝑤 is an extrinsic contribution due to asymmetric, 

skew scattering of electrons from impurities caused by spin-orbit coupling.  As 𝜎𝑥𝑦𝑆𝑘𝑒𝑤  is 

proportional to 1𝜌𝑥𝑥 , the second term scales with 𝜌𝑥𝑥 .  𝜎𝑥𝑦𝑆𝐽  is associated with side-jump 

scattering from impurities; it is extrinsic as 𝜎𝑥𝑦𝑆𝑘𝑒𝑤, but is independent of 𝜌𝑥𝑥 as 𝜎𝑥𝑦𝐼𝑛𝑡.  Thus, 

the third term scales with 𝜌𝑥𝑥2 .  As T is varied from 80 K to 2 K, the conductivity of the TSS 

increases due to weaker electron-phonon scattering, 𝜌𝑥𝑥 decreases, and rAHE also decreases as 

shown in Fig. 8.6(e).  The data in Fig. 8.6(e) also show that rAHE decreases when T is increased 

from 80 K.  The actual reason for this is currently unknown, and possible reasons include that the 

AHE in Bi2Se3 depends on the gap opening at the Dirac point or the presence of induced moments 

near the interface due to the perpendicular magnetization in BaFe12O19, while the magnetization 

in BaFe12O19 decreases as T is increased, as shown in Fig. 8.3(d). 

Previous work shows that a bipolar pulse was able to generate and eliminate (or suppress) 

skyrmions.237  In our work, we found that DC currents can change the THE magnitude in the 

Bi2Se3/ BaFe12O19 samples. Figure 8.9 shows the THE magnitude as a function of a perpendicular 

magnetic field measured with opposite current polarities in Bi2Se3(6 nm)/BaFe12O19(5 nm) at 

T=5K and θ=20o. A 0.8-mA DC current leads to a stronger THE response, while a -0.8mA DC 
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current leads to a weaker response. If we normalize the change of the resistivity to the current 

density, we can produce a THE response of about 2.4 μΩ∙cm for a current density of 1 MA/cm, 

which is more efficient than the previous method with 0.005 μΩ∙cm for a current density of 1 

MA/cm.  At variance with the nonlinear Hall resistivity discovered recently in a single Bi2Se3 

layer which is linearly proportional to the external field,238 the nonlinear Hall effect shown in Fig. 

8.9 exhibits a different field dependence which may be associated with the presence of the 

skyrmions.  

8.5 Calculation of magnetic phase diagrams 

The phase diagram calculations were performed by Dr. Shulei Zhang.  The calculations 

assume that the film lies in the xy plane, and the magnetization M is uniform along the z direction 

and is therefore a function of only x and y, i.e., M=M(x,y). In a Ginzburg-Landau theory,230,234,235 

the magnetic free energy density functional of the ferromagnetic thin film with perpendicular 

uniaxial anisotropy can be written as  

         𝑓[𝐦] = 𝐴(𝛻𝐦)2 − 𝐾m𝑧2 + 𝑓𝑑𝑒𝑚𝑎𝑔[𝐦] + 𝑓𝐷𝑀𝐼[𝐦] + 𝑓0             (8.8) 

 

 

Figure 8.9. Effects of DC current polarities on the THE properties of Bi2Se3(6 nm)/BaFe12O19(5 nm), 
measured at T=5 K and θ=20o. 
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where 𝐴  and 𝐾  are the exchange stiffness and the uniaxial anisotropy constant, respectively; 𝐦 = 𝐌/𝑀0 with 𝑀0 the saturation magnetization at T=0 K; and 𝑓0 determines the magnitude 

of 𝐦 which is confined to the saturation magnetization Ms(T). In the thin film approximation,239 

the demagnetization energy density is given by 𝑓𝑑𝑒𝑚𝑎𝑔 = 𝐾𝑑m𝑧2 where 𝐾𝑑 = 12 𝜇0𝑀02 with 𝜇0 
the magnetic permeability.  In the continuum model, the energy density of the interfacial 

Dzyaloshinskii-Moriya interaction (DMI) is given by239                                 

      𝑓𝐷𝑀𝐼[𝐦] = 𝐷𝑡 ∑ (�̂� × �̂�)𝑢=𝑥,𝑦 ∙ (𝐦 × 𝜕𝑢𝐦)                  (8.9) 

where D is a constant coefficient characterizing the strength of the DMI and 𝑡 is the film thickness. 

We also take into account the temperature (T) dependence of the interfacial DMI by letting232  

𝐷(𝑇) = 𝐷0 ( 𝑀𝑠𝑀𝑠0)𝑛 = 𝐷0 [1 − ( 𝑇𝑇𝑐)32]𝑛
                 (8.10) 

where 𝐷0  and 𝑀𝑠0  are the values of 𝐷  and 𝑀𝑠 , respectively, at T=0 K, Tc is the Curie 

temperature of BaFe12O19, and 𝑛 takes 5 according to Ref. [232 . 

To simplify the calculation, we restrict ourselves to several typical magnetic states including 

helices, stripe domains, a non-chiral bubble lattice, and a hexagonal skyrmion lattice (SkX).  

Mathematically, these magnetic states can be approximately described by the following spatial 

profile of the magnetization (a superposition of three helices) 

         𝐦(𝒓) = ∑ 𝑚𝑖,⊥�̂�𝑐𝑜𝑠(𝒌𝑖 ⋅ 𝒓) + 𝑚𝑖,∥(�̂� × �̂�𝑖)𝑠𝑖𝑛(𝒌𝑖 ⋅ 𝒓)𝑖=1,2,3          (8.11) 

where the wave vectors of the three helices 𝒌𝑖 (i=1,2,3) are all in the plane of the layer and form 

an angle of 120 degrees with each other, and 𝑚𝑖,⊥ and 𝑚𝑖,∥ are the perpendicular and in-plane 

magnetization components, respectively, of the i-th helix.  

Based on the Ginzurg-Landau formulation described, we can compute the magnetic phase 

diagrams with the materials parameters pertaining to the BaM/Bi2Se3 bilayer. The results are 
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summarized in Fig. 8.10.  They clearly show that the DMI constant D play important roles in the 

formation of a highly packed skyrmion lattice (SkX).  For example, the upper temperature (T) 

limit of the SkX region increases with an increase in D.  This result is generally consistent with 

the condition for SkX formation, namely, 𝐷 ≥ 4𝜋 √𝐴𝐾, which is discussed in detail previously.  

Figure 8.10. shows magnetic phase diagrams in the plane of the out-of-plane magnetic field Hz and 

temperature T for varying materials parameters. Materials parameters used in the calculation are 

as follows (unless otherwise stated):  the zero-temperature saturation magnetization 𝑀0 =421 emu ∙ cm−3 ,  the Curie temperature of BaFe12O19 𝑇𝑐   = 767 K ,  the exchange coupling 

constant of BaFe12O19 𝐴 = 6.4 × 10−7 erg/cm , the perpendicular anisotropy constant of 

BaFe12O19 𝐾 = 3.4 × 105  𝐽 ∙ m−3 , and 𝑛𝐷 = 5.0 . Note that 𝑀0, 𝑇𝑐 , and 𝐾  were determined 

experimentally; 𝐴 is from literatures,84,233 and 𝑛 is from a previous experimental study.244 

 

Reference [224  investigated the anomalous Hall effect in the magnetically doped topological 

insulator (V,Bi,Sb)2Te3, in which they concluded that the “topological Hall effect”-like curves are 

 

 

Figure 8.10. Magnetic phase diagrams in the plane of the out-of-plane magnetic field Hz and temperature 
T for varying materials parameters. 
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due to two ferromagnetic components originating from the surface and bulk of the magnetic 

topological insulator, respectively. Thus, a careful examination of “topological Hall effect”-like 

curves is necessary. 

In our experiment, this mechanism however does not work in our case because (1) BaM is 

insulating and the anomalous Hall effect and topological Hall effect signals are only from the 

interface, and (2) we have only one interface, not two interfaces.  

The interfacial diffusion is also very unlikely in our structures because BaFe12O19 is a stable 

oxide and the growth of Bi2Se3 was done at relatively low temperatures. Further, the BaM film 

itself does not have two phases, as confirmed by the magnetization vs. temperature data as shown 

in Fig. 8.2 which can be fitted with the Block law. The gradual change of the anisotropy constant 

K with temperature (Fig. 8.6(d)) also confirms that there is only one magnetic phase in the 

BaFe12O19 sample. 

8.6 Conclusions and outlook 

In closing, four important remarks should be made about the results presented above.  First, 

since the DMI strength directly dictates the skyrmion size, it is interesting to compare the DMI 

strength in the material system concerned in this work with that in previous work.  In 

consideration of the interfacial nature of the DMI and the bulk nature of the skyrmions (i.e. being 

uniform across the entire thickness of the BaFe12O19 film), one can evaluate the DMI strength by 

defining a DMI energy parameter as240 

    𝐸𝐷𝑀𝐼 = 𝐷𝑡                       (8.12)  

where t is the thickness of the MI layer. Based on previously reported D and t values, one obtains  𝐸𝐷𝑀𝐼 1.17 pJ/m for Pt/Co/Ta,241  0.96 pJ/m for Ir/Co/Pt,242  2.17 pJ/m for Pt/Co/MgO,240 0.44 

pJ/m for W/CoFeB/Mgo,243 and 0.02 pJ/m for Pt/Tm3Fe5O12.222  In contrast, one has 𝐸𝐷𝑀𝐼10.0 
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pJ/m in this work. Thus, one can clearly see that the DMI strength in Bi2Se3/BaFe12O19 is about 

one or two orders of magnitude higher than that in heavy metal-based systems.  Such a strong 

effect most likely originates from the intrinsic spin-momentum locking of the TSS in Bi2Se3.  

Second, although rTHE-Max occurs at a non-zero field, there are still THE responses at zero field.  

For example, rTHE at H=0 is about 50% of rTHE-Max at T=2 K, as shown in Fig. 8.5(b).  Such zero-

field THE responses are of practical significance.  Third, although the THE has been widely 

accepted as a unique signature of magnetic skyrmions, future work is of great interest that directly 

probes chiral spin textures in skyrmions in TI/MI bi-layers via the use of Lorentz transmission 

electron microscopy, 244  magnetic force microscopy, 245  or scanning transmission X-ray 

microscopy.241  Finally, the threshold temperature shown in Fig. 8.6 is about 80 K, but one can 

likely extend it to room temperature by reducing K of the BaFe12O19 film via doping, for example, 

scandium.246 

This work has been presented in a manuscript entitled “Topological Hall Effect in a 

Topological Insulator Interfaced with a Magnetic Insulator”.  The full author list is Peng Li, 

Jinjun Ding, Steven S.-L. Zhang, James Kally, Timothy Pillsbury, Olle G. Heinonen, Gaurab Rimal, 

Chong Bi, August DeMann, Stuart B. Field, Weigang Wang, Jinke Tang, J. S. Jiang, Axel 

Hoffmann, Nitin Samarth and Mingzhong Wu. Peng Li prepared BaFe12O19 thin film and 

performed electrical transport measurements. Jinjun Ding performed electrical transport 

measurements and analyzed the data.  Steven Steven S.-L. Zhang performed numerical 

calculations. James Kally and Timothy Pillsbury prepared the Bi2Se3 thin film. Olle G. Heinonen, 

Gaurab Rimal and Chong Bi helped with electrical transport measurements. August DeMann 

helped with photolithography. 
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CHAPTER 9  SUMMARY AND OUTLOOK 

9.1 Summary 

This dissertation presents comprehensive, systematic studies on yttrium iron garnet thin film 

development by magnetron sputtering techniques, including control parameter optimization, thin 

film characterization, and development of yttrium iron garnet films with perpendicular anisotropy. 

Demonstrations of spintronics-related experiments and research, such as spin-orbit torque-induced 

magnetization switching are presented and discussed. 

This dissertation also presents comprehensive, pioneering studies on α-Sn thin films grown 

on InSb substrates as well as on Si substrates using magnetron sputtering techniques.  The 

dynamic properties of NiFe/α-Sn is studied and the effects of the topological surface states of Dirac 

semimetal α-Sn are discussed. Electric transport properties of topological Dirac semimetal α -Sn, 

the mechanism of current-induced magnetization switching, and the switching efficiency are 

analyzed and discussed in detail.  Current-induced switching is achieved in a rectangular 

structure consisting of a 6-nm-thick film of topological Dirac semimetal α-Sn and a 2-nm-thick 

ferromagnetic CoFeB film. 

A topological Hall effect is observed in a bi-layered structure that consists of a topological 

insulator Bi2Se3 thin film grown on top of a magnetic insulator BaFe12O19 thin film.  Details about 

the growth of BaFe12O19 thin films, the temperature dependence of topological Hall effect, the 

calculation of topological Hall effect phase diagrams are presented and discussed. 

9.2 Outlook 
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The last decade witnessed the increasing interest of utilizing yttrium iron garnet thin films as 

well as topological materials in spintronics–related fundamental studies and applications. The 

research topics and arguments in this dissertation provide a good reference for yttrium iron garnet 

and topological Dirac semimetal α-Sn thin film development with magnetron sputtering techniques. 

Topics that are relevant to the studies in this dissertation and are of great interest for future study 

may include the following: 

(1) Optimization of the sputtering growth processes for the realization of nm-thick PMA YIG 

films with even lower damping; 

(2) Measurements of speed of SOT-induced domain wall motion in PMA YIG thin films; 

(3) Angle-resolved photoemission spectroscopy study of topological Dirac semimetal α-Sn 

thin films to gain more insights on the electronic structure; 

(4) Study of spin pumping effects associated with Fermi arc states in topological Dirac 

semimetal α-Sn thin films; 

(5) Exploration of the possibilities of realizing α-Sn thin films with an even higher SOT 

efficiency by the use of strain engineering to modify the band structure and voltage gating 

to tune the Fermi level in α-Sn thin films; 

(6) Lorentz transmission electron microscopy imaging of possible magnetic skyrmions in 

magnetic insulator/topological insulator heterostructures; 

(7) Extending the Topological Hall effect phase diagram to room temperature by reducing 

anisotropy of the BaFe12O19 film via doping, which is important for potential applications 

of magnetic skyrmions. 
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