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Abstract 

 

Magnetization dynamics has attracted considerable attention in many 

applications such as next generation storage, logic, and communication devices as 

well as in fundamental physics. Precession of the magnetization excited by ultrafast 

demagnetization emits spinwaves even in the absence of any electrical current, 

which can be used as an information carrier. Controlling the magnetization by 

current has also been opened the research field of spintronics, enabling fast 

magnetization switching or domain wall motion by torques induced by conduction 

electrons. 

To investigate the magnetization dynamics occurs in various time regimes, 

we develop the microscope system whose temporal resolution can resolve the 

dynamics in picoseconds scale. Another microscope system to study relatively slow 

time regime is also demonstrated. Two measurement systems adopt magneto-optical 

Kerr effect and high signal-to-noise ratio of systems enables a resolution of the 

magnetization dynamics to be within few degrees. 

From the point of view of time regimes in which the dynamics occurs, 

precessional motion of magnetization at the pump beam laser spot and propagating 

spinwaves from the pump beam spot are observed in the time regime from 

femtosecond to nanosecond. Distinct propagation behavior according to the 

direction between wave vector and magnetization is explained by different modes of 

excited spinwaves. Experimental results are also verified by micromagnetic 
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simulation. 

In a longer time scale, current induced magnetization dynamics is studied. 

Spin torque, which is the torque exerted on the magnetization by electrical current, 

by short-current pulses generated a telegraph noise under the external magnetic field, 

which comes from successive depinnings of domain wall. It is shown that energy 

barrier is extracted and spin-torque efficiency can be determined from the 

probability of domain wall depinning. 

We also demonstrate an optical method to study magnetization dynamics 

induced by spin-orbit torque. The magnetization dynamics measured at quasistatic 

time regime is obtained by use of MOKE microscope system and, furthermore, we 

introduce the microscope system with circularly polarized light so that detected 

signals are free from the planar effect. In this method, spin-orbit torque efficiency of 

various samples whose structures are systematically changed is investigated. 

Our findings in this thesis provide understanding of the underlying physics 

in magnetization dynamics triggered by different mechanisms as well as provide the 

alternative quantification method in current induced dynamics. 

 

Keywords: Spin dynamics, time-resolved, magneto-optical Kerr effect, 

ultrafast, demagnetization, spinwaves, propagation mode, domain wall, 

telegraph noise, spin torque, circular polarization, spin-orbit torque 
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Chapter 1 

 

Introduction 

 

 This chapter devotes to introduce the fundamental knowledge of the thesis. 

Magnetism is the physical phenomena triggered by magnetic fields which come 

from various sources. According to the reaction to the magnetic field, every material 

can be classified, such as a ferromagnet, paramagnet, diamagnet, and so on. Among 

the classes, we are interested in ferromagnetism which we are to explain in this 

chapter. The basic concept of the measurement method to investigate the 

magnetization is also introduced. The principle of the measurement will be used to 

build a magnetic microscope system, which is the one of the goals in our research. 

Section 1.1 introduces magnetism including its origin, anisotropy, and 

dynamics in various time scales. Section 1.2 explains the method to measure the 

magnetization. Principle of magneto-optical Kerr effect and time-resolved 

measurement techniques are described. 
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1.1 Magnetism 

 

Magnetism has been discovered and used since BC. Until now, magnetic 

properties of materials have been widely used in domestics, industries, and 

militaries as well as electric properties. The response of materials to the magnetic 

field is one of criterions to classify the materials. For example, paramagnetism is 

one kind of magnetism that tends to align in the direction of the externally applied 

magnetic field. On the other hand, diamagnetism repels to the external magnetic 

field. Unlike the fact that most of materials do not have permanent magnetic 

moments, ferromagnetic materials have a magnetic moment in a specific axis in the 

absence of the external magnetic field. 

Ferromagnetism originates from spin, which is the fundamental property of 

electron. When spins of the valence electrons are aligned in a certain direction 

spontaneously by interactions among electrons, ferromagnetism appears. Such 

interaction among spins is called an exchange interaction, which reduces the energy 

of the system when spins are in parallel state. Fe, Co, and Ni are representative 

elements which exhibit ferromagnetism at room temperature. The direction of such 

spontaneous magnetization (magnetic dipole moment per unit volume) is 

determined by the magnetic property which is called anisotropy. Magnetocrystalline 

anisotropy which comes from the lattice structure is a common source. However, 

another kind of anisotropy plays an important role when a magnetic material forms 

a thin film. Owing to its origin, this anisotropy is called shape anisotropy and thin 
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films of few nanometer thickness generally exhibit ferromagnetism in the direction 

of sample plane (called in-plane magnetic anisotropy). When the film becomes 

thinner, the anisotropy induced by surfaces of ferromagnetic material starts to affect 

the direction of magnetization. Under a strong interface anisotropy, some 

ferromagnetic thin film exhibits perpendicular magnetization anisotropy whose axis 

is perpendicular to the sample surface. In this thesis, both in-plane and 

perpendicular magnetic anisotropy samples are studied. 

The response of magnetization to external excitation appears distinct with 

respect to the time scale. When an excitation such as external magnetic field, heat, 

or current is applied to the magnetization, the magnetization becomes unstable and 

starts to dissipate energy to other systems such as lattice, electrons, or energy 

reservoir. In case of the thermal excitation by ultrafast laser pulse, the system 

consists of electrons, spin, and lattice interacts with each other, and leads to increase 

of temperature in a picosecond time scale, and as a result, the magnetization reduces 

to some extent, which is called ultrafast demagnetization [1-5]. Other excitations [6, 

7] also induce non-equilibrium state of magnetization. After the excitation, the 

magnetization tends to dissipate the obtained energy. Since the magnetic field exerts 

a torque on the magnetization, the magnetization begins the precessional motion 

around the axis of the magnetic field and relaxes in a direction of total magnetic 

field owing to the dissipation (or a damping). This precessional motion occurs in 

ps~ns time scale. As the relaxation is completed, magnetization is in the stable state, 

in other word, in the energy minimum state. The time scale longer than μs, it is 

assumed that the magnetization is in equilibrium state every moment and called that 
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the magnetization is in a quasistatic state. The dynamics of domain wall motion [8-

12] or magnetization switching [13-15] can be observed. In this thesis, all the 

magnetization dynamics introduced above is measured and discussed.  

 

1.2 Measurement of magnetization 

 

To investigate dynamics of the magnetization, various measurement 

techniques have been suggested and demonstrated including electrical and optical 

measurements. The electrical measurement method is based on anomalous Hall 

effect [16] and magnetoresistance [17-19]. The Hall voltage or resistance of the 

sample give an information of the magnetization state and especially, anomalous 

Hall effect (or extraordinary Hall effect) is known to be generated by the 

magnetization in the sample and be proportional to �� , the perpendicular 

component of the magnetization. On the other hand, an optical measurement 

technique is based on magneto-optical Kerr effect (MOKE) [20]. The light reflected 

from the surface of magnetic samples has a different polarization compared to the 

incident light due to MOKE. In terms of classical electromagnetism, it is originated 

from the off-diagonal components of permittivity tensor, which means that, for 

example, y-component of electric field can be generated even if the initial y-

component is zero. Therefore, the polarization of the light is rotated and the rotation 

angle is called Kerr angle. Or it can be understood as a transfer of angular 

momentum between the light and magnetization. The angular momentum of 



 

 12 

circularly polarized light can only interact with the magnetization in a direction 

along the propagation direction of the light by selection rule. The ratio between left 

and right circular polarization after the reflection on a magnetized surface is thus 

changed, which leads to the rotation of a polarization. In this study, we adopt the 

perpendicular incident and reflection geometry, thus we measure the perpendicular 

component of the magnetization, which is called the polar MOKE (p-MOKE) signal. 

In order to study magnetization dynamics in ultrafast time scale (~ps), two 

different methods have been developed. One is a real-time measurement technique 

which uses fast photodiode or streak camera [21]. For a real-time measurement, 

very high power of the probing source or signal-to-noise ratio is needed. However, 

when the dynamics for the measurement is very reproducible, we can adopt another 

measurement technique which is called stroboscopic measurement. By using an 

ultrafast pulse pump and probe source with appropriate repetition rate, we can 

accumulatively measure the state of the magnetization at certain time delay between 

the pump and probe. As changing the time delay, total dynamics can be 

reconstructed as a function of time [1-7]. In this study, we adopt this pump-probe 

measurement technique to acquire the temporal resolution as demonstrated later. 
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Chapter 2 

 

Development of the time-resolved MOKE 

microscope system 

 

 This chapter describes the details of setup process for the time-resolved 

MOKE (TR-MOKE) microscope system. For the temporal resolution within 

picosecond, we adopted the pump-probe method by use of 100-fs Ti:Sapphire laser 

source. For the spatial resolution within few hundreds of nm, we focused the laser 

onto the sample with laser spot of 350-nm full width at half maximum. In order to 

measure the magnetization within few degrees, we developed MOKE microscope 

with high signal-to-noise ratio, and the scanning system with 10-nm resolution and 

3-axis electromagnet system are also developed. The performances are confirmed 

by use of interferometry, knife edge method, and hysteresis loop measurements. 

Moreover, many methods to enhance signal-to-noise ratio such as balanced 

detection, harmonic measurement synchronized with photo-elastic modulator, and 

normalization method are introduced. As a result, we demonstrated that the TR-

MOKE microscope system successfully works with superior temporal (100 fs) and 

spatial (350 nm) resolution. 

Section 2.1 describes the setup progress for each pump and probe laser 
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source. Section 2.2 describes the MOKE microscope system and its performances. 

Section 2.3 is followed by showing the results of time-resolved measurement of 

magnetization. 
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2.1 Laser source 

 

The pulsed light source used in the time-resolved MOKE microscope 

system is Ti:Sapphire laser. It has been used in many time-resolved experiments [4, 

5, 37, 39] for decades due to the stability and convenience in use. The overall laser 

source part is shown in Fig. 2.1. (Verdi 5, Coherent) is used for the pump laser and 

the cavity (Chinook, K&M Labs.) is used for the generation of mode-locked laser 

pulses. 800-nm wavelength and 93-MHz repetition rate laser pulses are generated as 

Figure 2.1 (a) Schematic of the laser source part. 1: pump diode laser, 2: mirror (530 nm), 

3: Femtosecond laser cavity, 4: Faraday Isolator, 5: mirror (800 nm), 6: Second harmonic 

generation part, 8: Beam splitter, 9: mirrors, 18: Delay stage, and 19: mirrors (800 nm) (b) 

The picture of laser source part. 
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output and used as the pump. The power of the laser pulses right after the cavity is 

about 500 mW. For the 2-color pump-probe method, we generated 400-nm 

wavelength laser pulses for the probe by use of second harmonic generation (SHG) 

crystal and the power of the probe pulses is about 15 mW. To prevent the retro-

reflected laser pulses at the SHG part from affecting the mode-lock inside the cavity, 

we located Faraday isolator (5mm Aperture, EOT Broadband) between the cavity 

and SHG part. The pump and probe laser pulses are separated at the beam splitter. 

The probe laser path is directly connected to the MOKE microscope part and the 

pump laser is toward the delay stage (IMS600PP, Newport) which varies the time 

delay between the pump and probe pulses. The scanning step of delay stage is 1.25 

μm which corresponds to 8 fs time delay for the light. To check the pulse width of 

the laser pulses, we constructed an interferometer as shown in Fig. 2.2(a). Since the 

minimum step of the delay stage is longer than the wavelength of the laser, we 

attached another motorized stage with 10-nm scanning resolution so that the 

detailed interference data can be measured 

The data clearly shows interference pattern in laser pulse width scale (~20 

μm/130 fs) as shown in Fig. 2.2(b). The envelope of measured data is fitted by 

Gaussian function and the pulse width (full width at half maximum) is determined 

to be 100 fs. To adjust intensities of these pump and probe beams which are injected 

to the MOKE microscope part, the ND filters with variable optical density from 0 to 

4 are used. 
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Figure 2.2 (a) Schematic diagram of the interferometry. M denotes mirrors for 800 nm laser 

and minimum step of the stage is 10 nm. 

(b) The envelope of the interference signal. Black points are measured data and red solid 

line is the best fitted line by Gaussian function. 
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2.2 MOKE microscope system 

 

The schematic diagram and pictures of MOKE microscope system is 

shown in Fig. 2. 3. The probe laser beam passes through polarizer which is fixed at 

polarization angle 45° and then enters photo-elastic modulator (PEM) whose axis is 

aligned at 0° to modulate the polarization of the probe beam. After the modulation, 

the probe beam is separated at the beam splitter, then focused onto the sample 

surface by the objective lens which has a high numerical aperture 0.9 (Lu Plan Flour 

Epi P 100x, Nikon) enabling the high spatial resolution about an order of 

wavelength of the probe beam. The reflected probe beam finally reaches the 

balanced detector (2107-M, Newport) with a maximum conversion gain of 

9.2 × 10�	V/W, after passing the analyzer, called Wollaston prism, which splits the 

light into 0° and 90° polarization with respect to its fast axis. The polarization 

angles of each optical component are determined to have a high signal-to-noise ratio 

and the detail for polarizer, PEM, and analyzer setup is described in appendix A. 

The detector is connected to the analogue lock-in amplifier (LIA-MVD-200-H, 

Femto) to obtain the Kerr signal which appears at the double frequency of the PEM 

modulation. The output data of lock-in amplifier is finally collected by DAQ (PCI-

6143, National Instruments) working at 250 kHz. The pump beam setup is relatively 

simple. As shown in Fig. 2.3, the pump beam is directly injected into the same 

objective lens. To avoid the possible interference with the probe beam, the pump 

beam path and probe beam path are aligned to be parallel but not to coincide. The 
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Figure 2.3 (a) Schematic diagram of MOKE microscope part. Both pump and probe beams 

are focused onto the sample through same objective lens. 

(b) The picture of MOKE microscope part. 
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reflected pump beam enters another detector without passing any polarizers. This is 

for the sample scanning, which is used to check whether the probe and pump beams 

are injected into the same area of the sample. The sample scanning part consists of 

two motorized stages (M-VP25-XL, Newport) for 2 dimensional scanning. The 

minimum step of the stage is 10 nm which is much smaller than the diffraction limit 

of the microscope system and the travel range is about 25 mm. To apply magnetic 

field to the sample, we constructed 3-axis electromagnet system. Each in-plane and 

out-of-plane electromagnet are connected to the power supplies (BOP 504, KEPCO) 

and controlled by DAQ (PCI-6711, National Instruments). Maximum magnetic field 

is about 400 Oe in the sample plane direction and 3000 Oe in out-of- plane direction. 

In the case for a higher magnetic field, we also used permanent magnet which 

produces 4 kOe within few mm from the surface. 

 

2.3 Performances of the microscope system 

 

In this section, we demonstrate the performances of the time-resolved 

MOKE microscope system such as a temporal and spatial resolution, signal-to-noise 

ratio, and the time-resolved spin dynamics measurement data. 

The temporal resolution of the system is determined by the pulse width of 

the source laser and the scanning step of the delay stage. In section 2.1, it is shown 

that the temporal resolution is 100 fs. The spatial resolution is determined by knife 

edge method [43]. We prepared the patterned sample and scanned the nanostrip area 
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of the sample. The data is shown in Fig. 2.4. As depicted in Fig. 2.4(b), we can 

clearly see the 500-nm strip. By differentiating the scanned data at the edge of the 

wire, we obtained the Gaussian profile (Fig. 2.4(c)). The full width at half 

maximum of fitted Gaussian function represents the spatial resolution of the 

microscope system and the values are 350 nm and 700 nm for the probe and pump 

beam, respectively. These values agree with the diffraction limit (Abbe or Rayleigh 

criterion) � = �
�

��
, where �  denotes a proportional constant (0.5 for Abbe 

criterion and 0.61 for Rayleigh criterion), � is a wavelength of the light, and NA is 

the numerical aperture of the objective lens. Since we adopted the high NA 

objective lens, the spatial resolution can be better than the wavelength of the laser. 

Figure 2.4 The spatial resolution of the laser beams. (a) Sample for the measurement. Three 

500-nm width strips exist. (b) Scanned data by the probe beam. (c) Scanned data by the 

pump beam. Black line is scanned data, blue line is the derivative, and the red line is the best 

fit by Gaussian function. 



 

 22 

For probing a magnetization, we utilized MOKE and microscope system is 

briefly introduced in previous section. As one can verify in Appendix A, the optimal 

angle for the maximum Kerr angle is 45° for the polarizer and 0, 90° for the 

analyzer. In this geometry, Kerr signal in the 2ω component of the detector voltage 

is ��� = ���(��), where ω denotes the modulation frequency of PEM, � is a 

proportional constant, �� is the retardation of PEM, and �� is the 2nd order of 

Bessel function of the first kind. To maximize the signal, we set the retardation of 

PEM to be about 0.49� at which �� has a maximum as shown in Fig. 2.5. In case 

where we need a DC signal of the detector for normalization, we set the retardation 

to 0.38� that corresponds to the first zero of the 0th order Bessel function, so that 

DC signal has no magnetization signal. To eliminate the possible fluctuation in the 

laser intensity, signal drift, and other noise sources, we adopted the balanced 

Figure 2.5 First three orders of Bessel function of first kind 
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detection technique. The analyzer splits the probe beam into two paths according to 

the polarization of the light and 0, 90° polarization beam is injected to each part of a 

balanced detector. The balanced measurement reduces the noise remarkably as well 

as enhances MOKE signal by a factor of 2 since each beam has an opposite Kerr 

signal. To verify the signal-to-noise ratio of the microscope, we measured a 

hysteresis loop of a ferromagnetic thin film. We prepared several ferromagnetic thin 

films which have in-plane magnetization or out-of-plane anisotropy. By use of 3-

axis electromagnet system, the in-plane and out-of-plane MOKE signals of the 

samples can be measured. We demonstrated that the MOKE signals can be clearly 

obtained for both in-plane and out-of-plane magnetized thin film as in Fig. 2.6. 

Figure 2.6 MOKE signals for in-plane and out-of-plane samples 

(a) MOKE signals when applying successive magnetic field to saturate magnetization in 

opposite directions. 20-nm thickness Co sample is used. 

(b) Hysteresis loop of perpendicular magnteic anisotropy sample. 

(2-nm Pt/0.3-nm Co/2-nm Pt) 
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To investigate the time-resolved magnetization dynamics, we then aligned 

the pump beam path. Two different pump methods are used to excite the 

magnetization. The first method is to use an ultrafast demagnetization by a direct 

heating of a sample with the pump laser pulses. When the pump laser pulses are 

injected into the sample, the energy is transferred to the electron, spin and phonon 

system. Within a picosecond, the temperature of the spin system increases rapidly 

and a reduction of the magnetization is followed, which induces the magnetization 

state into non-equilibrium state. After the excitation by 100-fs pump laser pulses, 

the temperature of the spin system recovers to the equilibrium temperature and the 

magnetization starts to return to its equilibrium state. Since the magnetization is 

tilted from the initial state, the torque is exerted to the magnetization and the 

precessional motion of the magnetization is induced and the scheme is shown in Fig. 

2.7(a). For the measurement of this excitation, the exact match of the pump and the 

probe pulses is needed. The spot size of the probe beam is determined to be about 

350 nm, thus the pump laser should be focused onto the sample with accuracy of 

hundreds of nm. We achieved the pump and probe beam match by obtaining the 

images of the sample by both pump and probe beam. Typical images scanned by 

each beam are depicted in Fig. 2.8 and we confirmed that two images matches 

exactly within the resolution of 100 nm. The next step is to find the point where the 

time delay between the pump and probe pulse becomes zero. As changing the 

position of a delay stage, we measured the hysteresis loop. At timing 0-point, the 

magnetization reduction due to the ultrafast demagnetization by pump pulses, which 

leads to the reduction of an amplitude of the hysteresis loop. Fig 2.9 shows the 
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Figure 2.7 (a) Spin excitation by direct heating of the sample with the pump laser. The 

magnetization hit by the pump laser reduces and then the precession is followed. 

(b) Excitation induced by the photocurrent which is generated when the pump laser pulses 

are injected to the photoswitch. The generated current pulses induce magnetic field or spin 

torque. 
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Figure 2.8 Sample images simultaneously scanned by (a) pump beam and (b) probe 

beam. Scanning step is 500 nm.  

 

Figure 2.9 The amplitude of hysteresis loops measured at various time delay between 

the pump and probe beams. Inset is the data of the first few picoseconds. The reduction 

of loop amplitude around t=0 is measured. Pd/0.3-nm CoFe/Pd sample is used. 
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abrupt reduction of amplitude of the hysteresis loop with respect to the delay stage 

position, i.e. time delay between the pump and probe beams. The expected 

precessional motion followed by the demagnetization is also observed as shown in 

Fig. 2.10. The second method to excite magnetization utilizes the photo-current 

induced by the pump laser pulses. The schematic of this method is shown in Fig. 

2.7(b). The energy of 800-nm pump laser is transferred to electrons in in GaAs 

substrate and thus the conduction electrons are generated. For the generation of such 

current pulses, we fabricated the sample by use of photo-lithography as shown in 

Fig. 2.11(a). We focused the pump laser pulses onto the zigzag shaped photo-switch 

Figure 2.10 The precessional motion followed by the ultrafast demagnetization. 30-nm 

thickness CoFeB sample is used for this measurement. The applied magnetic field is 900 Oe 

in in-plane direction and 3900 Oe in out-of-plane direction. 
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and applied electric voltage between the electrodes. Generated current pulse is 

monitored by the sampling oscilloscope (DSA 8200, Tektronix) and the current 

pulse width is determined to be 600 ps (Fig. 2.11(b)). The current pulses can be 

used to excite magnetization either by Oersted field induced by the current or by the 

torque induced by spin current through ferromagnetic samples. 

  

Figure 2.11 Generation of the current pulses by photoswitch. (a) SEM images of the 

sample. Au electrodes are patterned on a GaAs substrate. The voltage is applied to the 

photoswitch. (b) The current pulse generated by photoswitch is monitored by sampling 

oscilloscope. The pulse width is determined to be the width at 80% amplitude. 
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Chapter 3 

 

Spinwaves dynamics 

 

 This chapter describes the spinwaves dynamics in a sub-nanosecond time 

scale. Starting from the determination of Gilbert damping constant by analyzing the 

precessional motion induced by ultrafast demagnetization, we extend the 

measurement area to the outside the pump beam spot. We suggest the sample 

structure which has a small damping constant thus has advantages for study of the 

ultrafast spin dynamics. Then, we generated the spinwaves by ultrafast 

demagnetization and the propagation of the spinwaves is detected by scanning TR-

MOKE microscope system. We analyze the propagation behavior of spin waves 

with respect to the propagation direction and verify the model by comparing the 

result of micromagnetic simulation. 

Section 3.1 describes experiments to quantify the Gilbert damping 

constant in various samples. The optimal sample structure is found by changing the 

sample structure systematically. Section 3.2 shows the motivation and the 

experimental studies on spinwaves dynamics. By use of the TR-MOKE microscope 

system introduced in chapter 2, the propagating spinwaves can be observed. The 

analysis of the propagation modes of the spinwaves is introduced. 
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3.1 Determination of Gilbert damping constant 

 

We introduce the method to quantify a damping constant by use of TR-

MOKE microscope in this section. The precessional motion of spin can be 

explained by Landau-Lifshitz-Gilbert (LLG) equation. The best numerical fitting of 

the measured data by LLG equation determines a damping constant. We changed 

the composition of adjacent layers, thickness of ferromagnetic layer, and magnetic 

anisotropy to find a sample with small damping constant. 

 

3.1.1 Introduction : Gilbert damping constant 

 

From 1930s, a theory for the dynamics of ferromagnetic materials has been 

established. Landau and Lifshitz introduced the equation, called Landau-Lifshitz 

(LL) equation, describing the dynamics of magnetization as [22] : 

����⃗

��
= − ����⃗ × ���⃗ ��� − ����⃗ × ����⃗ × ���⃗ ����   (3.1) 

where ���⃗  denotes the magnetization, ���⃗ ��� is the total effective magnetic field 

applied to the magnetization including external magnetic field, demagnetization 

field, anisotropy field, and so on. The constant � is a gyromagnetic ratio and � 

represents a phenomenological damping parameter. The first term is a torque 

exerted on the magnetization by magnetic field and the second term is an energy 

dissipation of the magnetization. The dissipation is known to be involved with spin 

pumping, spinwaves, eddy currents, strains, and defects in crystal. LL equation is 
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commonly used when the damping of a ferromagnetic material is small, but 

problems are emerged for large damping cases. To take large damping into account, 

T. L. Gilbert reformulated the theory by adopting a functional form of Rayleigh’s 

dissipation [23]. The resulting equation is called Landau-Lifshitz-Gilbert (LLG) 

equation and written as below : 

����⃗

��
= − ����⃗ × ���⃗ ��� +

�

��
���⃗ ×

����⃗

��
 

(3.2) 

where ��  is the saturation magnetization and � is Gilbert damping constant. 

Equation (3.1) and (3.2) have identical damping terms and the difference between 

the equations is the gyromagnetic ratio which differs by a factor of ��, therefore 

two equations give almost same dynamics when Gilbert damping constant is small. 

In this experiment, we use the equation (3.2) (LLG equation) to determine � of 

ferromagnetic materials. 

 

3.1.2 Experimental setup 

 

The damping constant can be determined by either electrical method 

(ferromagnetic resonance) or optical method (TR-MOKE experiment). In this 

experiment, we use TR-MOKE microscope which is demonstrated in chapter 2 to 

quantify the damping constant �. Typical schematic diagram of the measurement is 

shown in Fig. 3.1. The maximum probe laser power is 0.5 mW and the ratio 

between the pump and probe laser power is kept to be more than 10:1. We applied 
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magnetic field to the samples up to 4 kOe and the angle between the sample and 

magnetic field is changed according to the sample property. 

 

3.1.3 Results and discussion 

 

To investigate the relation between the damping constant and sample 

structure, we prepared several ferromagnetic thin films which have either in-plane 

or out-of-plane magnetic anisotropy.  

Figure 3.1 Schematic diagram of the time-resolved MOKE microscope system. 
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Perpendicular Magnetic Anisotropy materials 

First, we deposited 2.5-nm Pt/x-nm Co/1.5-nm Pt structure with 5-nm Ta 

seed layer on oxidized Si substrate by DC magnetron sputtering. The thickness of 

Co layer x is varied from 0.5 to 1.3 nm and the samples exhibits clear perpendicular 

magnetic anisotropy. Hysteresis loops of Pt/Co/Pt thin films are shown in Fig. 3.2. 

 

Figure 3.2 Hysteresis loops of Pt/Co/Pt thin films measured by polar MOKE, for samples 

with various Co thicknesses. 

 

1.3-nm Co sample has a small coercive field �� about 100 Oe while coercive 

fields other samples are relatively large around 200 Oe. We also can see that 1.3-nm 

Co sample has weak perpendicular magnetic anisotropy inferred from the 

squareness of hysteresis loop. To figure out more about the magnetic property of the 

samples, we quantified the effective anisotropy field �� with high accuracy by 

Hall voltage measurement method described in Ref.[24]. In these measurements, we 
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measured Hall voltage while applying a rotating magnetic field around the easy axis 

of the magnetic anisotropy. Fig. 3.3 shows the measured data and the fitted results 

based on Stoner-Wohlfarth theory. We summarized the result in Table 3.1. As 

expected from the hysteresis loop, �� is the smallest for 1.3-nm Co sample and 

tends to increase when the thickness of Co decreases. It agrees with the common 

knowledge that the perpendicular magnetic anisotropy mainly comes from the 

interfaces between ferromagnetic layer and non-magnetic adjacent layers. 

 

Figure 3.3 Typical measurement results for extraordinary Hall voltage with respect to the 

angle of external magnetic field. The result is measured on 1.1 Co sample under an external 

magnetic field of 1.5 kOe. The solid line is best fit by the Stoner-Wohlfarth theory. Inset 

show Hall voltage for 1-rotation. 
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Table 3.1 Perpendicular magnetic anisotropy field and Gilbert damping constants of 

Pt/Co/Pt samples. 

Co Thickness (nm) Anisotropy field (G) Damping constant 

0.5 10076±906 

- 0.7 13204±1515 

0.9 7492±230 

1.1 2430±12 0.115±0.005 

1.3 552±15 0.13±0.01 

 

Fig. 3.4 shows the precession dynamics of Pt/Co/Pt samples. Within few 

picoseconds, sudden signal jump in measurement data is observed in every sample 

due to the ultrafast demagnetization. The magnetization then recovers to the initial 

state during the next hundreds of picosecond. In a temporal range over 100 ps, the 

dynamics of magnetization shows distinct behavior with respect to the thickness of 

Co. Thin Co samples (x=0.5~0.9 nm) show only the slow recovery of the 

magnetization while thick Co samples (x=1.1, 1.3 nm) show damped harmonic 

oscillation as well as the recovery. The damped harmonic oscillation signal is due to 

the precessional motion of magnetization around the axis of total effective magnetic 

field. Comparing with the �� results listed in table 3.1, the external magnetic field 

1.7 kOe is similar or larger than ��  when x=1.1 and 1.3 nm. Thus the 

magnetization can be easily tilted along the direction of external magnetic field in 

these samples but not for the samples whose thickness is thinner than 0.9 nm when 

the spin temperature is increased by the pump laser pulses. Moreover, when the 



 

 36 

 

Figure 3.4 Kerr rotation angle with respect to the delay time, for samples with various Co 

thicknesses as denoted. The solid lines are best fit with the solution based on equations (3.3) 

and (3.4) 
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magnetization is along z-axis, which is perpendicular to the sample surface, polar-

MOKE signal cannot distinguish the precessional motion. 

To analyze the precessional motion quantitatively, we use LLG equation 

and rewrite the equation in a spherical coordinate (�,�) as depicted in Fig. 3.1 as : 

θ̇ =
��

1 + ��
�����,� cos� sin� − ����,� sin� − �� cos� sin�� +

�

1 + ��
����,� cos� 

(3.3) 

sin� φ̇= −
�

1 + ��
�����,� cos� sin� − ����,� sin� − �� cos� sin�� +

��

1 + ��
����,� cos� 

(3.4) 

where ����  is the applied external magnetic field and ��  is the effective 

anisotropy field and the unknown parameter is damping constant �. Therefore, we 

can determine the damping constant while changing the value of �  and 

numerically calculating the magnetization by the coupled equations (3.3) and (3.4) 

with Euler’s method. The best fitted results are depicted as a solid line in Fig. 3.4 

and the corresponding damping constant � is listed in table 3.1. The results are 

relatively large compared to the damping constants of ferromagnetic materials with 

in-plane magnetic anisotropy such as permalloy (NiFe, Py) or CoFe, which is 

generally appears in a perpendicular magnetic anisotropy samples due to the strong 

interface effect. Moreover, inhomogeneous precession in a weak magnetic field 

regime and generation of spinwaves can also be responsible for the large damping 

constants. 
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In-plane Magnetic Anisotropy materials  

Next we focused to the in-plane magnetized samples which are known to 

have a small damping constant. We investigated the effect of the thickness of 

magnetic layer on the damping constant. For this experiment, 5-nm Cu/x-nm 

CoFeB/5-nm Cu samples (x=10, 15, 20, 25, 30) and 3-nm Cu/x-nm Py/3-nm Cu 

(x=10, 15, 20, 25) samples are deposited by DC magnetron sputtering. The 

magnetic field of 3 kOe strength is applied by permanent magnet. 

The precession of the magnetization is measured and the result is shown in 

Fig. 3.5. As in perpendicular magnetic anisotropy samples, ultrafast 

demagnetization in early ps regime and precession in hundreds of ps regime are 

observed. And we used the best fitting of the measurement data with numerically 

solved LLG equation to determine the damping constant. The best fitted data is also 

shown in Fig. 3.5 as a solid line. The overall precession frequency of CoFeB 

samples is higher than that of Py samples, which indicates that the total effective 

magnetic field is larger in CoFeB samples and we can verify that the saturation 

magnetization �� of CoFeB is generally larger than Py since the total effective 

magnetic field is a summation of the external magnetic field and dipole field (or 

demagnetization field) of the samples. In both cases of CoFeB sample series and Py 

sample series, no distinct dependency of damping constant with respect to the 

thickness of magnetic layer is observed as shown in Fig. 3.6. Particularly large 

damping constant is found in 10-nm CoFeB and Py sample which can be explained 

by the ripple effect described in Ref. [25]. For other samples, the damping constant 

is 
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Figure 3.5 Time-resolved measurement data for various samples with different thicknesses. 

(a) Precession of Cu/x-nm CoFeB/Cu (x=10~30 nm) samples.  

(b) Precession of Cu/y-nm Py/Cu (x=10~25 nm) samples. 

 

in a range from 0.03 to 0.07. Relatively large damping constant as compared to the 

reported values is explained as incoherent precession in our samples due to the 

small external field and/or the possible generation of spin waves. The independence 

of damping constant with respect to the thickness of a magnetic layer can be 
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Figure 3.6 Gilbert damping constant with respect to the thickness of ferromagnetic layer. 

Materials are indicated in the legend. 

 

understood that the spin dissipation effect at the surface between a magnetic layer 

and adjacent Cu layer is not significant and Cu is known as to have a large spin 

diffusion length about several hundreds of nm [26]. 

 We summarize the results of this section by listing the damping constant of 

all the samples in table. 3.2. 

Table 3.2 Gilbert damping constant of various samples with in-plane magnetic anisotropy. 

Co Thickness (nm)  Py thickness (nm)  

10 0.085 10 0.07 

15 0.037 15 0.03 

20 0.024 20 0.06 

25 0.05 25 0.05 

30 0.037   
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3.2 Experimental setup for spinwaves dynamics 

 

 This section describes the experimental setup for spinwaves dynamics. 

After a brief introduction about spinwaves, the experimental scheme to excite and 

measure the spinwaves is shown. 

 

3.2.1 Introduction : Spinwaves 

 

Spinwaves are ordering states of the magnetization excited from an 

equilibrium state as depicted in Fig. 3.7. The spinwaves in thin metallic magnetic 

films have drawn a great attention nowadays in studies on magnetic recording and 

spintronics devices [27-30]. Such spinwaves have long been studies by means of the 

ferromagnetic resonance and the Brillouin light scattering techniques in the 

frequency domain to analyze the magnonic characteristics [31-35]. Recently, it 

becomes possible to directly observe the spinwaves in the time domain by use of the 

real-time optical and electric measurement techniques [36-42]. Such spinwaves has 

 

Figure 3.7 Concept of spinwaves. The coherent precessional motion of magnetization with 

respect to the position at fixed time appears when spinwaves are excited. 
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been generated by either thermal [31] or electric excitation [35-40]. It has been 

recently reported that an optical excitation can also generate the spinwaves via 

either the inverse Faraday effect [41] or the ultrafast demagnetization [42]. 

 

3.2.2 Generation of spinwaves 

 

In this section, we report an all-optical technique to excite and measure 

spinwaves by use of TR-MOKE microscope system. Fig. 3.8 shows the schematic 

diagram for this experiment. The pumping method is identical to the method 

described in section 3.1.2. We modified the beam splitter which reflects probe 

beams to the objective lens to change the path of the probe beams without changing 

the pump beam path. Two motorized actuators (Z606, Thorlabs) are attached to the 

beam splitter to control the tilting angle of the beam splitter, thus leading to the 

changing of the probe beam path. To check whether the probe beam path is changed, 

we scanned the sample surface by both probe and pump beam while changing the 

tilting angle of the beam splitter in x-, and y-direction. The 1D scan data by each 

beam is shown in Fig. 3.9. The scanned image by the probe beam is translated when 

we changed the tilting angle of the beam splitter as depicted in Fig. 3.9(a) and (c). 

On the other side, the images by the pump beam remain unchanged regardless of the 

tilting of the beam splitter. The distance between the pump and probe beam spots 

was estimated by measuring the lateral shift between the images captured by use of 

either the pump or probe beam. 
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Figure 3.8 (a) Schematic diagram of the measurement system with a polarizer (PL), a half 

mirror (HM), an objective lens (OBJ), a mirror (M), a beam splitter (BS), and a Wollaston 

prism (WP). The red and blue lines show the pump and probe beam paths, respectively. (b) 

Experimental geometries of the Cases I and II. The probe beam spot is scanned around the 

pump beam spot. 

 

The present optical setup was applied to a 30-nm-thick ferromagnetic 

Co40Fe40B20 thin film with in-plane magnetic anisotropy, sputtered on Si substrate 

with 300-nm-thick SiO2 layer. The hysteresis loop is measured by VSM as shown in 

Fig. 3.10 and the coercive field of the film were determined to be 1.50.5 mT. In 



 

 44 

 

Figure 3.9 1D scan data by probe and pump beam. (a) The probe beam x-scan data. Solid 

circles are scan data at the center and open circles are scan data when x-axis of the beam 

splitter is tilted. (b) The pump beam x-scan data. Solid circles are scan data at the center and 

open circles are scan data when x-axis of the beam splitter is tilted. (c) The probe beam y-

scan data. Solid circles are scan data at the center and open circles are scan data when y-axis 

of the beam splitter is tilted. (d) The probe beam y-scan data. Solid circles are scan data at 

the center and open circles are scan data when y-axis of the beam splitter is tilted. 
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Figure 3.10 Hysteresis loop of CoFeB sample measured by VSM. 

 

 

Figure 3.11 Temporal variation of the p-MOKE signal measured at the pump beam center. 

The black solid line shows the best fit with a damped harmonic oscillation, and the cyan 

solid lines guide the amplitude decay. 
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this experiment, an in-plane magnetic field �� was applied along the x axis as 

shown in Fig. 3.9(b). Since the strength of �� (=90 mT) was sufficiently larger 

than the coercive field, the initial magnetization direction was aligned to the x axis. 

To induce a coherent spinwaves excitation, an out-of-plane magnetic field �� 

(=390 mT) was simultaneously applied to the film to tilt the magnetization slightly 

toward the +z axis. The tilting angle of the magnetization was estimated to be about 

14 from the sample plane. The pump-beam excitation then induced the ultrafast 

demagnetization within a few picoseconds, followed by a damped precession over a 

few hundred picoseconds as shown by Fig. 3.11. The precession angular frequency 

�p at the center was determined to be (70.70.6)109 rad/s by fitting with a 

damped harmonic oscillation as shown by the black solid line of the best fit. This 

precession at the center acted as a spinwaves source and consequently, emitted the 

spinwaves outward. 

 

3.3 Propagation of spinwaves 

 

 We investigated the propagation behavior of spinwaves by the method 

introduced above. We figured out that the ultrafast demagnetization technique can 

generate two different spinwaves modes—backward volume and forward surface 

modes—depending on the propagation direction. The propagation of spinwaves is 

explained by both theoretical model and micromagnetic simulation. 
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3.2.1 Two different modes depending on propagation direction 

 

Two cases of the propagation of spinwaves were examined depending on 

the propagation geometry as shown by Fig. 3.9(b): either the spinwave vector ��⃗  is 

perpendicular to the magnetization direction ��  (Case I) or ��⃗  is parallel to ��  

(Case II). The fluence of the pump pulses was set to about 33 mJ/cm2, which is 

about 60-times larger than that of the probe pulses. It was confirmed that the 

magnetic properties of the pump beam spot remained unchanged by scanning the 

sample surface after the experiments. 

Fig. 3.12(a) shows the experimental results for Case I, by showing the 

temporal variations of the p-MOKE signal measured at different positions from the 

center of the pump beam spot, where the distances � from the center are denoted 

inside each panel. The figure clearly demonstrates that the spinwaves are emitted 

and propagate from the laser spot. The black solid lines show the best fit with a 

Gaussian wave packet as given by � sin��p� + ��exp�− �� − �p�
�

2��
�� �, where 

� is the amplitude, � is the phase, �p is the temporal center, and �� is the 

temporal width of the Gaussian wave packet. The Gaussian profile is employed as 

the simplest and easiest model [36, 38] to determine the center of the wave packet. 

From the best fit, � (red) and �p (blue) are obtained for each curve of different �, 

as shown by Fig. 3.12(b). The clear linear dependences enable one to quantify the 

angular wave number � and the group velocity �g as 0.550.04 m-1 and 5.20.6 

km/s, respectively. The phase velocity �p is then obtained from the relation  
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Figure 3.12 (a) Temporal variation of the p-MOKE signal for Case I, measured at different 

positions with the distance � as denoted inside each panel. The black solid lines show the 

best fit with a Gaussian wave packet, and the cyan solid lines guide the envelope of the 

wave packet. (b) � (red) and �p (blue) with respect to �. The lines show the best linear fit.  

(c) Temporal variation of the p-MOKE signal for Case II, measured at different positions 

with the distance � as denoted inside each panel. The black solid lines show the best fit with 

a Gaussian wave packet, and the cyan solid lines guide the envelope of the wave packet. 
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�p = �p/� as 12810 km/s. The average �� is estimated to be about 16833 ps, 

which corresponds to the lateral dimension of 216 m (=�p��). 

Within the context of the spinwaves theory, the geometry of Case I allows 

the generation of the magnetostatic surface waves (MSSWs) mode [44]. The 

dispersion relation of the MSSWs mode is given by �� = ��(�� + ��)+

��
� �1 − exp�− 2�����/4 with two characteristic angular frequencies �� (= ���) 

and �� (= �����), where�� is the thickness of the ferromagnetic layer, � is the 

gyromagnetic ratio, ��  is the magnetic permeability, and ��  is the saturation 

magnetization determined as (1.170.2)106 A/m by VSM. With the values used in 

the experiments, the dispersion relation predicts the spinwaves angular frequency � 

as (70.10.6)109 rad/s, which is pretty close to the experimental value of �p. In 

addition, the MSSWs mode is predicted to exhibit a forward phase shift along 

spinwaves propagation. 

On the other hand, the experimental results for Case II exhibit a pretty 

distinct behavior as illustrated in Fig. 3.12(c). It is seen from the figure that the 

spinwaves are quickly decayed out within one micrometer. For the geometry of 

Case II, the magnetostatic backward volume waves (MSBVWs) mode is allowed. 

One of the peculiar features of the MSBVWs mode is that the MSBVWs mode 

exhibits a backward phase shift with a negative �p. The best estimation of �p is 

about -7520 km/s. Due to the backward phase shift, the MSBVWs mode is hardly 

emitted outward. The detailed derivation of each spinwaves mode is introduced in 

Appendix B. 
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3.2.2 Micromagnetic simulation of spinwaves modes 

 

We also performed micromagnetic simulation [45] to verify each 

propagation mode of the spinwaves. Two dimensional array of 1,5001,500 cells 

with open boundary condition was used for the calculation. Note that the array size 

is at least 3 times larger than the experimental scanning range to minimize the finite 

size effect from the edge. We used the typical values of the exchange stiffness 

(=1.310-11 J/m), the damping constant (=0.01), the cell size (=5 nm), and the 

experimental values of external magnetic field and saturation magnetization. To 

reproduce the situation of the ultrafast demagnetization, we assumed the linear 

response regime that the deviation of the magnetization from the equilibrium state 

due to the pump laser has a linear relation with the pump laser power which has a 

Gaussian profile. And it is assumed that the saturation magnetization is reduced by 

10%. Then, numerical calculation with LLG equation predicts the magnetization 

profile right after the pump laser pulse. With this initial magnetic configuration, 

OOMMF simulation was performed for hundreds of ps. 

Figure 3.13(a) illustrates the micromagnetic prediction of the MSSWs 

mode (Case I), and the qualitative agreement with the experimental data verifies the 

generation of the MSSWs mode. The forward phase shift is visualized where the z-

component of the magnetization is mapped onto the space and time coordinates. 

Also, MSBVWs mode is reproduced as shown in Fig. 3.13(b) and along the x-axis, 

the backward phase shift is clearly occurred. For the comparison, we also did the 
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Figure 3.13 OOMMF results of spinwaves in in-plane anisotropy sample. (a) Simulation 

results of Case I where the color corresponds to the out-of-plane component �� of the 

magnetization unit vector with the scale bar on the right. (b) Simulation results of Case II 

where the color corresponds to the out-of-plane component �� of the magnetization unit 

vector with the scale bar on the right. 

 

same micromagnetic simulation when the perpendicular magnetic anisotropy exists. 

We used the value of the anisotropic constant as 3.16× 10�	J/m� and the initial 

magnetization angle was set to be the same. The results are shown in Fig. 3.14. 

Interestingly, the forward phase shift is disappeared for Case I where the 

propagation is perpendicular to the magnetization, thus only the backward phase 

shift can be observed in perpendicular magnetic anisotropy samples. Since the 

generated spinwaves has a wavelength of μm  order in this study, the main 
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Figure 3.14 OOMMF results of spinwaves in perpendicular anisotropy sample. 

(a) Simulation results of Case I where the color corresponds to the out-of-plane component 

��. (b) Simulation results of Case II where the color corresponds to the out-of-plane 

component ��. 

 

mechanism of the spinwaves propagation is the dipole-dipole interaction, not the 

exchange interaction. And when the tilt angle of the magnetization is same, the 

demagnetization fields resulting as a combination of the dipole field and the 

anisotropy field are in opposite directions for in-plane and perpendicular magnetic 

anisotropy samples, which is estimated to be the reason for a distinct propagation of 

spinwaves. 

As a summarization of this chapter, we demonstrate the spinwave emission 

from the ultrafast demagnetization induced by short laser pulses. Two different 

spinwave modes of the forward surface (MSSWs) and backward volume 

(MSBVWs) are observed depending on the relative alignment between the 

directions of the wavevector and the magnetization. The forward mode propagates 

over a few micrometers with small dissipation, possibly used for the spinwave 

experiments.  
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Chapter 4 

 

Current induced magnetization dynamics 

 

 This chapter shows the experimental study of current induced 

magnetization dynamics. The concept of spin torque is introduced and spin torque 

effect on magnetic domain wall and magnetization is investigated. By use of current 

pulses generated by femtosecond laser, the energy barrier of domain wall depinning 

and the efficiency of spin torque are determined. We also suggest an alternative 

method to quantify the efficiency of the spin-orbit torque which has been drawing 

many interests recently. We expect that the optical measurement method we 

developed includes no artifact signal, thus the quantitative analysis of spin-orbit 

torque can be applied in various samples. The experimental results and discussion 

about spin-orbit torque is also shown. 

Section 4.1 introduces about the current induced magnetization dynamics 

including spin-transfer torque and spin-orbit torque. Section 4.2 shows the 

experimental study about the spin-torque effect by short current pulses on domain 

wall depinning. In section 4.3, we demonstrate an optical measurement technique to 

quantify the spin-orbit torque efficiency without any artifacts and section 4.4 shows 

the results of angular dependences of spin-orbit torque efficiency in various samples. 
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4.1 Introduction : Current induced magnetization dynamics 

 

Spintronics, which is named after “spin” and “electronics”, is the research 

field which controls the spin of the electron as well as the charge of the electron. 

The discovery of spin injection from ferromagnetic metal to adjacent normal metal 

[46] and giant magnetoresistance [18, 19] opened the field of spintronics and many 

researches have been revealed that the spin can be controlled by the electrical 

current as well as the magnetic field. Next generation memory devices, logic 

devices, sensors, and communication devices have been suggested in spintronics 

and some applications are already realized. In this section, we introduce the concept 

of the spin torque which is a kind of torque exerted on the magnetization by the spin 

current. 

 

4.1.1 Spin-transfer torque 

 

In ferromagnetic materials, the flowing electrons can be partially spin 

polarized by an interaction between the flowing electrons and ferromagnetic 

elements. The same interaction also can influence the magnetization of 

ferromagnetic elements, as a reaction. The later effect, which is the effect of spin-

polarized current on the magnetization, is called spin-transfer torque and it is 

predicted in 1990s [47, 48]. It is expected that when the non-uniform spin structure 

such as magnetic domain wall or anti-parallel state of spin valve structure exists, the 
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electric current passing through the structure is partially spin polarized along the 

direction of the local magnetization, and transfers the spin angular momentum to the 

next magnetization element which is not parallel to the polarized spin direction. 

Under these physical situations as depicted in Fig. 4.1, the spin dynamics is 

described by the following equations (4.1) [49] and (4.2) [50, 51]: 

∂���⃗ �

∂�
= − ����⃗ � × ���⃗ ��� +

�

��
���⃗ � ×

∂���⃗ �

∂�
− ����⃗ � × ����⃗ � × ���⃗ �� − �����⃗ � × ���⃗ � 

(4.1) 

for the case of magnetic multilayer as in Fig. 4.1(a) where � and � are the 

proportional constant determined by geometric details of multilayer, and: 

∂���⃗

∂�
= − ����⃗ × ���⃗ ��� +

�

��
���⃗ ×

∂���⃗

∂�
+

��

��
� ���⃗ × ����⃗ ×

∂���⃗

∂x
� +

��

��
���⃗ ×

∂���⃗

∂x
 

(4.2) 

for the case of domain wall as in Fig. 4.1(b) where the definition of �� and �� is 

 

 

Figure 4.1 Geometries of spin-transfer 

torque. (a) Spin-valve structure consists of 

two magnetic layers and non-magnet spacer. 

(b) Magnetic domain wall in a ferromagnet 

layer. 
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introduced in Ref.[50]. The third terms in equations (4.1) and (4.2) are called 

adiabatic spin-transfer torque term since this term describes the adiabatic process of 

the conduction electrons. The fourth terms are called non-adiabatic spin-transfer 

torque and the direction is perpendicular to the adiabatic spin-transfer torque. Two 

components of spin-transfer torque play important role in current induced 

magnetization switching [52] or domain wall dynamics [53]. 

 

4.1.2 Spin-orbit torque 

 

Recently, an anomalous domain wall motion [54] and magnetization 

switching [55, 56] are observed in the ferromagnetic layer and adjacent non-

magnetic layer hetero structures. In this geometry, the domain wall exhibits very 

fast domain wall motion which cannot be explained by only the spin-transfer torque 

and the magnetization switching occurs at low current density. To explain these 

phenomena, two physical models are introduced. First model adopted the spin Hall 

effect [56] which occurs in the non-magnetic adjacent layer and injects spin current 

into the ferromagnetic layer. The other model is based on Rashba effect [54] which 

is produced at the interface between ferromagnetic layer and adjacent non-magnetic 

layer and acts as an effective magnetic field which is transverse to the current and 

the sample normal direction. Spin-orbit torque induced effective fields are shown in 

Fig. 4.2(a) and (b) for longitudinal and transverse geometry, respectively. The 

modified LLG equation which includes these effect can be written as [58, 59] : 
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∂���⃗

∂�
= − ����⃗ × ���⃗ ��� +

�

��
���⃗ ×

∂���⃗

∂�
−

����

��
���⃗ × ����⃗ × σ��⃗ � − �������⃗ × σ��⃗  

(4.3) 

where the σ��⃗  is the spin direction of the conduction electron which injects the spin 

current into the ferromagnetic layer in spin Hall model, and is a cross product of 

electric field and electron flow in Rashba model. The third term in right hand side is 

called as a damping-like torque and fourth term is called as a field-like torque. From 

many researches, it is known as the damping-like torque is mainly due to the spin 

Hall effect and the field-like torque mainly comes from Rashba effect but the 

 

Figure 4.2 Schematic diagram of effective magnetic field induced by spin-orbit torques in  

(a) longitudinal geometry, where magnetization and current is parallel and (b) transverse 

geometry, where magnetization and current direction are perpendicular. 

 

exact role of two effects is still controversial. More recently, K. Garello et al. [59] 

suggested the generalized spin-orbit torque terms by simple symmetry arguments. 



 

 58 

According to the reference, the third and fourth terms in equation (4.3) is the lowest 

order among the generalized spin-orbit torque terms and total terms can be express 

as : 

��⃗ ∥ = �� × (�� × ��)���
�
+ ��

�(� ×̂ ��)� + ��
�(� ×̂ ��)� + ⋯ � +  

(�� × �)̂(�� ∙��)����
� − ��

�
� + ���

� − ��
�
�(� ×̂ ��)� + ⋯ �  (4.4) 

��⃗ � = (�� × ��)���
� − ��

�(� ×̂ ��)� − ��
�(� ×̂ ��)� − ⋯ � +  

�� × (�� × �)̂(�� ∙��)����
� + ��

�
� + ���

� + ��
�
�(� ×̂ ��)� + ⋯ �  (4.5) 

where the current is along the x-axis with the structural inversion asymmetry along 

the sample normal (z) direction. The generalized spin-orbit torque terms become 

important when the spin-torque efficiency at high angle � is investigated. We later 

use the equation (4.4) and (4.5) to quantify the spin-orbit torque efficiencies. 

 

4.2 Stochastic behavior of domain wall depinning dynamics 

 

The spin torque efficiency and the energy barrier of the domain wall 

depinning, induced by both spin-transfer torque and spin-orbit torque, are 

investigated by analyzing the telegraph noise in the nanostructured ferromagnetic 

Pt/Co/Pt films. The telegraph noise is generated by applying both the magnetic field 

and the electric current, whose forces on the domain wall are opposite with each 

other. By cumulating the domain wall depinning probability, it is experimentally 

revealed that the domain wall depinning is governed by a single energy barrier. The 

present analysis technique provides an alternative way to determine the ST 
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efficiency in the short-current-pulse-driven domain wall motion at a single energy 

barrier. 

 

4.2.1 Introduction 

 

 Energy barrier in diverse systems has been studied for a long time due to 

its crucial role in determination of the characteristics of the systems. In magnetic 

systems, the energy barrier governs the fundamental properties such as the thermal 

stability as well as the threshold forces of the magnetization reversal and the 

magnetic domain wall motion. Numbers of researches have been thus devoted to 

characterize the energy barriers of the magnetization phenomena such as the 

magnetization switching in nanomagnets [60-62] and the domain wall depinning in 

magnetic nanowires [63-65]. It has been well known that the domain wall-

depinning energy barrier has a linear term of the magnetic field H [64-66]. Similarly, 

the electric current also produces a linear term with a quadratic contribution of the 

current density J to the energy barrier via the spin transfer torque [63-65, 67, 69] or 

the spin orbit torque [70]. 

In the domain wall-depinning experiments, it is general to apply pulses of 

the magnetic field and the electric current into the nanowires, while monitoring 

whether the depinning takes a place. As the duration of the pulses decreases, the 

domain wall depinning becomes more stochastic [71] and consequently, the 

stochasticity—such as fluctuations or noise in the signal at small driven forces [66-

68]—provides a way to examine the energy barrier in the corresponding time scale. 
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In this report, we propose an experimental technique to measure the energy barrier, 

based on the measurement of the stochastic telegraph noise caused by the domain 

wall depinnings between the two meta-stable states. Such domain wall-depinning 

telegraph noise is generated by injecting sub-nanosecond current pulses into the 

wedge-shaped nanostructure, where a constant magnetic field bias is applied. The 

telegraph noise measured by use of a scanning MOKE microscope is then analyzed 

to quantify the energy barrier as a function of the field strength and the current 

density. 

 

4.2.2 Experimental setup 

 

For this study, a 2.0-nm Pt/0.3-nm Co/2.0-nm Pt thin film with 

perpendicular magnetic anisotropy is deposited by dc magnetron sputtering on Si 

substrate with a 100-nm-thick SiO2 layer. This sample exhibits a purely current-

driven domain wall motion, suitable for this study of the field- and/or current-driven 

domain wall depinning. A nucleation pad (P) and three 500-nm-wide nanowires (N) 

are patterned on the film by use of electron-beam lithography and ion-milling as 

shown in Fig. 4.3. Two 100-nm-thick Ti/Au electrodes are then stacked onto both 

the ends of the structure to inject the current pulses. To generate sub-nanosecond 

current pulses, the photoconductive switches (PS) are fabricated on GaAs substrate 

and then, electrically connected to the nanowire structure through the Ti/Au 

electrodes. In the experiment, 100-fs laser pulses are focused onto the 

photoconductive switches and consequently, generate the 600-ps-long current pulses  
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Figure 4.3 Schematic diagram of the experimental setup. The sample consists of the 

nucleation pad (P) and three nanowires (N). The current pulse is generated by a fs laser 

pulse focused at the photoconductive switch (PS) and then is injected into the nanowire. The 

current pulse’s profile is detected by using a sampling oscilloscope (Scope). The directions 

of the current and the magnetic field are denoted by J and H. 

 

with 94-MHz repetition rate. The current pulse profile through the sample is 

monitored by a sampling oscilloscope (Scope) serially connected to the nanowire. 

The peak current density �� is then determined from the current pulse profile. 

To create a domain wall inside the sample, the current pulses are injected 

in the direction from the nanowire to the nucleation pad, which exert the forces on 

domain walls in the direction from the nanowire to the pad. The external magnetic 

field is then applied perpendicularly to the film. As the strength of the magnetic 

field bias ��  increases above the coercive field ��, the reversed domain is created 

at the nucleation pad and thus, an abrupt jump of the polar-MOKE (p-MOKE) 

signal is observed at the position A as seen in Fig. 4.4(b). On the other hand, at the 

position B, an abrupt jump appears at a field �′� larger than �� due to the force 

from the current pulses. Therefore, by applying ��  in the range between an �� 

and �′�, a domain wall can be trapped at the wedged region between A and B. 
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Figure 4.5 (a) Sample geometry and the positions A and B of the probing laser spot. (b) p-

MOKE signal Vp measured at the position A (up) and B (down). The magnetic field bias is 

swept from -40 mT to 40 mT. (c) Vp measured at the position A when JP =1.11011 A/m2. 

Inset: the DW configuration inside the probing laser spot. PA and PB are the pinning sites, 

and the signal levels at each pinning site are indicated by arrows. (d) Telegraph noise 

measured at the position A when JP = 5.41010 A/m2 and HB = -0.24 mT. 

 

By scanning around the wedged region of the sample, the position A is 

chosen as a place that has at least two pinning sites inside the probing laser spot. 

The existence of the pinning sites can be examined by measuring the p-MOKE 

signal in time under a constant ��  (or a constant ��) as shown by Fig. 4.4(c). The 
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two plateaus in the figure clearly indicate that there exist two pinning sites �� and 

�� . Finally, by applying both the magnetic field and the current pulses, the telegraph 

noise fluctuating between signal levels indicated in Fig. 4.4(c) is turned on as 

shown by Fig. 4.4(d). Such telegraph noise is attributed to the domain wall 

depinnings between the two pinning sites: During the off-duty cycle of the current 

pulses, �� becomes unstable due to the excessive magnetic field bias. Thus, the 

domain wall is depinned from �� and then pinned at the other pinning site �� . On 

the other hand, during the duty cycle of the current pulses, ��  becomes unstable 

due to the excessive current and therefore, the domain wall position is shifted from 

��  to ��. As the above processes are repeated stochastically in time, a telegraph 

noise is generated. Such telegraph noise contains the information of the energy 

barrier, since the domain wall depinning process is governed by the thermally 

activated processes over the energy barrier. In the present experiment, the domain 

wall depinning time �� is measured as the time interval for which the domain wall 

is pinned at �� . To get enough statistics, �� measurement is repeated more than 

600 times for each set of ��  and ��. 

 

4.2.3 Results and discussion 

 

Figure 4.5(a) shows the cumulative probability F(��) for several ��  as 

denoted in the figure, where �� is fixed to 5.6 × 10��	�/��. It is clear from the 
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Figure 4.5 (a) The cumulative probability function F(t
d
) for J

P
=5.41010 A/m, with several 

H
B
. The solid lines are the best fit with Eq. (4.6). (b) E

B
 with respect to H

B
 for various J

P
. 

The solid lines are best fit with Eq. (4.7) and the error bars are the standard deviation of 

BE  values obtained by each 100-measurements of td. 

 

figure that each probability function shows an exponential behavior, which can be 

fitted by 

1 − �(��)= exp�−
��
�
� 

(4.6) 
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where � is the half-decay time. Such clear exponential behaviors indicate that the 

domain wall depinning is solely associated with a single energy barrier. According 

to the Arrhenius law, �  is related to the energy barrier ��  as 

�= ��exp�
��

����
� � where �� is the inverse of the attempted frequency, ��  is 

the Boltzmann constant, and �� is the ambient temperature. Here, �� is known to 

be about 1 ns [64]. Therefore, ��  can be directly determined as 

�� = ����ln�
�

��� � by measuring �. By repeating this analysis for each ��  and 

��, the energy barrier ��  can be determined as a function of ��  and ��. 

According to Refs. 69 and 72, ��  is given by �� = �� − �(�� −

������)+ �(�� − ������)
� − ���

�  as the energy difference between a local 

minimum and a nearby saddle point, where a, b, and c are the proportionality 

constants, ���� is the spin transfer torque efficiency, and �� is the pinning energy 

barrier for � = � = 0. The second and third terms in the equation are attributed to 

the Zeeman energy combined with the nonadiabatic spin transfer torque. The last 

term is caused by the adiabatic spin transfer torque. Since the third and fourth terms 

are known to be at least one order smaller than the second term [69] within the 

experimental range of ��  and �� , the equation can be simplified as a linear 

equation as given by �� = �� − �(�� − ������). This equation is compatible to 

the thermally activated domain wall motion [64-66], which also gives the linear 

dependence of ��  on �� . 

Quite recently, it has been found that the spin orbit torques from the spin-

Hall effect or the Rashba effect produce linear contributions of �� on the effective 
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magnetic field ��
∗. It is thus given by ��

∗ = �� − ������, where ���� is the 

spin orbit torque efficiency. It has been reported that the magnitude of ���� can be 

larger than ���� for asymmetric sample structures [54, 57].  Replacing ��  by   

in the equation of the energy barrier above, the energy barrier is finally given by 

�� = �� − �(�� − ���), where the total spin torque efficiency �  is given by 

� = ���� + ����. The present measurement technique is able to measure �. 

The geometric effect from the wedge shape of the sample generates an 

additional effective magnetic field �� from the domain wall tension. By including 

�� in the equation, the final equation is written as 

�� = �� − �(�� + �� − ���)   (4.7) 

where �� is estimated to be about -0.8 mT based on the values; 4.5 mJ/m2 for the 

domain wall energy density per unit area and 1.6 T for the saturation magnetization 

[73]. 

Figure 4.5(b) shows ��  with respect to ��  for several ��. It is clear 

from the figure that all the experimental data show the linear dependence of ��  on 

�� . From the linear dependence, the intercept �� to the ordinate and the slope a 

can be easily determined. The experimentally determined values of (a) �� and (b) 

a are plotted in Fig. 4.6. The figure clearly shows that both �� and a follow Eq. 

(4.7): �� (=�� + ����) shows a linear dependence on ��, whereas a is kept a 

constant. The best value of a is determined to be 2.1 × 10���	J/T. The linear 

dependence of ��  on ��  again quantifies that �� = 1.0 × 10���	J and ε =

−4.6 × 10���	Tm�/A, respectively. The negative value of ε indicates that the 
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Figure 4.6 Experimentally determined values of (a) E
0
 and (b) a with respect to J

P
. 

 

domain wall moves in the direction of the current. Note that these values of a and ε 

are comparable to the reported values in Co/Pt thin films [53, 69], but �� is much 

smaller than the value in MgO/Co/Pt case [69]. 

In conclusion, an experimental technique to quantify the energy barrier 

from the telegraph noise is developed. In this technique, the telegraph noise is 

generated via the successive domain wall depinnings between two pinning sites. 

Such domain wall depinning is activated by applying both the magnetic field and 

the current pulses, of which the forces on domain wall are opposite with each other. 

The cumulative probability exhibits an exponential dependence on the domain wall 
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depinning time, which confirms that the domain wall depinning is governed by the 

thermally activated process over a single energy barrier. From the linear dependence 

of the energy barrier on the magnetic field strength and the current density, the 

domain wall pinning energy barrier and the ST efficiency are quantitatively 

determined. 

 

4.3 Quantification of spin-orbit torque 

 

We demonstrate an optical measurement technique to quantify the spin-

orbit torques. The magnetization dynamics induced by the spin-orbit torques with a 

sinusoidal current injection is measured by use of polar magneto-optical Kerr effect. 

The measured signal is then analyzed based on the Landau-Lifhshitz-Gilbert 

equation with consideration of the spin-orbit torques. The present measurement 

technique is applied to Pd/Co/Pt films and then, the longitudinal and transverse 

components of the spin-orbit torques are successfully quantified. The present optical 

technique provides an alternative way to quantify the spin-orbit torques. 

 

4.3.1 Introduction 

 

 As introduced in section 4.1.2, spin-orbit torque has been studied 

extensively recently. To investigate spin-orbit torques, an electrical method, which 

measures the anomalous Hall voltage under a sinusoidal current injection into the 
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samples, is suggested [74] and has been used widely. As using this electrical 

measurement technique, one must take care about several artifact signals which are 

known as mixed in the Hall voltage signal such as the planar Hall effect and 

anomalous Nernst effect [59]. Another measurement technique based on the 

measurement in precession regime is also introduced [75] and this method 

quantifies the damping like toque described in equation (3). In this study, we adopt 

an optical measurement technique to investigate the magnetization dynamics 

induced by spin-orbit torques. We developed scanning MOKE microscope system to 

measure and quantify the spin-orbit torques and applied the system to Pd/Co/Pt 

structured sample series. 

 

4.3.2 Background theory 

 

When the electrical current is flowing along the x-axis, the effective field 

���⃗ ���  induced by spin-orbit torques is given by ���⃗ ��� = ��(�� × ��)+ ����  as 

shown in equation (3). The effective magnetic field ���⃗ ���  can be written as 

���⃗ ��� = ���⃗ ��� + ���⃗ ��� where ���⃗ ��� is the effective magnetic field by the anisotropy 

field and ���⃗ ��� is the external magnetic field in the experiments. Each term can be 

expressed as ���⃗ ��� = �����  ̂ and ���⃗ ��� = ���� + ���� + ���  ̂ in the coordinate 

system shown in Fig. 4.2. The frequency of the applied current is below 1 kHz, we 

can assume that the magnetization at each measurement point (>1 ms) is in the 
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equilibrium point, thus 
���

��
= 0 in the equation (4.3). Then, equation (4.3) can be 

written in a Cartesian coordinate as : 

0 = − � �

�− ��� + ����� + (�� + ����)�� − ��������� +

����� − (�� + ����)�� + ���1 − ��
��������� +

�−���� + ��� + ����� − ��������̂

� 

(4.8) 

or in a spherical coordinate as : 

0 = − � �
���sin� − ��� + ���cos� + ��cos�sin����

+ �(��cos� + ��)cos� + ��� + ���cos�sin� − (�� + ��cos�)sin����
� 

(4.9) 

Since two angle coordinates �� and �� are orthogonal, each component has to be 0 

at the equilibrium. From the condition in �� direction, � can be written as : 

tan� =
��� + ���

�� + ��cos�
 

(4.10) 

As substituting equation (4.10) into the equilibrium condition in �� direction of 

equation (4.9), we obtain the relation expressed in the polar coordinate  : 

sin�(�� + ��cos�)=
(�� + ��cos�)(��cos� + ��)

�(�� + ��cos�)
� + ��� + ���

�
+

��� + ������ + ���cos�

�(�� + ��cos�)
� + ��� + ���

�
 

(4.11) 

In a small � approximation, ��=cos� can be expressed as : 

cos� = 1 −
(�� + ��)

� + ��� + ���
�

2(�� + ��)
�

 

 (4.12) 



 

 71 

When the sinusoidal current is injected into the sample, i.e. � = �� sin��, the 

effective fields induced by spin-orbit torques are also sinusoidal as ��(�) =

����(�)sin�� where ��(�) is the longitudinal (transverse) efficiency of spin-orbit 

torque. Then, equation (4.12) can be expressed as a combination of DC, �, and 2� 

terms : 

cos� = �� + �� sin�� + ��� sin� ��  (4.13) 

where the coefficients are given by : 

⎩
⎪⎪
⎨

⎪⎪
⎧ �� = 1 −

��
� + ��

�

2(�� + ��)
�

�� = − ��
���� + ����

(�� + ��)
�

��� = − ��
� ��

� + ��
�

2(�� + ��)
�

 

    (4.14) 

 

4.3.3 Experimental setup 

 

We deposited a thin film of structure 1.8-nm Pd/0.33-nm Co/2.5-nm Pt 

which exhibits a perpendicular magnetic anisotropy on a thermally oxidized layer of 

Si substrate by DC magnetron sputtering. For an injection of the electric current, 5 

μm-width microstrip and connected electrodes consist of 5-nm Ti/100-nm Au are 

patterned by photo-lithography. The sample geometry and hysteresis loop of the 

sample is shown in Fig. 4.7. The anisotropy field of the sample is determined as 

(930± 20) mT by the Hall torque measurement as described in section 3.1.3. 
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Figure 4.7 1.8-nm Pd/0.33-nm Co/2.5-Pt sample is used in this experiment. (a) The picture 

of structure. The width of ferromagnetic strip is 5~10 μm and the length of the strip is 100 

μm. (b) Hysteresis loop of the sample. Sample exhibits perpendicular magnetic anisotropy 

and the coercive field is about 50 Oe. 

 

When we apply the in-plane magnetic field and inject a 500-Hz sinusoidal 

current into the sample, we can obtain the magnetization dynamics as depicted in 

Fig. 4.8. The measured signal consists of DC offset, �, and 2� terms. We 

excluded sin� �� terms since the sin� �� term also contains Joule heating effect. 

To find out the magnitude of Joule heating effect, we measured a resistance of the 
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sample while changing the temperature of the sample and also measured the 

hysteresis loop under various temperatures by using cryostat. Figure 4.9(a) shows 

the relation between the current density and the resistance. Resistance at the room 

temperature is �� = 797	Ω and increases as the current density becomes larger. 

The red solid line is the best quadratic fitting of the measurement data. By the 

fitting, the resistance � with respect to the current density is determined to be 

� = �� + 2.1 × 10�����	Ω. The linear increase of the resistance with respect to 

sample temperature is measured as in Fig. 4.9(b). The red solid line is the best 

linear fitting of the data and it is determined that � = �� + 0.154× (� − 298)	Ω. 

These two relations give us the information of the temperature rising when the 

current is injected into the sample. � = 298 + 1.36× 10�����	K and the 

temperature change due to the current density of 4× 10��A/m� which is applied 

in the experiments is about 2 K. The magnetic properties of the sample is expected 

to be constant in this temperature change but the signal change due to spin-orbit 

Figure 4.8 Typical magnetization signal with 

injected sinusoidal current. Applied magnetic 

field is 80 mT. 
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Figure 4.9 (a) Resistance with respect to current density. Red solid line is the best quadratic 

fit. (b) Resistance with respect to sample temperature. Red solid line is the best linear fit. (c) 

Hysteresis loop measured at various temperatures from 297~316 K. (d) The normalized 

amplitude of hysteresis loop with respect to temperature. Red solid line is the best linear fit. 

 

torque is very small, thus we also performed the hysteresis loop measurement 

changing the temperature. The hysteresis loop measurement data is shown in Fig. 

4.9(c) and (d). The amplitude as well as coercive field reduces as the temperature 

rises. By normalizing the amplitude, we also obtained the linear relation between 

MOKE signal amplitude and the temperature. The amplitude of MOKE signal 

�MOKE is turned out to be Δ�MOKE = 0.009 × Δ� by the linear fitting of the data. 

Therefore, when we injected the current density 4 × 10��A/m� into the sample, 

MOKE signal is reduced by 1.8 %. Since the amplitude of the 2� signal in Fig. 
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4.8 is about 1 % which can be explained as reduction of MOKE signal due to the 

temperature rising of the sample. To eliminate this 2�  component from the 

measurement data, we measured the MOKE signal for ±�� sin�� as shown in Fig. 

4.10(a) and subtracted the corresponding data. The result is a clear sinusoidal 

function without any offset as shown in Fig. 4.10(b). 

 

 

4.3.4 Results and discussion 

 

Figure 4.11(a) shows the measured data with respect to the in-plane 

magnetic field ��. Another in-plane magnetic field component �� is fixed to be 0. 

From the sinusoidal fitting of the data, we obtained the linear relation between the 

Figure 4.10 (a) Typical magnetization

signal with ± sinusoidal current. For 

clear comparison, data are shown in the 

same graph with offset. 

(b) Subtracted data shown in (a). 
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Figure 4.11 (a) Measured ∆�� with various �� and constant ��. (b) The amplitude of a 

sinusoidal data in (a) with respect to ��. The red line is the best linear fit. (c) Measured 

∆�� with various �� and constant ��. (d) The amplitude of a sinusoidal data in (c) with 

respect to ��. The red line is the best linear fit. 

 

amplitude �� of � component and �� as in Fig. 4.11(b). The slope of the best 

fitted function is compared to the equation (14) and the longitudinal spin-orbit 

torque efficiency �� is determined to be 131 × 10���	mT/Am-2. By the same 

method, � component is measured with respect to �� as in Fig. 4.11(c) and the 



 

 77 

transverse efficiency �� is determined to be 55× 10���	mT/Am-2 as shown in 

Fig. 4.11(d). 

These values of spin-orbit torque efficiency are relatively large compared 

to previously reported values. Since the spin-orbit torque comes from the effect at 

the surface between ferromagnetic layer and adjacent layers, the magnitude of the 

spin-orbit torque is known to have a linear relation with an inverse of the thickness 

of magnetic layer [76, 77]. The thickness of Co in this study is 0.33 nm, which is 

very thin compared to the typical thickness in other researches, thus it can be 

considered that the large spin-orbit torque efficiency in our sample is reliable. 

To verify the large spin-orbit torque efficiency, we performed the 

magnetization switching experiment by current pulses. When the magnetization has 

a component which is parallel to the current direction, the magnetization switching 

occurs because the effective field due to longitudinal spin-orbit torque has a 

perpendicular component. To realize the switching, we applied in-plane magnetic 

field �� = 500	mT and injected successive current pulses into the sample. Figure 

4.12 shows the result of the switching experiment and the switching is very 

reproducible and stable. The minimum current density to induce the magnetization 

switching is 1.4 × 10��	Am-2 which is much smaller than the reported values and 

it is another evidence for the large spin-orbit torque efficiency. 
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Figure 4.12 Measured polar Magneto-optical Kerr effect signal when successive current 

pulses with alternating polarity are injected. Applied magnetic field is 500 mT and the 

current density of the pulses is 1.41010 A/m2. 

 

 

4.3.5 Elimination of planar effect 

 

As introduced in section 4.3.1, the harmonic Hall voltage measurement 

technique includes the planar Hall voltage, which is proportional to ����. The 

resistivity tensor to explain this planar Hall effect is expressed in terms of the angle 

between the magnetization (or magnetic field) magnetic field and electric field 

applied to the sample, for example ��� = �� + �� cos� � + �� cos� � ,��� =

�� sin� cos�  where �  is the angle between the magnetization and applied 

current direction [78]. The planar Hall effect is originated from the off-diagonal 

term ��� of the resistivity tensor as the anisotropic magnetoresistance is originated 
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from the diagonal component ���. In addition to the planar Hall effect, anomalous 

Nernst effect also generates the voltage along the y-axis when the temperature 

gradient in z-axis and the x-component of the magnetization exist. These additional 

effects make it difficult to separate the anomalous Hall effect, which is the only 

desired signal. However, it is not impossible to quantify spin-orbit torques in the 

existence of additional signals. In Ref. [59], authors demonstrated the method to 

quantify spin-orbit torques and showed that the efficiencies by spin-orbit torques 

increased by 2 times when the planar Hall effect is taken into account. And 

anomalous Nernst effect is found not to be negligible. To be free from these artifact 

signals, we developed an optical measurement technique based on typical scanning 

MOKE microscope system. 

In optical measurements, it is also known that the similar effects as in the 

electrical measurements exist, which is called as optical quadratic effects [79]. 

These effects originate from off-diagonal terms of conductivity (���) or permittivity 

(���), and the conductivity and permittivity are closely related. Starting from the 

Maxwell’s equation, ��⃗ × ���⃗ = �⃗ +
����⃗

��
, we obtain the following equation in the 

absence of the charge current and in the plane-wave approximation as: 

��⃗ × ���⃗ = − ���⃡��⃗     (4.15) 

where �⃡  is the permittivity tensor. Considering the generated current by an 

oscillation of dipoles, Maxwell equation can also be written as: 

��⃗ × ���⃗ = − ���⃡���⃗ + �⃗� �= ���⃗
��

� � = − ���⃡���⃗ + �⃡��⃗   (4.16) 
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where �⃡ is the conductivity tensor. By comparing right hand sides of equation 

(4.15) and (4.16), we obtain the basic relation between the conductivity and 

permittivity as: 

�⃡ = �⃡� + �
�� �⃡    (4.17) 

Therefore, the diagonal and off-diagonal components of conductivity and 

permittivity have the same symmetry terms. In Ref. [79], the diagonal and off-

diagonal terms of permittivity must satisfy the Onsager relation �������⃗ � = ����−���⃗ �. 

And furthermore ��� and ���  can be derived as below through the symmetry 

arguments in (111) cubic crystals: 

��� = ��� − 2���(1 − cos� � sin� �) 

+
1

12
∆�{cos2� (1 − cos2�)+ 2[cos(3� + �)− sin(3� + �)] sin2� − 8} 

+
√�

��
∆�{sin2� (cos2� − 1)+ 2[cos(3� + �)+ sin(3� + �)] sin2�}   (4.18) 

��� = ��� sin2� sin� � 

−
1

12
∆�{2[cos(3� + �)+ sin(3� + �)] sin2� + sin2� (cos2� − 1)} 

+
√�

��
∆�{2[cos(3� + �)− sin(3� + �)] sin2� + cos2� (1 − cos2�)} (4.19) 

where the coefficients ���, ∆�, and ∆� are defined in the reference and � is an 

arbitrary angle in the sample plane. Similarly in a case of the electrical resistivity 

case, cos� �  term appears in ���  and sin2�  term appears in ���  when 

� = �
2� . As a result, the optical measurement which measures the rotation of the 

polarization of the probe beam, which originates from the off-diagonal component 
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��� of the permittivity tensor, may also affected by the planar effect as in the 

electrical measurements. 

To avoid this planar effect, we suggested a novel optical measurement 

setup using a circularly polarized light. Since the angle �  between the 

magnetization and electric field, the polarization of the light in this case, is rotating 

in an optical frequency, the quadratic components in terms of � in equations (4.18) 

and (4.19) are averaged out. The MOKE signal in this case is also calculated in 

Appendix A. By this method, we can measure only �� component, and thus can 

apply the analysis method as described in section 4.3.2. From the same motivation, 

the optical measurement technique is independently suggested by other research 

group [80], very recently. 

For the comparison between the electrical and optical measurement 

techniques to quantify spin-orbit torques, we firstly measured the planar Hall effect 

by rotating the in-plane magnetic field of 1.5 T around the sample. The anisotropy 

field of the sample is determined by ��~1.0	T, therefore the magnetization is along 

the direction of the in-plane magnetic field. In Fig. 4.13, the planar Hall voltage of 

1.8-nm Pd/0.3-nm Co/2.5-nm Pt sample is shown and a clear dependence on � is 

illustrated. The harmonic Hall voltage measurement is also performed and the result 

is shown in Fig. 4.14. The magnetic field is applied in the direction tilted 4° from 

the current direction which lies in a sample-plane and the sinusoidal current of 5- 
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Figure 4.13 Planar Hall resistance of Pd/Co/Pt sample. Measurement geometry is shown in 

inset. The external magnetic field is rotated in sample plane and the strength of the field is 

1.5 T. 

 

Figure 4.14 The harmonic voltages under sinusoidal current of 5 mA amplitude. Black solid 

line is ω component and blue open line is ω component of Hall voltage.  

(a) Data for longitudinal geometry. (b) Data for transverse geometry. 
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mA amplitude is injected into the sample. The ratio � =
����

����
�  between the 

magnitude of the planar Hall voltage and anomalous Hall voltage is found to be 0.4. 

Considering the planar Hall effect as in Ref. [59], the longitudinal and transverse 

efficiency of spin-orbit torques are determined as �� = 75× 10���	mT/Am-2 and 

�� = 45× 10���	mT/Am-2. 

Next, we modified scanning MOKE microscope system to perform an 

optical measurement using a circularly polarized light. The schematic and photo of 

the measurement setup is shown in Fig. 4.15. By placing a quarter-wave plate in 

front of an objective lens, we generated a circularly polarized light. The retardation 

of the quarter-wave plate is determined to be (0.25± 0.006)� by placing a 

polarizer after the quarter-wave plate and measuring the maximum and minimum 

 

Figure 4.15 Schematic diagram of experimental setup using circularly polarized light. 

Quarter-wave plate is placed in front of an objective lens. Pol.(2) is used to adjust the 

intensity of the reference laser injected to the balanced detector. 
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Figure 4.16 (a) Shape of the injected current. +sin and –sin function alternate successively. 

(b) Data with respect to in-plane magnetic field obtained by subtracting data under +sin and 

–sin current. (c) The amplitude of sinusoidal function with respect to magnetic field along x-

axis. Red solid line is the best linear fit. (d) The amplitude of sinusoidal function with 

respect to magnetic field along y-axis. Red solid line is the best linear fit. 

 

power of the light. Since Kerr signal is reduced in the case of circularly polarized 

light, the probing laser power is increased to 3 mW. To reduce the drift effect in the 

detected signal, we applied the modified current pulses as shown in Fig. 4.16(a). By 

subtracting the successive points in the measured signal, we can obtain the 

sinusoidal data as in Fig. 4.16(b). Then, we can apply the analysis method described 

in the previous section and Fig. 4.16(c), (d) shows the amplitude of � component 
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with respect to the in-plane magnetic field. Finally, we determined the spin-orbit 

torque efficiencies as �� = 73× 10���	 and �� = 42× 10���	mT/Am-2. These 

values agree with the efficiencies obtained by the electrical method, where the 

planar effect is taken into account. Therefore, we can conclude that the optical 

measurement method using a circularly polarized light is free from the planar effect 

described above and successfully quantify the spin-orbit torque efficiency simply. 

 

4.4 Angular dependence of spin-orbit torque 

 

We studied the angular dependence of spin-orbit torque in various sample 

structures with artifact free spin-orbit torque measurement method described in 

previous section. The angular components are determined by polynomial fitting of 

the amplitude of � component. In certain samples, higher order term of spin-orbit 

torque efficiency is larger than 0th order term, which is extraordinary. The results are 

confirmed by numerical calculation of modified LLG equation. 

 

4.4.1 Introduction 

 

The origin of spin-orbit torque has been attracted attentions as spin-orbit 

torque has become an interesting research topic in current induced magnetization 

dynamics. Spin Hall effect is known to occur in adjacent heavy metal layers, which 

is a bulk effect, and Rashba effect occurs at the interface between magnetic layer 
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and adjacent layer. Many researches devoted efforts to distinguish these bulk and 

interface effects and it is believed that longitudinal effective field is mainly due to 

spin Hall effect whereas transverse field is mainly affected by Rashba effect, but 

still there exist controversy [54-57, 59, 76, 77, 81]. Recent experiments on spin-

orbit torque induced magnetization dynamics report complex spin-orbit torque 

behavior with respect to the angle of magnetization [59, 81]. To explain the angular 

dependence of spin-orbit torque, several models are suggested based on Rashba 

spin-orbit coupling and expect that angular dependence of spin-orbit torque 

becomes sizable when Rashba spin-orbit coupling constant is comparable to or 

larger than the exchange coupling constant [82, 83]. Therefore, by investigating the 

angular dependence, better understanding between theoretical model and 

experimental result of spin-orbit torque induced dynamics can be achieved. In this 

study, we provide additional experimental results of angular dependence of spin-

orbit torques in various samples with difference magnetic layer thicknesses. 

 

4.4.2 Experimental setup 

 

The schematic of the measurement setup is introduced in the previous 

section as shown in Fig. 4.15. We use the circularly polarized light to probe 

dynamics of the magnetization. The planar effect is removed from the detector 

signal as demonstrated in previous section. To observe dynamics induced by spin-

orbit torques in a high polar angle �, we applied the magnetic field up to 5200 Oe. 
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Regarding the anisotropy field of the sample �� as 10 kOe, we estimate the 

maximum tilting angle of magnetization to be about 30°. For this study, 1.8-nm 

Pd/x-nm Co/2.5-nm Pt thin films (x=0.30~0.42) are prepared by DC magnetron 

sputtering on a Si substrate with 100-nm oxidized layer. As shown in Fig. 4.17, all 

the samples exhibit clear perpendicular magnetic anisotropy. The anisotropy field of 

the samples are determined by an optical method described in elsewhere [84]. To 

avoid an ambiguity, we applied the perpendicular magnetic field so that the samples 

are not in the bi-stable state, i.e. where the applied field �� is larger than coercive 

field �� (|��| > ��). 

 

 

Figure 4.17 Hysteresis loop of Pd/Co/Pt samples. Thickness of magnetic layer is varied 

from 0.30 nm to 0.42 nm. 
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4.4.3 Results and discussion 

 

The typical sinusoidal component of the measured data is shown in Fig. 

4.18(a). Not as in the previous section, the amplitude of the sine function is not 

linear with respect to the in-plane magnetic field ��  since the small angle 

approximation does not hold for large ��. Therefore, we use the general form of 

spin-orbit torque (equation (4.4) and (4.5)) instead of equation (4.12). As in Ref. 

[59], we used the coefficients ��
�,�

, ��
�,�

 up to the second order (� = 2) and set 

��
�

= ��
∥ , ��

� = ��
∥ , ��

� = ��
∥ , ��

� = ��
� , −��

�
= ��

� , and −��
�

= ��
� . Then, 

spin-orbit torques are written as: 

��⃗ ∥ = cos� ��
∥�� + cos� sin� ���

∥ + ��
∥sin� � + ��

∥sin� ���� 

��⃗ � = − cos� sin� (��
� + ��

� sin� � + ��
� sin� �)�� + cos� ��

���   (4.20) 

By numerical fitting of LLG equation including spin-orbit torque terms, values of 

�∥ = ��
∥ + ��

∥sin� � + ��
∥sin� �  and �� = ��

� + ��
� sin� � + ��

� sin� �  can be 

obtained. Fig. 4.18(b) shows the longitudinal and transverse component �∥ and 

�� with respect to x= sin� �. Then, higher order terms of spin-orbit torque are 

determined by parabola fitting of �∥ and ��. Table 4.1 shows higher order terms 

of spin-orbit torque in various samples obtained by this method. Lowest order terms 

of spin-orbit torque show decreasing behavior as thickness of Co increases. This 

dependence is reported in several Refs. [77], and is due to the interface nature of 

spin-orbit torque. In samples of 0.33~0.42 nm thickness, higher order terms of spin-

orbit  torque ��
∥ and ��

�  is smaller than 0t h order terms, which we  
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Figure 4.18 (a) Amplitude of sinusoidal motion of magnetization in 1.8-nm Pd/0.30-nm 

Co/2.5-nm Pt sample. (b) Spin-orbit torque efficiencies with respect to square of sin of 

magnetization angle. Solid points are experimental data and lines are best polynomial fitting 

of the data. Thicknesses of samples are shown in a legend. 

 

can expect from angular dependence of spin-orbit torque depicted in Fig. 4.18(b). 

Interestingly, in 0.3-nm thickness samples, spin-orbit torque efficiency changes 

drastically as magnetization angle increases in both longitudinal and transverse 

geometry. This tendency is also shown in Table 4.1 where high order spin-orbit 

torque terms are larger than lowest spin-orbit torque terms. The reason for such a 

behavior might be explained by Rashba spin-orbit coupling model. According to 

Refs. [82, 83], complex angular dependence of spin-orbit torque can be appeared in 

simple Rashba spin-orbit coupling model, both analytically and numerically, and 

spin-orbit torque efficiencies show specific dependence on magnetization angle 

under a strong spin-orbit coupling which is comparable to exchange coupling. 
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Table 4.1 Higher order terms of spin-orbit torque efficiency in various thickness Co samples. 

tCo (nm) 
��

∥ 

(Oe/1012 Am-2) 
��

∥ ��
� ��

� 

0.30 1570 13300 860 2200 

0.33 1270 340 640 250 

0.36 1080 160 390 200 

0.42 910 150 220 120 

 

Therefore, large Rashba spin-orbit coupling constant or small exchange coupling 

constant in thin ferromagnetic material can be responsible for the angular 

dependence of spin-orbit torque. However, there still remains unrevealed result that 

the magnitude and angular dependence of spin-orbit torque efficiency in 

longitudinal geometry is much larger than the change in transverse geometry. One 

possible explanation is that non-adiabaticity, which is known to determine the ratio 

of spin-orbit torque between longitudinal and transverse field [85], is larger than 1 

but the evidence for such a large non-adiabaticity is not sufficient yet. For a 

complete understanding of our experimental data showing strong angular 

dependence, further researches on a new model of spin-orbit torque induced 

magnetization dynamics would be required. 
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Chapter 5 

 

Conclusion 

 

We investigated magnetization dynamics in various time regimes from 

picosecond to few seconds scale in this thesis. To observe magnetization dynamics, 

we demonstrated two microscope systems using magneto-optical Kerr effect. One 

adopted pump-probe measurement technique with femtosecond laser to obtain a 

temporal resolution and another used quarter-wave plate to exclude planar effect. 

In ultrafast time regime, we developed an optical method to study 

spinwave dynamics. We simultaneously excited two modes of spinwaves by 

ultrafast demagnetization and propagation modes of spinwaves are successfully 

explained by magnetostatic forward surface mode and backward volume mode. 

Dispersion relation agreed well with experimental results and micromagnetic 

simulation also reproduced anisotropic propagation behaviors. 

In quasi-static time regime, we studied current induced magnetization 

dynamics. We suggested novel methods to quantify spin torque efficiency by 

analyzing telegraph noise of domain wall depinning dynamics and by sinusoidal 

response of magnetization induced by spin-orbit torque. Characteristics of domain 

wall depinning are well quantified through probability of the depinning which is 

induced by spin-transfer torque and spin-orbit torque. To separate spin-orbit torque 
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effect, we move our focus to single magnetization dynamics. We demonstrated an 

artifact free method to quantify spin-orbit torque efficiency and studied an angular 

dependence of spin-orbit torque. We found comparable angle dependence in very 

thin ferromagnetic film and figured out that interface effect plays an important role 

in spin-orbit torque. 
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Appendix 

 

A. MOKE signal calculation 

 

MOKE signal in our microscope system can be calculated by simple 

multiplications of matrices [86]. Schematic of MOKE microscope system which 

uses the linear polarized light is illustrated in Fig. A.1(a). The polarizer angle is 

defined as � and the analyzer angle is defined as �. The axis of PEM is set to be 

x-axis for convenience in calculations. In this situation, the electric field after the 

polarizer is: 

��⃗ � = �� �
cos�
sin��    (A.1) 

Since PEM changes the phase of the electric field component along its axis, the 

electric field becomes: 

��⃗� = �� ��
�� 0
0 1

� �
cos�
sin�� = �� �

��� cos�
sin�

�  (A.2) 

where � = �� sin�� is the retardation of PEM oscillating at � frequency. When 

the light in injected onto the sample, we change the coordinate of electric field to 

circular polarization coordinate, i.e. � =̂ (�� + ���) √2⁄  and �� = (�� − ���) √2⁄ : 

��⃗�′= ��

⎝

⎜
⎛

��� cos� + � sin�

√2

��� cos� − � sin�

√2 ⎠

⎟
⎞

 

(A.3) 
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Figure A.1 Schematic diagram of MOKE microscope system when we use (a) linearly 

polarized light and (b) circularly polarized light. � is the polarizer angle and axis of PEM 

is along x-axis. � is the analyzer angle. Electric field at each region is indicated by 

Cartesian coordinate (x, y) or by circular polarization coordinate (r, l). 

 

Then, after the interaction with the sample, the electric field of the reflected light is: 

��⃗ �′= ��

⎝

⎜
⎛
��̂

��� cos� + � sin�

√2

��̂
��� cos� − � sin�

√2 ⎠

⎟
⎞

 

  (A.4) 

where ��̂,��̂ are Fresnel coefficients of MOKE given as �±̂ = �±�
��±. Changing 

the coordinate back to Cartesian coordinate: 
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��⃗ � = ��

⎝

⎜
⎛

��� cos� (��̂ + ��̂)+ � sin� (��̂ − ��̂)

2
− sin� (��̂ + ��̂)+ ���� cos� (��̂ − ��̂)

2 ⎠

⎟
⎞

 

(A.5) 

The amplitude of electric field which passes the analyzer is finally given as: 

�� =
��

2
���̂��

�� cos� + � sin����� + ��̂��
�� cos� − � sin������� 

(A.6) 

The intensity I of the light at the detector is therefore given by |��|
�: 

� =
|��|

�

4
{2� + Δ� sin2� sin�

+ 2����(cos2� cos(2� + ∆�)− sin2� sin(2� + ∆�)cos�)} 

(A.7) 

where � =
(��

� + ��
�)

2
� , Δ� = ��

� − ��
� , and Δ� = �� − �� . By using the 

expansion of sin� and cos� in terms of Bessel functions, we obtain: 

� =
|��|

�

4
�2� + 2�����cos2� cos(2� + ∆�)− sin2� sin(2� + ∆�)��(��)�

+ 2Δ� sin2� ��(��)sin��

− 4���� sin2� sin(2� + ∆�)��(��)cos2��� 

(A.8) 

where �� is an ith order Bessel function. For the maximum MOKE signal in 2� 

component, we set � = � 4⁄  and � = 0,� 2⁄  (balanced detection). And we 

determined �� to the first zero of 0th order Bessel function, so that DC component 
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signal does not contain Kerr rotation, which is used for the normalization. 

 When we use the circularly polarized light as shown in Fig. A.1(b), similar 

calculation gives the result as: 

��⃗ �′= �� �
��̂
0
�    (A.9) 

after the reflection at the sample. Then, the intensity at the detector is: 

� = |��|
���

�    (A.10) 

 

B. Spinwaves mode 

 

We introduce the derivation of spinwaves mode starting from Maxwell’s 

equations and the details can be found in elsewhere [44]. For the plane waves 

�����⃗ ∙�⃗����, Maxwell’s equations bac be written as: 

⎩
⎪
⎨

⎪
⎧���⃗ × ���⃗ = − �����⃗ + �⃗

��⃗ × ��⃗ = ���⃗

���⃗ ∙���⃗ = �

��⃗ ∙��⃗ = 0

 

(A.11) 

For the magnetostatic case, i.e. � = �⃗ = 0, we can rewrite the first two equations as: 

��⃗ × ���⃗ = −��⃡ ∙��⃗       

��⃗ × ��⃗ = ���⃗     (A.12) 

Then, we assume that the magnetic field and electric field are form of ���⃗ = ���⃗ � + ℎ�⃗ , 

���⃗ = ���⃗ � + ���⃗ , ��⃗ = ��⃗ � + �⃗, and ��⃗ = ������⃗ + ���⃗ � = ��⃗ � + ��⃗  where capital letters 
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indicate magnitudes of each vector at static state and small letters indicate 

components of the propagating wave. By applying the cross product with ��⃗  to 

equations (A.12), we obtain: 

− ��⃗ ���⃗ ∙���⃗ � − ��ℎ�⃗ = − ���
��⃡ ∙�ℎ�⃗ + ���⃗ � 

− ���⃗ = − ���
��⃡ ∙�⃗ + �����⃗ × ���⃗    (A.13) 

When the material is electrically isotropic medium, equations (A.13) are given as: 

ℎ�⃗ =
��

����⃗ − ��⃗ ���⃗ ∙���⃗ �

��� − ��
��

 

�⃗ =
�����⃗ × ���⃗

��
� − ��

 

  (A.14) 

where �� = ����
� . Then, ∇ × ℎ�⃗ = − ����⃗ = − �

��
���⃗ ×����⃗

��
���� . For the case of 

���⃗ � ≫ ���⃗ ��, the second equation of (A.14) and ∇ × ℎ�⃗  become zero as 1 �⁄ . This 

case is called magnetostatic approximation which is described by equations: 

∇ × ℎ�⃗ = 0      

∇ ∙��⃗ = 0      

∇ × �⃗ = ����⃗       (A.15) 

By using the Polder susceptibility under magnetic field along z-axis, we can rewrite 

the second equation of (A.15) as ∇ ∙�⃡ℎ�⃗ = 0 and ℎ�⃗  can be written as the gradient 

of potential function � owing to the first equation of (A.15). Then, we obtain the 

equation ∇ ∙�⃡ ∙∇� = 0 where �⃡ = �
1 + � − �� 0
�� 1 + � 0
0 0 1

�. Finally, we obtain the 
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equation which is called Walker’s equation: 

(1 + �)�
���

���
+

���

���
� +

���

���
= 0 

   (A.16) 

The solutions of equation (A.16) are called as magnetostatic modes and three kinds 

of modes which are shown in Fig. A.2 will be introduced. 

 

Figure A.2 Schematic diagrams of spinwaves mode. (a) Magnetization is along z-axis and 

propagation of spinwaves is in direction of sample plane. (b) Magnetization is in the sample 

plane and propagation of spinwaves is perpendicular to the magnetization. (c) Magnetization 

is in the sample plane and propagation of spinwaves is parallel to the magnetization. 

 

 First case is called magnetostatic forward volume mode. As shown in Fig. 

A.2(a), outside the magnetic material has � = 0, thus the solutions are: 

�� = Ae���⃗ �,�∙�⃗���,�� 

���� = Ce���⃗ �,�∙�⃗���,�� 

where ��⃗ = ��⃗ � ± ��z�. Subscription d denotes a wave vector inside dielectrics. Inside 

the ferromagnetic material, trial solution is: 

��� = � cos��� e���⃗ �∙�⃗ 
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Considering the boundary conditions that tangential ℎ�⃗  be continuous and normal ��⃗  

be continuous at the boundaries, the result is � = � and tan �
���

�
�−(1 + �)−

��

�
� =

�

��(���)
. For the lowest order, the equation can be solved explicitly: 

�� = �� ��� + �� �1 −
1 − e���

���
�� 

(A.17) 

where �� = ������� and �� = �����. The phase velocity and group velocity 

can also be derived by the definition �� = �
��  and �� = ��

��� . 

 Second and third geometries of spinwaves are shown in Fig. A.2(b) and (c). 

By the method described above, the dispersion relations of spinwave modes can be 

obtained. The spinwave mode of the second geometry is called magnetostatic 

surface mode due to the exponential function inside the magnetic layer, and 

dispersion relation is given as: 

�� = ��(�� + ��)+
��

�

4
�1 − e����� 

(A.18) 

And the third mode is referred as magnetostatic backward volume mode. The 

dispersion relation is  

�� = �� ��� + �� �
1 − e���

���
�� 

(A.19) 

and the dispersion relation has a negative slope, i.e. the group velocity of the 

spinwave is negative, which is distinct to the above spinwave modes. 
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국문 초록 
 

자화의 동역학은 기본적인 물리학 법칙뿐만 아니라 차세대 

저장소나 논리 소자 그리고 정보통신 소자 등의 다양한 응용에 있어서도 

많은 관심을 받아왔다. 극초고속 탈자화 현상에 의해 발생한 세차 운동은 

직접적인 전하의 흐름 없이도 정보전달이 가능한 스핀파를 생성하며, 

전류에 의한 자화의 조절은 스핀트로닉스라는 새로운 연구 분야를 열어 

전도전자가 발생시키는 토크에 의한 초고속 자화 역전이나 자구벽 

운동에 대해 많은 연구가 이루어지게 되었다. 

이와 같이 다양한 대역에서 발생하는 자화의 동역학을 탐구하기 

위해, 본 연구에서는 피코초 미만의 동역학을 구분해 낼 수 있는 현미경 

시스템을 개발하였다. 또한 비교적 느린 시간 영역에서도 자화의 

동역학을 측정가능한 시스템을 구축하였는데, 이 두가지 측정 시스템은 

광자성 Kerr 효과를 사용하여 높은 잡음 대비 자성 신호 크기를 

얻음으로써 자화의 동역학을 수 도(°) 미만의 해상도로 관측할 수 있었다. 

동역학이 발생하는 시간 대역 측면에서, 펨토초와 나노초 사이의 

극초고속 영역에서는 펌프 레이저에 의해 유도되는 자화의 세차 운동과 

이로부터 발생하는 스핀파의 전파를 관측하였다. 스핀파는 전파 방향과 

자화 방향에 따라 서로 다른 전파 양상을 보였는데, 이는 스핀파의 서로 

다른 전파 모드에 의해 설명 가능하였다. 이러한 실험결과는 시뮬레이션 
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결과로부터도 재현가능함을 보여 다시 한 번 검증할 수 있었다. 

이보다 느린 시간 대역에서는 전류에 의해 발생하는 자화의 

동역학에 대해 탐구하였다. 전류가 흐를 때 자화에 토크가 가해지는 스핀 

토크 현상에 의해 자구벽에 외부 자기장과 펄스 전류가 인가된 상황에서 

전신기 잡음이 생성되며 이는 자구벽의 연속적인 디피닝 현상임을 

알아내었다. 그리고 이러한 자구벽 디피닝의 확률적 거동으로부터 에너지 

장벽의 값과 스핀토크의 효율을 결정할 수 있음을 보일 수 있었다. 

또한 스핀-궤도 토크에 의해 유도되는 자화의 동역학을 측정할 

수 있는 새로운 광학적 측정법을 제시하였다. 원편광 레이저를 사용한 

자성 현미경을 셋업하여 평면 효과로 포함되던 부수 신호를 제거하는 데 

성공하였고, 이 방법을 다양한 시료에 적용하여 스핀-궤도 토크 효율을 

정량화하고 스핀-궤도 토크의 근원에 대한 연구를 수행하였다. 

본 논문에서 연구한 자성 동역학을 통해서, 다양한 방법에 의해 

발생하는 자화의 움직임을 설명하는 근본적인 물리에 대한 이해를 높일 

수 있을 뿐만 아니라 새롭게 제시한 전류-구동 자성 동역학의 정량화 

방법을 사용하여 추후 연구에 많은 도움이 되기를 기대한다. 
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