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Abstract 

This doctoral thesis presents two experimental studies utilizing the pump-probe 

techniques with pulsed laser systems to measure (1) Curie temperature distribution in 

granular FePt-L10 magnetic thin film for heat assisted magnetic recording (HAMR) 

applications and (2) Gilbert damping constants, with the ability to distinguish interfacial 

and bulk contributions in magnetic multilayer structures. 

For the first study, the granular thin film sample consists of a two-dimensional closely 

packed FePt metallic grains with non-magnetic carbon grain boundaries. A laser pulse, of 

1064 nm wavelength and 700 ps pulse duration, is used to heat a localized area uniformly 

in a controlled magnetic field. The magnetization of the grains after the heating is probed 

utilizing Kerr effect. By varying the laser pulse energy, the heating temperature of the 

sample can be varied with accurate precision in controlled manner. By heating/cooling the 

sample across the Curie temperature at different magnetic fields, Curie temperature 

distribution of the grains can be characterized with precision. This method was published 

and widely adopted by the recording industrial. In the thesis, all the detailed experimental 

setups and considerations, as well as experimental measurement procedures are clearly 

described. The idea of utilizing magnetic oxide grain boundary to reduce Curie temperature 

distribution is proposed and proved in experiment. The pump-probe method is extended to 

measure the temperature dependence of anisotropy field around Curie temperature.  

For the second study, a different pulsed laser system was built using an ultrafast laser 

with pulse width of 80-100fs for examining the magnetization dynamics in multilayered 

magnetic thin films. In this scientific investigation, the pump pulse is used to excite the 

magnetic moment of the sample away from equilibrium and a probe pulse with varying 
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time delay is used to measure the magnetization precession and damping motions that 

immediately follows excitation. Micromagnetic dynamic modeling is established to 

analyze the dynamic magnetization orientations to extract the ferromagnetic resonance 

frequency and the Gilbert damping constant. The developed method is capable of 

measuring magnetization dynamics in gigahertz to sub-terahertz range. Using this 

experimental setup, Co/Pt multilayered magnetic thin films with perpendicular anisotropy 

have been studied. It is found that in this system, there are two distinctive contributions to 

the overall Gilbert damping of the multilayers: One from interface and the other one from 

bulk. When the magnetic layers having thickness in nanometer scale, the interfacial 

damping dominates. Comparison between sandwiched magnetic thin films with Co as 

magnetic layer and Pt/Ir as nonmagnetic layers shows the nonmagnetic material and the 

interfacial coupling determine the overall damping together. 
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1 Introduction 

1.1 Background and Motivation 

Magnetic materials have been widely used in today's recording industry and the 

development of future technologies. For example, granular thin film media with 

perpendicular magnetic anisotropy has been used as the recording media in hard disk drive 

(HDD) since 2005 [1],[2]. However, the explosion of data requires higher recording 

densities for HDD [3],[4]. Two energy assisted magnetic recording methods were proposed 

to be the next generation technologies in HDD, Heat Assisted Magnetic Recording (HAMR) 

and Microwave Assisted Magnetic Recording (MAMR) [5],[6]. Except for recording 

media in HDD, magnetic devices also play a key role in many applications. Magnetic 

tunneling junction (MTJ) is used as the reader in hard disk drive [7]. The spin torque 

oscillator (STO) is used to generate localized microwave field for MAMR [6]. Several 

companies are developing the magneto resistive random-access memory (MRAM) based 

on MTJ, which is an excellent candidate for non-volatile random-access memory [8],[9]. 

There are many challenging problems in developing and optimizing the magnetic 

materials in these applications. One of the challenging problems in HAMR is the 

measurement and control of the Curie temperature (𝑇𝐶) distribution in the recording media 

that affects the HAMR recording performance significantly [10],[11]. In MAMR, the 

generation of localized microwave fields and the matching of the resonant frequency with 

the recording media are challenging problems [12]. The damping constant of the MAMR 

recording media can also affect the writability significantly [13]. In MRAM, the switching 

speed and the switching current density are related to the damping constant [14]–[16]. 
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Therefore, some fundamental measurements and understandings of the magnetic properties 

are essential for the research in these areas. This thesis is focused on developing optical 

pump-probe methods to characterize and study some of the key properties of magnetic thin 

films, including the 𝑇𝐶  distribution of HAMR media, the damping constant and 

ferromagnetic resonance (FMR) frequency of multilayered magnetic thin films. 

1.2  Heat Assisted Magnetic Recording 

 HDD is one of the most widely used data storage products in market and the recording 

density grows steady in the past few decades [3].  However, due to the recording trilemma, 

the recording density of current perpendicular magnetic recording (PMR) technology is 

going to reach the limit. The recording trilemma is determined by three key factors, signal-

to-noise ratio (SNR), thermal stability and writability [17],[18],[19]. Figure 1.1 shows the 

origin of recording trilemma. As shown in Figure 1.1, the recording media in HDD contains 

grains with uniaxial anisotropy in perpendicular direction w.r.t film normal. Each bit 

contains multiple grains with the same magnetization direction. 1s and 0s are represented 

by two different magnetization directions. The data is read out through the transition region 

between bits. The SNR is proportional to the number of grains in the bit region [17]. To 

increase the recording density and maintain sufficient SNR, the area of a single grain must 

be reduced.  

However, the reduced grain area will bring in the thermal stability problem. For long 

term data storage, the recording grains should be able to maintain the magnetization 

directions against the thermal agitation that tends to randomize the distribution of 

magnetization directions of the grains. The switching probability 𝑃𝑠 of a single grain is 

determined by Equation 1.1 [19].  
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𝑃𝑠 = 𝑓0 𝑒𝑥𝑝 (
−𝐾𝑢𝑉

𝑘𝐵𝑇
)                        (1.1) 

where 𝐾𝑢 is the magneto crystalline anisotropy constant, 𝑉 is the grain volume, 𝐾𝑢𝑉 is the 

magneto crystalline anisotropy energy, i.e. the energy barrier between up and down 

magnetizations. 𝑘𝐵 is the Boltzmann constant, 𝑇 is the environmental temperature, 𝑘𝐵𝑇 is 

the thermal agitation energy. 𝑓0 is the attempt frequency, which has the order of 109 to 1012 

[18],[19].  𝐾𝑢𝑉/𝑘𝐵𝑇  should be larger than 55 to store data for at least five years [17].  To 

keep the thermal stability for smaller grains, the magneto crystalline anisotropy constant 

𝐾𝑢 must be increased accordingly. L10-FePt with 𝐾𝑢 as high as 4.5 × 107 erg/cc is one of 

the most widely studied materials that were proposed as HAMR media [11]. 

High 𝐾𝑢 will bring the writability problem. Since the grain volume is very small, the 

magnetic moment of  one grain can be treated as single macro spin and described by Stoner-

Figure 1.1 Recording trilemma. Media pattern courtesy: Hai Li 
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Wohlfarth model [20]. The field required to switch the moment of the grains can be 

expressed by Equation 1.2. 

𝐻𝐾 =
2𝐾𝑢
𝑀𝑠

                       (1.2) 

where 𝐻𝐾 is the anisotropy field. 𝑀𝑠 is the saturation magnetization. Grains with higher 𝐾𝑢 

require higher switching field which can easily goes beyond the field of write head. The 

maximum strength of write head field is limited by the material and the geometry design 

which is about 1T [21],[22].  

Figure 1.2 Schematic of heat assisted magnetic recording from Reference [5]. 
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To solve the recording trilemma and achieve higher recording density, HAMR is 

proposed to be one of the candidates for the next generation recording technologies. The 

key idea of HAMR is shown in Figure 1.2. 𝐾𝑢 is a temperature dependent property and 

decreases with increasing temperature. During recording, 𝐾𝑢  is reduced by heating the 

media locally near or above 𝑇𝐶, thus the magnetic moments of the grains can be switched 

by the available head field. After writing, the media will cool down to room temperature 

and maintain thermal stability for long term data storage.  

Since the media is heated and cooled in HAMR, the magnetic properties that depend on 

temperature are essential to improve HAMR performance. However, the recording media 

is granular film, the properties of all grains are not identical and usually form some 

distribution over temperature. Hai Li, et.al. studied the effect of media property 

distributions on the SNR of recording patterns with standard distributions of 𝑇𝐶 and 𝐻𝐾 

added during simulation [10]. Figure 1.3 showed the 𝜎𝑇𝐶 is one of the key factors that 

Figure 1.3 Simulated HAMR media SNR degradation due to the grain-to-grain 

TC and Hk variation from Reference [10]. 
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determines the recording SNR. Large 𝜎𝑇𝐶 can result in a significant degradation of SNR. 

Therefore, a method to measure 𝑇𝐶 distribution is crucial for characterizing and optimizing 

the HAMR recording media. One of the successful experimental methods to measure 𝑇𝐶 

distribution was proposed by S. Pisana, et al. with the switching probability measurement 

through optical pump-probe method [23],[24]. In this thesis, the micromagnetic simulation 

was adopted to understand the methodology and improve the experimental measurement. 

A pump-probe experimental system was built with shorter pump pulse width to achieve 

more accurate measurement. 

Another important property of HAMR recording media is the temperature dependence 

of anisotropy field 𝐻𝑘(𝑇) that determines the effective field gradient 𝑑𝐻𝑒𝑓𝑓 𝑑𝑥⁄  with the 

thermal gradient 𝑑𝑇 𝑑𝑥⁄  through Equation 1.3. 

𝑑𝐻𝑒𝑓𝑓

𝑑𝑥
=
𝑑𝐻𝑘
𝑑𝑇

𝑑𝑇

𝑑𝑥
                      (1.3) 

In case of same 𝑑𝑇 𝑑𝑥⁄ , larger 𝑑𝐻𝑘 𝑑𝑇⁄  near 𝑇𝐶 will result in larger 𝑑𝐻𝑒𝑓𝑓 𝑑𝑥⁄  that 

improves the sharpness of transition region and reduces the transition jitter noise. Thus, a 

method to measure 𝐻𝑘(𝑇), especially near 𝑇𝐶, is essential for HAMR media research. In 

this thesis, the pump-probe method was extended to measure the 𝐻𝑘(𝑇) near 𝑇𝐶 for the first 

time [25]. 

1.3  Magnetic Dynamics 

Most applications based on magnetic phenomenon involve the switching of magnetic 

moment which is a dynamic process. For example, in magnetic recording, the writing 

process is the switching of magnetic moment from one direction to the other direction. In 
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STO, the magnetic moment precesses rapidly to generated localized microwave field. The 

magnetic dynamic process can be simulated by micromagnetic modeling with Landau-

Lifshitz-Gilbert (LLG) equation which has the form of Equation 1.4 [26] . 

𝑑�⃗⃗� 

𝑑𝑡
= −𝛾�⃗⃗� × �⃗⃗� +

𝛼

𝑀𝑠
�⃗⃗� ×

𝑑�⃗⃗� 

𝑑𝑡
                      (1.4) 

In LLG equation, 𝑡 is the evolution time, �⃗⃗�  is the total field, �⃗⃗�  is the magnetic moment.  

γ is the gyromagnetic ratio, which is 1.76 ×  107 𝑂𝑒−1 𝑆−1 for electron. The parameter α 

is a phenomenal parameter introduced by Gilbert, which is called Gilbert damping constant. 

As shown in Figure 1.4, the first term of LLG equation determines the precession of the 

magnetic moment around the total field. The second term determines the damping of the 

magnetic moment towards the total field. With higher α, �⃗⃗�  can damp to �⃗⃗�  direction faster. 

From the perspective of energy, α determines the energy dissipation rate from high energy 

state to low energy state.  

Figure 1.4 Schematic of LLG equation. 
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The damping constant α is an important parameter in many scenarios. The reversal time 

of magnetic moment has inverse dependence on the damping constant [15], thus higher 

damping constant can settle down the magnetic moment faster to the equilibrium state. In 

other scenarios, lower damping constant is preferable. J-Zhu, et.al. studied the effect of 

media damping constant on the switching field in MAMR [13]. As shown in Figure 1.5. 

lower media damping constant requires smaller switching field. In STT-MRAM, the 

critical switching current density 𝐽𝑐 is proportional to the damping constant which means 

lower damping constant is desired to reduce the power consumption in devices [15]. 

The measurement and control of damping constant are critical to achieve the best 

performance in different applications. There are two main categories of the experimental 

techniques for the study the magnetic dynamics: (1) frequency domain and (2) time domain. 

FMR is the most widely used frequency domain method through the measurement of the 

microwave absorption spectrum. The damping constant is determined by the width of the 

Figure 1.5 MAMR switching field dependence on damping constant from 

Reference [13]. 
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resonant absorption peak [27]. Time resolved magneto optical Kerr effect (TRMOKE) is 

the time domain study taking the advantage of the femtosecond laser. The magnetic 

dynamic process is excited by femtosecond laser pulse pump and detected through magneto 

optical Kerr effect (MOKE) with varying time delay after excitation. The damping constant 

can be extracted from the measurement of dynamic process [28]. Compared with FMR 

study, TRMOKE is a localized method with high SNR [29],[30] and doesn’t have the 

radioactive contribution to the damping [31]. In this thesis, TRMOKE was chosen as the 

experimental technique for the study of Gilbert damping constant and FMR frequency.  

Co/Pt multilayered magnetic thin film is widely used in the development of spintronic 

applications, such as magnetic tunneling junction [32], [33] and domain wall motion [34], 

[35]. The damping origins from the coupling of spin angular momentum to the orbital 

angular momentum [36], [37]. Since the perpendicular anisotropy (PMA) arises from the 

spin orbital coupling at Co/Pt interfaces [38], it has been believed that the same coupling 

should also contributes to the Gilbert damping through interfacial effect [39], [40].  

Many different approaches have been made to measure and understand the damping 

constant of Co/Pt multilayers, however, the results and origins still remain controversial. 

Some studies measured the damping constant with FMR. A. Caprile et al. reported the 

damping constant almost linearly increases from 0.05 to 0.17 for [Pt(0.2 nm)/Co]6 with Co 

thickness 𝑡𝐶𝑜 from 0.2 nm to 0.32 nm [41]. N. Fujita et al. studied [Co/Pt(1.4 nm)]12 with 

𝑡𝐶𝑜  from 0.3nm to 8nm [42]. As shown in Figure 1.6 (a) the damping constant first 

decreases from 0.037 to 0.025 with 𝑡𝐶𝑜 from 1.0 nm to 1.8nm, then gradually increase with 

𝑡𝐶𝑜 [42]. Other researchers measured the damping constant with TRMOKE. A. Barma et 

al. studied the magnetic dynamics of [Co(0.4 nm)/Pt(0.8 nm)]n multilayers with layer 
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repeat number n from 2 to 12 [43]. The reported effective damping constant 𝛼𝑒𝑓𝑓 increases 

from ~ 0.1 to ~ 0.13 with increasing n. However, the corresponding perpendicular 

anisotropy shows a decreasing trend. S. Mizukami et al. measured 𝛼𝑒𝑓𝑓  of Pt(5 

nm)/Co/Pt(2 nm) layer with 𝑡𝐶𝑜 varied from 0.5 nm to 4.0 nm [28]. They reported a rapid 

increase of 𝛼𝑒𝑓𝑓 with decreasing 𝑡𝐶𝑜 when 𝑡𝐶𝑜 < 1.0 nm as shown in Figure 1.6 (b) [28]. 

The reported 𝛼𝑒𝑓𝑓 varies from ~ 0.05 to ~ 0.45 with decreasing Co thickness [28].  

Some recent theoretical studies on Ferromagnetic(FM)/Nonmagnetic Metal(NM) 

multilayers propose the damping constant should be inversely proportional to the FM layer 

thickness plus a constant bulk contribution which can be express by Equation 1.5 [40], [44]. 

𝛼 =
𝛼𝑠
𝑡𝑚
+ 𝛼𝑏                          (1.5) 

where 𝛼𝑠 is the contribution through the spin diffusion to the NM layer, which is inversely 

proportional to the magnetic layer thickness 𝑡𝑚, the second term  𝛼𝑏 is the contribution 

from the bulk value of magnetic layer. In this thesis, an in-depth study of the magnetic 

dynamics in Co/Pt multiplayered films with different Co layer thickness will be performed.  

Figure 1.6 Previous studies on the damping constant vs. Co layers thickness.(a) from 

Reference [42] , (b) from Reference [28]. 
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1.4  Magneto Optical Kerr Effect 

The experimental work of this thesis is based on magneto optical Kerr effect. Here we 

briefly introduced the principle of MOKE that will be utilized in this work, more 

application details will be described in the following chapters.  

MOKE was discover by Kerr in 1877 [45]. MOKE describes the effect of light interacts 

with the magnetic moment in materials. Macroscopic understanding can be described with 

the dielectric tensor, which has the form of Equation 1.6 [46] [47]. 

𝜖 = 𝜖0(

1 −𝑖𝑄𝑧 𝑖𝑄𝑦
𝑖𝑄𝑧 1 −𝑖𝑄𝑥
−𝑖𝑄𝑦 𝑖𝑄𝑥 1

)             (1.6) 

where 𝑄𝑥 , 𝑄𝑦  and 𝑄𝑧  determines the coupling between YZ, XZ and XY directions, 

respectively.  

When linearly polarized light is reflected from the magnetic surface, the polarization 

state of reflected light will be changed due to the off-diagonal terms in the dielectric tensor. 

Figure 1.7 Magneto optical Kerr effect. 
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In magnetic thin film, the magnitudes of the off-diagonal terms are proportional to the 

magnetic moment in the corresponding directions [47]. Thus, the state of reflected light 

indicates the magnetic state of the film. Taking P-polarized light for example as shown in 

Figure 1.7. When P-polarized light is reflected off a magnetic surface, the reflected light 

has a major P-component as ordinary reflection. A minor S-component also appears due to 

the coupling from the off-diagonal terms. The S-component is usually out of phase with 

respect to the reflected P-component. The polarization state of reflected light will be the 

combination of these two components and become elliptically polarized. The major axis is 

rotated by a small angle 𝜃𝑘 with respect to the polarization direction of the incident light, 

the ellipticity of the reflected light is describe by 𝜂𝑘 . 

Depends on the different geometries of measurement, MOKE can be classified into 

three categories: (1) Longitudinal MOKE, (2) Transversal MOKE, (3) Polar MOKE, as 

shown in Figure 1.8. In longitudinal MOKE, the magnetic moment lies in film plane and 

parallel to the plane of incidence. In transversal MOKE, the magnetic moment lies in film 

plane and perpendicular to the plane of incidence. In polar MOKE, the magnetic moment 

is perpendicular to the film plane and the out of plane component of magnetic moment is 

detected. The incident light in polar MOKE is normal or near normal to the film plane. 

The signal of polar MOKE is usually larger than the other two configurations [48] and 

the study in this thesis is mainly focused on the magnetic thin films with perpendicular 

anisotropy, thus polar MOKE geometry was adopted in this thesis. Since 𝜃𝑘 and 𝜂𝑘 are 
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very small, with small angle approximation, the intensity change in the polarization 

direction of incident light is proportional to the magnetic moment [47].  

1.5  Thesis Outline 

In this thesis, micromagnetic simulation was adopted to understand the methodology of 

optical pump-probe measurement. Experimental systems based on MOKE were designed 

and built to study the 𝑇𝐶 distribution of HAMR media and the Gilbert damping constant of 

magnetic multilayered thin film. 

Chapter 1 is a brief introduction of background information and the motivation to study 

the 𝑇𝐶  distribution for HAMR media and Gilbert damping constant of magnetic 

multilayered thin films. 

In Chapter 2, the methodology to measure 𝑇𝐶  distribution was presented. The design of 

experiment was studied and validated with micromagnetic simulation. The optical pump - 

probe system was built to measure 𝑇𝐶  distribution. A novel HAMR recording media with 

magnetic oxide as grain boundary was proposed and fabricated to reduce 𝑇𝐶  distribution 

The pump-probe method was extended to measure the temperature dependence of 

anisotropy field 𝐻𝑘(𝑇)  around 𝑇𝐶.  

In Chapter 3, the simulation model of TRMOKE triggered by femtosecond laser heating 

was presented. The magnetic dynamic process was studied through micromagnetic 

Figure 1.8 Geometries of MOKE. 
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modeling with different media properties to understand and guide the experiment. The 

phenomenal model to analyze TRMOKE measurement was validated with the 

micromagnetic simulation data. 

In Chapter 4, the design and construction of TRMOKE measurement system were 

presented and discussed in detail.  

In Chapter 5, the best experimental conditions to perform reliable TRMOKE 

measurement were studied with Co/Pt multilayers. The Gilbert damping constants and 

FMR frequencies of Co/Pt layers with difference Co layer thickness were accurately 

measured. The Gilbert damping constant of Co/Pt multilayers was found to contain a part 

inversely proportional to the magnetic layer thickness in addition to the bulk contribution 

of magnetic layer, which provided an effective way to tune the damping constant of 

magnetic multilayers. Comparison of Co/Pt and Co/Ir multilayered thin films shows the 

nonmagnetic material and the interfacial coupling determine the overall damping together. 

Chapter 6 is the summary of the whole thesis and discussion of future interesting areas. 
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2 Pump-Probe Study of Heat Assisted Magnetic 

Recording Media 

This chapter is focused on the measurement of 𝑇𝐶  distribution and 𝐻𝑘(𝑇) of HAMR 

recording media. The theoretical analysis and design of experiment will be presented first. 

The feasibility of the experimental design will be validated by micromagnetic simulation. 

The layout and capability of pump-probe experimental system will be presented in detail. 

The 𝑇𝐶  distribution of HAMR media from industrial sponsors and HAMR media with 

magnetic oxide grain boundary will be measured. Results show the magnetic oxide grain 

boundary can effectively reduce 𝑇𝐶 distribution for HAMR media with small grain size. A 

novel way to measure 𝐻𝑘(𝑇) will be presented at the end of  this chapter. 

2.1 Methodology of Curie Temperature Distribution 

Measurement 

2.1.1 Methodology and Design of Experiment 

HAMR recording media contains magnetically decoupled grains with perpendicular 

anisotropy. Due to the ordering, grains size and many other factors, the 𝑇𝐶 of all grains are 

not identical [49]–[52]. As shown in Figure 2.1, taking the 𝑇𝐶 of all grains into statistics, 

they will form a probability distribution over temperature. The 𝑇𝐶  distribution can be 

assumed to follow a Gaussian distribution that can be described by Equation 2.1 [23], [24]. 

𝑓(𝑇) =
1

𝜎𝑇𝑐√2𝜋
𝑒
−
(𝑇−𝑇𝑐̅̅̅)

2

2𝜎𝑇𝑐
2
                    (2.1) 
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where 𝑓(𝑇)  is the probability distribution over temperature, 𝑇�̅� is the average Curie 

temperature of all grains. 

To measure 𝜎𝑇𝑐, we need a method to identify the ratio of grains corresponding to a 

specific temperature. In experiment, it is impossible to measure the 𝑇𝐶  for all grains to 

perform statistic analysis. However, in macroscopic view, we can heat the media to a 

specific temperature 𝑇 and measure the ratio of grains that have 𝑇𝐶 equal to or lower than 

𝑇, which can be achieved through magnetic remanence measurement [23],[51]. As shown 

Figure 2.2 Interpretation of Curie temperature distribution for measurement. 

Figure 2.1 Curie temperature distribution of recording media.  
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in Figure 2.2, the black curve stands for the 𝑇𝐶 distribution with 775K 𝑇�̅� and 15K 𝜎𝑇𝑐. In 

HAMR recording media, the magnetic moments of the grain have two stable directions, 

positive and negative along film normal direction. The media is assumed to be saturated in 

negative direction before measurement. If the media is heated to 800K, the grains with 𝑇𝐶 

equal to or lower than 800K will have zero magneto crystal anisotropy, which are shown 

as activated grains in the blue region in Figure 2.2. During cooling process, these activated 

grains will have randomly distributed magnetization directions without external field 

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 or switched to the direction of a positive 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙, even 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is very small. 

The grains with 𝑇𝐶 higher than 𝑇 will maintain the negative direction since they still have 

some anisotropy. If 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  is applied 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  should be small enough to have 

negligible effect on inactivated grains. The percentage of grains 𝑃(𝑇) with 𝑇𝐶 equal to or 

lower than the media temperature 𝑇 can be calculated from the change of magnetic moment. 

𝑃(𝑇) is the cumulative density function (CDF) of 𝑇𝐶 distribution f(T).  

𝑃(𝑇) =
1

2
[1 + 𝑒𝑟𝑓 (

𝑇 − 𝑇�̅�

𝜎𝑇𝑐√2
)]                      (2.2) 

where 𝑒𝑟𝑓 is the error function. 𝑃(𝑇) measured with and without external fields can be 

calculated from Equation 2.3. 

𝑃(𝑇) =

{
 
 

 
 2(𝑀

(𝑇) − 𝑀𝑛𝑒𝑔)

 𝑀𝑝𝑜𝑠 −𝑀𝑛𝑒𝑔
        𝑤𝑖𝑡ℎ 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙

𝑀(𝑇) − 𝑀𝑛𝑒𝑔

 𝑀𝑝𝑜𝑠 −𝑀𝑛𝑒𝑔
      𝑤𝑖𝑡ℎ𝑜𝑢𝑡 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  

                  (2.3) 

where 𝑀𝑝𝑜𝑠 and 𝑀𝑛𝑒𝑔 are the positive and negative saturation magnetic moment which 

correspond to all grains saturated in positive and negative directions, respectively. 𝑀(𝑇) 

is the magnetic moment measured with or without external field after heating the media to 
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temperature 𝑇 and cooling down. The scale factor 2 without 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  comes from the 

random distribution of magnetization directions of activated grains during cooling. 𝑃(𝑇) 

defines the percentage of grains that can be switched from negative direction to the positive 

direction by heating the media to temperature T, which is called switching curve in this 

thesis.  

In the previous analysis, the thermal agitation was assumed to have no effect on the 

magnetization directions of the grains and only the external field determines the state of 

the media during the heating and cooling process. In reality, thermal agitation does affect 

the stability of the grains. From Equation 1.1, it can be concluded high temperature and 

long dwell time can significantly increase the switching probability of the moment. Even 

the media temperature 𝑇 is lower than 𝑇𝐶, the media will result in a demagnetized state if 

the heating and cooling is not fast enough. Thus, an instant heating method is critical to 

minimize the thermal agitation effect to distinguish the switching behavior of grains with 

different 𝑇𝐶.  

Traditional heating methods, such as hot plate or oven, will bring in significant thermal 

agitation effect due to the second scale heating and cooling speed. What's more, the 

synchronized and instant measurements of temperature and magnetization are quite 

difficult in these methods. Any time delay in the temperature measurement will lead to 

inaccurate relationship of 𝑃(𝑇). To solve these problems, nanosecond pulse laser was 

chosen to heat the media. The temperature raise is proportional to the pulse energy, which 

can provide accurate control of media temperature [23]. The region of laser heating is sub-

mm that ensures fast heat dissipation through substrate. The dwell time of media at high 

temperature is in nanosecond time scale, which means the grains with 𝑇𝐶 above the heating 
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temperature 𝑇 will not be affected by the thermal agitation significantly. For localized 

detection, continuous He-Ne laser was used to measure the magnetic moment in heated 

region through MOKE. 

Figure 2.3 shows the design of testing sequence to measure 𝑃(𝑇). The horizontal axis 

stands for the time and the vertical axis stands for the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙. First, 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙was set to 

maximum value in negative direction. However, the maximum magnetic field from a 

traditional electromagnet is lower than 2 T, which is not high enough to saturate the HAMR 

media alone. Then a laser pulse with high pulse energy 𝐸𝑝 is applied to heat all the grains 

above their 𝑇𝐶 to saturate the media in negative direction during cooling. This process is 

labeled as saturation in Figure 2.3. 

Figure 2.3 Testing sequence of Curie temperature distribution measurement. Media 

pattern courtesy: Hai Li 
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After negative saturation,  𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is set to a small positive value for switching the 

activated grains or zero to demagnetize the activated grains. A switching laser pulse with 

small 𝐸𝑝 is used to heat the media to a temperature 𝑇. After the media cools down to room 

temperature, the activated grains will be switched or demagnetized, then the magnetic 

moment is measured through MOKE. This process is labeled as switching in Figure 2.3. 

The saturation and switching process are repeated with gradually increasing switching 

pulse energy 𝐸𝑝 until the media is saturated in positive direction or fully demagnetized. 

Through this measurement sequence, the 𝑀(𝑇) relationship can be acquired as shown in 

Figure 2.3 with 𝑇 scaled by 𝐸𝑝. 𝑃(𝑇) is normalized  𝑀(𝑇)  and 𝜎𝑇𝑐 be extracted through 

fitting 𝑃(𝑇) to Equation 2.2. In this testing sequence, the media is negatively saturated 

before each heat assisted switching with high pulse energy and negative magnetic field. 

Another simpler sequence is only saturate the media in negative direction once since the 

inactivated grains still maintains negative direction after heat assisted switching. 

2.1.2 Micromagnetic Simulation of Methodology 

There are several assumptions in the design of experiment in Section 2.1.2, 

micromagnetic simulation was performed to study the feasibility of the methodology in 

this section. An excellent micromagnetic simulation model developed by Hai Li was used 

to simulate the experimental procedure. The details of simulation model can be found in 

Reference [53]. Here we focus on the analysis and discussion of simulation results.  

In micromagnetic simulation, the 𝑇�̅� was assumed to be 775K. A Gaussian distribution 

variation was added to the 𝑇𝐶 of grains randomly to simulate the 𝑇𝐶 distribution. The initial 

directions of the all grains were set to negative direction. We assumed the media was heated 

under a sequence of Gaussian temperature profiles in time domain. There was no spatial 
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distribution of the media temperature, i.e. the media was heated uniformly in space. The 

full width of half maximum (FWHM) of the heating time profiles was set to 12.5 ns. The 

peak temperatures of the heating profiles were gradually increased until well above the 

highest 𝑇𝐶 of grains. After each heating, the media was cooled down to room temperature. 

The magnetic moments of grains were summarized and normalized to get 𝑃(𝑇). The 

experimental process without external field was simulated, which corresponds to the 

demagnetization final state. 

Figure 2.4 shows the simulation results with 0% and 6% 𝜎𝑇𝑐. The horizontal axis is the 

simulation time. The left vertical axis is the media temperature and the green line indicates 

775K. The right vertical axis is normalized moment, which is calculated from the total 

magnetic moment of the grains. The negative and positive saturation moment were defined 

Figure 2.4 Micromagnetic simulation of switching curve under pulsed heating sequence. 
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as 0 and 1 for normalization, respectively. As shown in Figure 2.4(a), the switching curve 

with 0% 𝜎𝑇𝑐 exists a sharp transition when the media was heated to 775K. Figure 2.4(b) 

shows the switching curve with 6% 𝜎𝑇𝑐, the switching starts as low as 600K and finishes 

till 1200K. The micromagnetic simulation shows a clear broad transition region for the 

media with high  𝑇𝐶 distribution. 

To calculate 𝜎𝑇𝑐, the switching curves from simulation was differentiated to convert the 

cumulative density function into Gaussian distribution function. Figure 2.5 shows the 

histogram of Gaussian distributions calculated from switching curve simulation. Red 

curves are fitting curves to Equation 2.1. The fitting 𝑇�̅�  and  𝜎𝑇𝑐 values match well with 

the simulation settings which validates the methodology to measure 𝜎𝑇𝑐. 

Figure 2.5 Analysis of simulated Curie temperature distribution measurement. The setting 

values for Curie temperature distribution is 0 % for top left, 2 % for top right, 4 % for 

bottom left, 6 % for bottom right. The fitting values are shown in the figure. 
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2.2 Pump-Probe Experimental System 

Following the design of experiment in Section 2.1, a pump-probe MOKE system was 

designed to measure the 𝑇𝐶 distribution. There were several updates of the system [25][54], 

the most advanced design will be presented here. The system contains two major parts, the 

pump laser line to heat the sample and the probe laser line to measure the magnetic moment 

through MOKE. Figure 2.6 shows the optical path of the system. 

The pump laser was a Q-switched Nd:YAG laser from Standa Ltd. with 1064nm 

wavelength. The output pulse energy was 300 µJ/pulse with 10 Hz repetition rate, ~700 ps 

pulse width. Single pulse selection and accurate pulse energy control is essential to control 

the precise heating of sample. The pulse energy control system contained a liquid crystal 

variable retarder (LCVR, LC1221 from Thorlabs) between two polarizing beam splitters 

(PBS25-532-HP from Thorlabs). Figure 2.7 shows the optical path and principle of pulse 

energy control. The first polarizer ensures the input beam into LCVR was linearly polarized 

Figure 2.6 Optical path of  Curie temperature distribution measurement system. 



24 

 

in horizontal direction. The fast axis of the LCVR was fixed at 45° w.r.t. the horizontal 

direction, i.e. input light was separated into two equal components that polarized along fast 

axis and slow axis. The retardance of the LCVR was controlled by applied voltage to 

change the linearly polarized input light into elliptically polarized output light. The second 

polarizing beam splitter after the LCVR was set to pass the vertically polarized component 

of the elliptically polarized light. Since planes of incidence are different for two polarizing 

beam splitters, the polarization directions are referred with vertical and horizontal 

directions. 

 

 

Figure 2.7 Pulse energy control system. Top: Optical path. Bottom: Change of the 

polarization state. Solid red line indicates the light propagation direction. Dashed red line 

indicates the polarization direction. 
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Figure 2.8 shows the pulse energy vs. LCVR voltage. The LCVR acts as a half 

waveplate around 1.5 V that rotates the horizontally polarized light into vertically polarized 

light, thus the output pulse energy reaches the maximum value. As the voltage goes higher, 

the retardance goes smaller and reduces the vertical components that will pass through the 

second beam splitter. The inner plot is the expansion of the curve from 1.5 V and 1.6 V, 

which shows the accurate control of pulse energy.  

After the pulse energy control part, single pulse was pick out by a fast-mechanical 

shutter synchronized with the laser output trigger. The open window of the fast shutter was 

100 ms. The delay between the laser trigger and the shutter trigger was adjusted to allow 

single pulse through when the shutter was open. Half of the selected pulse was sampled by 

a non-polarizing beam splitter into an energy sensor to measure the pulse energy. Another 

Figure 2.8 Pulse energy dependence on LCVR voltage.  
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polarizing beam splitter was mounted on rotation mount to achieve proper pulse energy on 

the sample. The actual pulse energy on the sample was scaled by a ratio without affecting 

the measurement data, since the pulse energy is only a relative measurement of the media 

temperature. 

The probe laser was a continuous He-Ne laser from JDSU. Incident probe beam was 

linearly polarized and chopped at 5 kHz for lock-in detection. The reflected probe beam 

was focused and passed through a Wollaston prism. The Wollaston prism will separate S-

polarized light and P-polarized light in space for optical bridge detection. A balanced 

photodetector was used to detect and amplify the difference of S-polarized light and P-

polarized light. As shown in Figure 2.9, before measurement, the polarization direction of 

incident beam was controlled by rotating the polarizer to balance the S component and P 

component. Once the polarization of reflected beam was changed due to the change of 

magnetic moment in probe region, the intensity of one component will decrease while the 

other component will increase. This balanced detection scheme can suppress the 

background noise and the common mode noise of the laser intensity to achieve high SNR 

Figure 2.9 Schematic of balanced MOKE signal detection. Image of Wollaston prim is 

from Thorlabs. 
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[55]. The amplitude of output signal was detected by a lock-in amplifier (SR830) that 

locked to the chopper frequency. A CCD camera was integrated into the probe line to 

inspect the sample surface and the overlapping of pump spot and probe spot.  

The pump beam and probe beam were combined by a short pass dichroic mirror (DMSP 

1000 from Thorlabs), which passes 632 nm probe beam and reflects 1064nm pump beam. 

The combined beam was focused on the sample with a 10X objective lens. The spot size 

ratio of the pump beam and probe beam was controlled to be larger than 10:1, which 

ensures the probed region is uniformly heated by the pump laser. Figure 2.10 (a) shows the 

beam profile of probe laser with 55 µm spot size (1/e2). Figure 2.10 (b) is the view of 

sample under camera. The red dot is the probe beam. The spot size of pump beam is 

inspected with the damage pattern created by the highest pump pulse energy. This damage 

pattern was also used to inspect the overlapping of pump spot and probe spot. After 

overlapping, the sample was translated to an undamaged location for measurement. 

Figure 2.10 Spot sizes and overlapping of pump spot and probe spot. (a) Beam profile of 

probe spot. (b) Damage pattern of pump spot and overlapping with probe spot. 
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Figure 2.11 is the photo of the experimental system. The sample was mounted on a 

vertical sample holder with tilting adjustment capability. The sample holder was mounted 

on motorized stages for XYZ adjustment. An access hole for the objective was opened in 

one pole of the magnet. The maximum magnetic field with air cooling was 11.4 kOe. 

2.3 Curie Temperature Distribution of HAMR Media 

One important factor of 𝑇𝑐  distribution arises from the surface effect. For L10 FePt 

grains, ferromagnetic exchange fields on surface spins are smaller than that of the spins in 

the core due to the break of symmetry. 𝑇𝑐 is the temperature when thermal agitation can 

balance the exchange interaction. As the grain size goes smaller, the variation of surface-

to-volume ratio is more significant and results in larger 𝜎𝑇𝑐 . In this section, the 𝑇𝑐 

distribution study will be performed on two types of HAMR media. One is the HAMR 

Figure 2.11 Photo of pump-probe Curie temperature distribution measurement system. 
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media from industrial sponsors with different grain heights, the other one is HAMR media 

with magnetic oxide grain boundary which was proposed to reduce 𝑇𝑐 distribution [54]. 

2.3.1 Curie Temperature Distribution of HAMR Media with Different Grain 

Heights 

HAMR recording media with different grain heights were provided by our industrial 

sponsors [51]. The grains size and average 𝑇𝑐 increases with increasing grain height and 

the 𝑇𝑐 distribution is supposed to increase with increasing surface volume ratio [51]. 

Figure 2.12 shows an example of measured switching curves on one of the samples. The 

horizontal axis is the pulse energy and the vertical axis is normalized MOKE signal. 

Different curves are repeated measurements to reduce the measurement error through 

averaging. The measurements show excellent SNR and repeatability. The switching curve 

shows the distribution of 𝑇𝑐 is very similar to Gaussian distribution as assumed in Section 

2.1. However, the media temperature can’t be directly measured, but the temperature raise 

starts from room temperature is proportional to the pulse energy. The direct fitting of the 

Figure 2.12 Example of measured switching curves on one sample. 
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experimental data gives the switching pulse energy distribution 𝜎𝐸𝑝  and the average 

switching pulse energy 𝐸𝑝̅̅ ̅.  𝜎𝑇𝐶 can be calculated with Equation 2.4. 

𝜎𝑇𝐶 =
𝜎𝐸𝑝

𝐸𝑝̅̅ ̅
(𝑇�̅� − 𝑇𝑟𝑜𝑜𝑚)      (2.4) 

where 𝑇𝑟𝑜𝑜𝑚  is the room temperature. The average Curie temperature 𝑇�̅�  that can be 

measured with commercial magnetometers, such as MPMS-3. In Equation 2.4, 𝜎𝑇𝐶  is 

evaluated in unit of Kelvin.  

Same measurements were performed on all HAMR samples with different grain heights.  

𝜎𝐸𝑝 and 𝐸𝑝̅̅ ̅ of every single measurement were evaluated from fitting to Equation 2.2 then 

converted to  𝜎𝑇𝐶  with Equation 2.4. Figure 2.13 summaries the results of 𝑇𝐶  distribution 

measurements. The black curve shows the 𝜎𝐸𝑝 evaluated in percentage vs. grain heights.  

The blue line is 𝜎𝑇𝐶 evaluated in Kevin. The red line is the relative value of 𝜎𝑇𝐶 (w.r.t 𝑇�̅�)in 

percentage. As show in the figure, both the absolute value and relative value of the 𝜎𝑇𝐶 

Figure 2.13 Curie temperature distribution of HAMR media with different grain heights. 
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increases with decreasing grain heights, which agrees with the increasing trend of surface 

to volume ratio as the grain size also decrease with decreasing grain height [51].  

2.3.2 Curie Temperature Distribution of HAMR Media with Magnetic Oxide 

Grain Boundary 

The straightforward way to control the grain-to-grain 𝑇𝐶  variation is controlling the 

grain size distribution. However, controlling grain size distribution becomes more 

challenging when the mean grain size gets smaller. Here, an alternative way to reduce the 

𝑇𝐶  dependence on grain size was proposed. The idea is coupling the surface spins with 

magnetic grain boundary materials that have higher 𝑇𝐶  than of that of FePt. BaFe12O19 is 

a ferrimagnetic material with high 𝑇𝐶  (> 800 K) [56] and relatively low thermal 

conductivity 4 W/m/K [57]. The 𝑇𝐶 distribution of HAMR media with mixed BaFexOy and 

C as the new grain boundary material is studied. The films were fabricated by Bing Zhou. 

XRD, magnetic properties and TEM analysis were performed by Bing Zhou and B. S. D. 

Ch. S. Varaprasad [54]. 

All films were sputtered on thermally grown SiO2 substrates with AJA system. The base 

pressure was less than 2 × 10−9 Torr. Two series of samples C1, C2, C3 and T1, T2 with 

film stack SiO2/Ta (5 nm)/Cr (100 nm)/MgO (9 nm)/magnetic media (M) (7.5 nm) were 

prepared. All samples have the same structure except for the magnetic media. In the first 

series of samples, the media layer M is FePt-X vol.% C, where X = 30, 32 and 35 for C1, 

C2 and C3, respectively. In the second series, the media layer M is FePt-X vol. % (C+ 

BaFe12O19) where X = 40 and 42, for T1 and T2, respectively. The Ta and Cr layers were 

DC sputtered at 5 mTorr at room temperature and 200 °C, respectively. They were 

subsequently annealed in vacuum at 650 °C for 40 min. The Cr buffer layer is used to 
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obtain large MgO grains with a strong (002) texture and to serve as the heat sink. The MgO 

layer was RF sputtered at 10 mTorr at room temperature. The sample was then preheated 

at 650 °C for 30 min to stabilize the deposition temperature of media layer M. The FePt 

alloy target and the C target were subsequently DC sputtered with the RF-sputtered 

BaFe12O19 target onto the pre-deposited MgO at 5 mTorr at 650 °C. 

Figure 2.14 (a) shows the XRD patterns of C1-C3 and T1-T2, with the MgO and FePt 

peaks indexed. All samples show only FePt (001) and FePt (002) peaks indicating a well-

textured FePt growth on the MgO with and without BaFexOy. The large integrated intensity 

ratio between the super lattice peak FePt (001) to the fundamental peak FePt (002) in all 

samples demonstrate good chemical ordering in L10 FePt. The order parameter (S) was 

plotted vs. grains size in Figure 2.14 (b). S was calculated from the ratio of 𝐼001/𝐼002with 

the absorption factor and Lorentz factor taken into account, where 𝐼001 and 𝐼002  are 

integrated intensity of FePt (001) and (002) peaks, respectively [58]. The mean grain size 

was obtained from the in-plane bright field TEM images. As shown in the figure, the S of 

C series shows a slight decreasing trend with decreasing grains size, when the carbon 

volume percentage increases from 30 to 35. This is due to the increasing surface to volume 

Figure 2.14 (a) XRD patterns of C1 - C3 and T1 - T2. (b) Order parameter of C1 - C3 and 

T1 - T2 vs. grain size 



33 

 

ratio caused by grain size reduction as the carbon volume percentage increases. S of the T 

series of samples follows the same trend as C series. The chemical ordering of FePt remains 

constant with BaFexOy added to the media layer, suggesting that FePt is chemically inert 

to BaFexOy. 

Figure 2.15 (a) and (b) show the typical perpendicular and in-plane MH loops for 

samples with (T2) and without BaFexOy (C3) at room temperature. T2 and C3 have a 

similar average grain size of 6.8 nm. Figure 2.15 (c) shows the  dependence of the 

perpendicular and in-plane coercivity on grain size of the samples with and without 

BaFexOy. All samples show high perpendicular coercivity ranging from 38 kOe to 42 kOe, 

Figure 2.15 (a) Perpendicular and in-plane MH loops of C3. (b) Perpendicular and in-

plane MH loops of T2. (c) Dependence of perpendicular and in-plane coercivity on grain 

size. 
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suggesting good L10 ordering of FePt films with and without BaFexOy. The in-plane MH 

loops of all samples show a small opening with coercivity < 7 kOe and normalized 

remanence magnetization < 0.14 which indicates the c-axis of FePt grains are 

predominantly perpendicular to the film plane. The coercivity and squareness of the 

perpendicular MH loop of sample C3 and T2 are similar, which concludes the BaFexOy 

does not strongly exchange couple the adjacent FePt grains. Both the XRD and MH 

measurements proves the microstructure of the media was well maintained with BaFexOy 

added as grain boundary material. 

Figure 2.16 The in-plane bright field TEM images for (a) C1, (b) C3, (d) T1, and (e) T2 

with the insets being their corresponding average grain size and standard deviation. The 

high resolution TEM images for (c) C1 (FePt - 30 vol. % C) and (f) T1 (FePt - 40 vol. % 

(C + BaFexOy ). The high angle annular dark field (HAADF) images (g) and the EDS 

mapping of (h) Pt, (i) Fe, (j) Pt + Fe, and (k) Pt + O of T1 (FePt - 40 vol. % (C + 

BaFexOy) ). 
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Figures 2.16 (a), 2.16 (b), 2.16 (d) and 2.16 (e) show the in-plane bright field TEM 

images of C1, C3, T1 and T2, respectively. The in-plane bright field TEM image of C2 is 

not shown here. All samples show a well-separated granular microstructure. The grain size 

analysis was performed on multiple regions from each sample to ensure the accuracy. The 

mean grain size of FePt decreases gradually from 7.8 nm to 6.8 nm as the volume fraction 

of the grain boundary material (C) increases from 30 vol.% to 35 vol.% in samples C1 to 

C3. For T1 and T2, the grain size of FePt decreases from 7.4 nm to 6.8 nm as the volume 

fraction of grain boundary materials (C and BaFexOy) increases from 40 vol.% to 42 vol.% . 

The in-plane microstructure of 7.5 nm FePt-30 vol.% BaFexOy was also examined (result 

not shown), and it shows an interconnected microstructure similar to other oxides such as 

SiO2 and TiO2 shown in Reference [59]. Therefore, the C content is crucial to control the 

microstructure. Figures 2.16 (c) and 2.16 (f) show the HR-TEM images for C1 and T1, 

respectively. As shown in the images, the FePt grains are enclosed with graphitic regions 

followed by amorphous carbon, whereas for FePt-BaFexOy-C media, connecting 

crystalline shells are found around the FePt grains. To find where BaFexOy resides in the 

media layer, elemental mapping of Fe, Pt and O was performed on the sample with 

BaFexOy. The elemental mapping of Ba is not used in this study, since the overall atomic 

percentage of Ba is too low to be detected. Figures 2.16 (g) - 2.16 (k) show the HAADF-

STEM and corresponding EDS mappings of Fe and Pt of the FePt- BaFexOy -C media. The 

chemical mapping of Pt shows the well-defined grains as FePt grains, which suggests that 

the Pt lies only in the FePt grains. The chemical mapping of Fe shows that Fe exists not 

only in FePt grains but also in the grain boundary. Figures 2.16 (j) and 2.16 (k) show the 

overlapped EDS mappings of Fe-Pt and Pt-O which clearly shows a crystalline shell 



36 

 

surrounding FePt grains with a significant amount of Fe and O. Therefore, it can be 

concluded that BaFexOy the media layer forms a crystalline shell surrounding FePt grains 

and the shells are connected with each other. 

Through the analysis of the XRD patterns, the room temperature magnetic properties, 

and the microstructure, it can be concluded that FePt with BaFexOy-C added in the media 

layer forms a crystalline shell surrounding FePt grains and it does not chemically interact 

with FePt nor strongly exchange couple the adjacent FePt grains. 

The switching curves were measured with the pump-probe system on at least five 

different locations for each sample. The negative saturation field was 6 kOe and the 

switching curves were measured without 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙. Figure 2.17 shows the dependence of 

𝑇𝐶 distribution as a function of grain volume. The solid squares represent C1, C2 and C3 

Figure 2.17 Curie temperature distribution as a function of average grain volume for 

FePt-C and FePt-BaFexOy-C media. 
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and open squares represents T1 and T2. The measured 𝜎𝑇𝐶  for FePt-C media C1-C3 

increases significantly as the grain volume reduces. In comparison, 𝜎𝑇𝐶 of  FePt-BaFexOy-

C  media shows a 0.7% reduction in 𝜎𝑇𝐶 at smaller grain volume. It can be inferred that the 

addition of BaFexOy in the media layer could have even larger effect at smaller grain size 

because of the hyperbolic increase in surface to volume ratio as the grain diameter reduces. 

2.4 Measurement of Temperature Dependence of Anisotropy 

Field 

The temperature dependence of anisotropy field (𝐻𝑘(𝑇)) around 𝑇𝐶 is another important 

property of HAMR media, since it determines the effective field gradient in HAMR. Based 

on the 𝑇𝐶  distribution measurement, a novel way to measure 𝐻𝑘(𝑇)) around 𝑇𝐶  will be 

proposed and demonstrated.  

2.4.1 Methodology of Hk(T) Measurement 

The 𝐻𝑘(𝑇) can be described by Equation 2.5 [60][61]. 

𝐻𝑘(𝑇) 

𝐻𝑘(0) 
= (

𝑀𝑠(𝑇)

𝑀𝑠(0)
)

𝑛−1

(2.5) 

where 𝑀𝑠(𝑇)  and 𝑀𝑠(0)  are the saturation magnetization at temperature T and 0 K, 

respectively. 𝐻𝑘(𝑇)  and 𝐻𝑘(0)  are the anisotropy field at temperature T and 0 K, 

respectively. n is the parameter that determines the trends of 𝐻𝑘(𝑇). In 𝑇𝐶  distribution 

measurement, the switching curve was measured either without external field or with very 

small 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 , the switching happens when the grain temperature is heated to 𝑇𝐶  . 

However, when the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  is high enough to counter balance a significant part of the 

𝐻𝑘, the switching will start at lower temperature when the strength of 𝐻𝑘 is reduced to the 
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strength of 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙. As shown in Figure 2.18, the black line shows the normalized 𝐻𝑘(𝑇) 

and the dashed lines indicate the strength of 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙, both of them are normalized with 

room temperature 𝐻𝑘. When 𝐻𝑘 is reduced to the magnitude of 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 through heating 

the media to T, the total field will be zero. T will be the temperature at which the switching 

starts. 𝑇𝐶  distribution measurement can give the average switching energy which can be 

scaled to get average switching temperature 𝑇𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔 , thus 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙(𝑇𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔) 

represents the relationship of 𝐻𝑘(𝑇). In other words, 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is assumed to be equal to 

𝐻𝑘 at switching point, the temperature is identified by the media temperature scaled by 

pulse energy. 

The feasibility of the methodology was studied with micromagnetic simulation. The 

simulation was performed with 775K 𝑇�̅� with no 𝑇𝐶 distribution. Figure 2.19 shows two 

typical simulated switching curves with zero and 70 kOe external fields. As shown in the 

figure, a sharp transition happens when the media was heated to 775 K with zero external 

field. With 70 kOe external field, the switching starts from significantly lower temperature 

Figure 2.18 Temperature dependence of anisotropy field. 
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as expected. What’s more, the transition region spans over a wide temperature range. This 

phenomenon comes from the thermal agitation effect since large 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  reduced the 

energy barrier significantly, a slight increase of the thermal agitation will trigger the 

flipping of moment. Note, the final media state with 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is positively saturated. 

The switching curves were simulated with different external fields and different n of the 

media. The average switching temperatures were extracted to get 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙(𝑇𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔) 

that stands for 𝐻𝑘(𝑇). Figure 2.20 shows the comparison of the simulation results and 

preset 𝐻𝑘(𝑇). The red and black lines are the preset 𝐻𝑘(𝑇) for n=2 and n=3. The blue and 

purple lines with symbols are the fitting values from simulated switching curves. The 

fitting values show a good matching with the preset values around 𝑇𝐶 . However, the 

Figure 2.19 Switching curve simulation with different external fields. 
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deviation becomes larger as the external field 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  goes higher where the thermal 

agitation starts to play a more significant role and reduce the switching temperature.  

The thermal agitation effect was further studied with different heating pulse widths. The 

pulse widths were set to be 0.12 ns, 1.2 ns and 12 ns for simulation. Figure 2.21 shows the 

deviation between preset and extracted temperature at same normalized 𝐻𝑘 (𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 in 

simulation) with different pulse widths. The horizontal axis is the normalized 𝐻𝑘, which is 

also the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 during simulation. The vertical axis is the deviation between preset 𝑇 

and extracted 𝑇𝑠𝑤𝑖𝑡𝑐ℎ𝑖𝑛𝑔.  For all results with different pulse widths, the deviation increases 

with increasing 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 . Shorter heating pulse width can reduce the deviation 

significantly. They all have good agreements when 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  is less than 30% of 𝐻𝑘. The 

pump-probe method was proved to be feasible to measure the temperature dependence of 

anisotropy field especially around 𝑇𝐶. 

Figure 2.20 Comparison of simulated Hk(T) measurement results with preset media 

property. 
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2.4.2 Example of Hk(T) Measurement 

Two prototype measurements were performed with HAMR recording media. Figure 

2.22 shows the switching curves measured with different external fields. All measurements 

were performed at same location without adjustment to the optical path and sample. The 

measurements were performed with the first-generation experimental system [25] which 

had larger noise than the most advanced system shown in Section 2.2. As shown in the 

figure, the switching curve shifts towards low pulse energy direction with increasing 

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙, which indicates the switching happens at lower temperature with the shifting 

rate determined by 𝐻𝑘(𝑇). 

Figure 2.23 shows the fitting of experimental data to the CDF function, the black cross 

is the point with 50% switched moment, the corresponding pulse energy was used to 

represent the average switching temperature. 

Figure 2.21 Deviation between preset and extract temperature vs. normalized Hk. 
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Figure 2.24 shows the external field vs. normalized temperature. The inner plot shows 

the measured result with normalized temperature starts from room temperature. As shown 

in the figure, sample 1 has sharper 𝐻𝑘(𝑇)  dependence around normalized Curie 

temperature than sample 2. 

Figure 2.22 Normalized switching curves measured with different external field. 

Figure 2.23 Fitting results of measured switching curves with different external field. 
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In this chapter, the methodology for 𝑇𝐶  distribution measurement was analyzed and 

validated with micromagnetic modeling. The pump-probe experimental system was 

successfully built to measure the 𝑇𝐶 distribution and temperature dependence of anisotropy 

field around 𝑇𝐶. L10-FePt HAMR media with BaFexOy+C magnetic oxide grain boundary 

was proposed and fabricated to suppress 𝑇𝐶  distribution. Thorough study shows the 𝑇𝐶 

distribution was well reduced without affecting the magnetic properties and microstructure 

of the L10 FePt with BaFexOy+C grain boundary. The pump-probe system was extended to 

measure 𝐻𝑘(𝑇) relationship near 𝑇𝐶 for the first time. 

 

 

 

 

Figure 2.24 Hk (external field) dependence on normalized temperature. 
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3 Simulation Study of Magnetic Dynamics Induced by 

Ultrafast Laser Heating 

This chapter will study the magnetic dynamics induced by ultrafast laser heating through 

micromagnetic simulation. Two temperature models will be used to simulate the thermal 

effect induced by femtosecond laser heating. The simulation will be performed with two 

types of films, (1) films with perpendicular anisotropy, (2) films with no anisotropy, to 

understand and guide the experimental work. The phenomenal model to analyze the 

experimental data is validated with the simulation results. 

3.1 Modeling of Magnetic Dynamics Induced by Ultrafast 

Laser Heating 

3.1.1 Two Temperature Model 

TRMOKE based on ultrafast laser is a useful tool to excite and detect the magnetic 

dynamics. The basic excitation of magnetic dynamics in metallic magnetic film comes 

from the heating effect. Two temperature model is commonly used to describe the thermal 

dynamics [42], [43]. In two temperature model, the film is separated into two systems, the 

electron system and the photon system. Since the spin and the charge are both intrinsic 

properties of electron, the temperature that affects the magnetic properties is treated same 

as electron temperature [63], [64]. 



45 

 

Figure 3.1 shows the interaction of femtosecond laser with metallic magnetic film. The 

pulse width of femtosecond laser is about 0.1 ps. Due to the nature of electromagnetic wave, 

femtosecond pulse first interacts with the free electrons in the film and heats up the 

electrons. Then the electrons start to transfer the energy to the photons through electron-

photon interaction. 𝐺𝑒−𝑝ℎ is the coupling constant that determines the energy exchange rate 

between the electron and phonon systems. The time scale of electron-phonon interaction is 

in several ps. Then the electron temperature 𝑇𝑒and phonon temperature 𝑇𝑝ℎ  will reach 

equilibrium and cool down through the heat dissipation to the environment. The time scale 

of heat dissipation is usually in several hundred of ps. Equation 3.1 is the quantitative 

description of two temperature model. 

𝐶𝑒
𝑑𝑇𝑒
𝑑𝑡

= −𝐺𝑒−𝑝ℎ(𝑇𝑒 − 𝑇𝑝ℎ) + 𝑃(𝑡) − 𝐶𝑒
𝑇𝑒 − 𝑇𝑟𝑜𝑜𝑚

𝜏𝑝ℎ

𝐶𝑝ℎ
𝑑𝑇𝑝ℎ

𝑑𝑡
= 𝐺𝑒−𝑝ℎ(𝑇𝑒 − 𝑇𝑝ℎ)

                   (3.1) 

where 𝑡 is the evolution time, 𝐶𝑒  and 𝐶𝑝ℎ  are the specific heat of electron and phonon, 

respectively, 𝑃(𝑡) is the energy input rate from the femtosecond laser heating. 𝜏𝑝ℎ is the 

Figure 3.1 Interaction of femtosecond laser with metallic magnetic film based on two 

temperature model. 
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heat dissipation rate to the environment. The 𝐶𝑒 is assumed to be linearly proportional to 

𝑇𝑒 which is 𝛾𝑒𝑇𝑒 [64]. 𝐶𝑝ℎ is assumed to be constant [63]. Typical values were chosen from 

References [63], [64]  for simulation as listed in Table 3.1. 𝑃(𝑡) is assumed to follow a 

Gaussian profile in time domain with 0.1 ps pulse width (FWHM) [65], the peak power 

was adjusted to mimic different 𝐸𝑝. Unit volume was assumed for simulation. 

Table 3.1 Values for two temperature model simulation. 

Parameter Value 

𝛾𝑒 2 × 103 Jm−3K−2 

𝐶𝑝ℎ 7.5 × 105 Jm−3K−1 

𝐺𝑒−𝑝ℎ 1.5 × 1017𝑊𝑚−3K−1 

𝜏𝑝ℎ 100 ps 

𝑇𝑟𝑜𝑜𝑚 300 K 

Figure 3.2 Two temperature model simulation of electron temperature and phonon 

temperature. 
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Figure 3.2 shows the temperature profiles of electron temperature and phonon 

temperature in time domain with femtosecond laser heating. The electron is heated up 

instantly in < 1 ps  through the direct interaction with femtosecond laser pulse. In a few ps, 

𝑇𝑒 starts to decrease while 𝑇𝑝ℎ starts to increase through the coupling between electron and 

phonon. 𝑇𝑒 can reach higher value than 𝑇𝑝ℎ due to the smaller specific heat of electron than 

that of phonon. 𝑇𝑒 and 𝑇𝑝ℎ reach equilibrium in about 10 ps then decrease simultaneously. 

The system will reach room temperature in about 1 ns as shown by the inner plot in Figure 

3.2.    

3.1.2 Magnetic Dynamics and Kittel Model 

In TRMOKE, femtosecond laser is employed to excite the magnetic dynamics through 

heating and the magnetic moment was detect through MOKE. The pump-probe scenario 

of magnetic dynamics can be illustrated by Figure 3.3.  

Figure 3.3 Schematic of magnetic dynamics induced by femtosecond laser in the 

magnetic thin film with perpendicular anisotropy. 
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The magnetic film is assumed to have perpendicular anisotropy and saturated in 

perpendicular direction. When an external field 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is applied at an angle 𝜃𝐻 w.r.t. 

the film normal. The magnetic moment 𝑀 will be tilted away from perpendicular direction 

to the equilibrium direction 𝜃𝑚 w.r.t. Z direction, which is also the direction of total field 

𝐻. When the media is heated with femtosecond laser, the media temperature is raised up 

in several ps. The magnetic properties that depend on temperature, such as 𝑀𝑠(𝑇) and 

𝐻𝑘(𝑇), are also changed instantly, which leads to a new equilibrium direction as shown by 

the dashed yellow line in Figure 3.3. However, the time scale of magnetic dynamics is 

several tens of ps, the magnetic moment will follow the LLG equation and starts to precess 

around the new equilibrium direction. As the media cools down, 𝐻 will gradually goes 

back to the initial state with the magnetic moment precessing around and damping towards 

it. After the excitation, a probe beam split from the same pulse with pump pulse arrives at 

the sample with a time delay 𝑑𝑡 to detect the 𝑀𝑧 component with MOKE. The magnetic 

dynamic process 𝑀(𝑡) can be recorded by scanning 𝑑𝑡. 

Figure 3.4 Schematic for Kittel model derivation. 
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In TRMOKE, the deviation of the magnetic moment and the effective field is about 1 

degree, thus small angle approximation can be used to analyze the magnetic dynamic 

behavior. Figure 3.4 shows the equilibrium state and small angle approximation for 

dynamic analysis. 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is assumed to lie in YZ plane at 𝜃𝐻 w.r.t Z direction. Then 𝑀 

also lies in YZ plane at 𝜃𝑚  w.r.t Z axis.  The total energy 𝐸𝑡𝑜𝑡𝑎𝑙  of the system can be 

described by Equation 3.2. 

𝐸𝑡𝑜𝑡𝑎𝑙 = −𝐾𝑒𝑓𝑓𝑉 cos
2 𝜃𝑚 − 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙𝑀𝑠𝑉 cos(𝜃𝑚 − 𝜃𝐻)                        (3.2) 

where 𝐾𝑒𝑓𝑓 is the effective anisotropy energy which includes shape anisotropy, magneto 

crystal anisotropy and interfacial anisotropy. 𝑉 is the grain volume. The first term is the 

anisotropy energy, the second term is the Zeeman energy from 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 .  𝐻  can be 

expressed by Equation 3.3 

𝐻 = {

0
𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑖𝑛 𝜃𝐻

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑐𝑜𝑠 𝜃𝐻 +𝐻𝑘
𝑒𝑓𝑓

𝑐𝑜𝑠 𝜃𝑚

                 (3.3) 

where 𝐻𝑘
𝑒𝑓𝑓

 is the effective anisotropy field which equals to  
2𝐾𝑢

𝑀𝑠
− 4𝜋𝑀𝑠.The first term 

come from the uniaxial perpendicular anisotropy from spin-orbital coupling (crystal or 

interfacial), the second term comes from shape anisotropy, i.e. demagnetization field in Z 

axis. The effective anisotropy constant 𝐾𝑒𝑓𝑓 can be express by Equation 3.4. 

𝐾𝑒𝑓𝑓 =
𝐻𝑘
𝑒𝑓𝑓
𝑀𝑠

2
                  (3.4) 

Taking the derivative of  total energy (Equation 3.2) can solve for 𝜃𝑚 in equilibrium 

state where 
𝑑𝐸𝑡𝑜𝑡𝑎𝑙

𝑑𝜃𝑚
= 0 . 

When M precesses around 𝐻 with a small amplitude, the dynamic process can be solved 

in the coordinate of X′Y′Z′ with small angle approximation. The Z′ axis is in line with 𝐻 
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and the 𝑀′𝑧   is constant that doesn’t change with time. 𝑀′
𝑥(𝑡)   and 𝑀′

𝑦(𝑡)   can be 

expressed by Equation 3.5 which are wave equations with damped amplitude.  

𝑀′
𝑥(𝑡) = 𝑀

′
𝑥(0)𝑒

−
𝑡
𝜏𝑒−𝑖𝜔𝑡

𝑀′
𝑦(𝑡) = 𝑀

′
𝑦(0)𝑒

−
𝑡
𝜏𝑒−𝑖𝜔𝑡

               (3.5) 

where 𝑀′
𝑥(0) and 𝑀′

𝑦(0) is the amplitude of the precession in  X′ and Y′ directions at 

zero time, respectively. τ is the lifetime constant of the damping. ω is the angular frequency 

of the FMR.  

The LLG equation can be decomposed into component form in X′Y′Z′ coordinate and  

𝑀′
𝑥(𝑡)  and 𝑀′

𝑦(𝑡)  is substitute with Equation 3.5. With some mathematical 

transformations, τ and ω can be expressed by Equation 3.6. Equation 3.6 is called Kittel 

formula and is commonly used to study the ferromagnetic resonance [66][41]. 

ω = γ√𝐻1𝐻2
1

𝜏
=
1

2
𝛼𝛾(𝐻1 + 𝐻2)

            (3.6) 

where 

𝐻1 = 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 cos(𝜃𝐻 − 𝜃𝑚) + 𝐻𝑘
𝑒𝑓𝑓

cos2 𝜃𝑚

𝐻2 = 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 cos(𝜃𝐻 − 𝜃𝑚) + 𝐻𝑘
𝑒𝑓𝑓

cos 2𝜃𝑚
 

From the Equation 3.6 we can see the damping constant can be derived from the FMR 

frequency and the lifetime of the oscillation with Equation 3.7. 

α =
1

2𝜋𝑓𝜏

2√𝐻1𝐻2
(𝐻1 + 𝐻2)

                  (3.7) 

In experiment,  TRMOKE detects the Z component of the magnetic dynamics where 𝑓 

and 𝜏 can be derived. A phenomenal equation (Equation 3.8) is used to fit the TRMOKE 

signal[28], [67]–[71]. 
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𝑀(𝑡) = 𝐴 + 𝐵𝑒−𝜇𝑡 + 𝐶𝑒−
𝑡
𝜏 𝑠𝑖𝑛(2𝜋𝑓 + 𝜑)        (3.8) 

where 𝐴  is the offset constant, 𝐵𝑒−𝜇𝑡  is the exponential decay background, 𝐶  is the 

amplitude of precession, 𝜑 is the starting phase constant. 𝑓 and 𝜏 can be extracted through 

LSE fitting from the measured TRMOKE data. The effective damping constant can be 

calculated from Equation 3.9. 

𝛼𝑒𝑓𝑓 =
1

2𝜋𝑓𝜏
          (3.9) 

Compared with Equation 3.8,   α𝑒𝑓𝑓 should be scaled to get the Gilbert damping α. The 

value of the scale factor depends on the media properties and measurement conditions that 

will be discussed in the following sections. 

3.1.3 Micromagnetic Simulation and Analysis 

In this section, the micromagnetic simulation model will be presented and adopted to 

simulate the magnetic dynamics induced by ultrafast laser heating. 

The LLG equation (Equation 1.4) should  transformed into explicit form (Equation 3.10) 

for simulation with numerical method [72]. Single spin was assumed in all simulation. 

𝑑�⃗⃗� 

𝑑𝑡
= −

𝛾

1 + 𝛼2
�⃗⃗� × �⃗⃗� −

𝛼

(1 + 𝛼2)𝑀𝑠
�⃗⃗� × (�⃗⃗� × �⃗⃗� )        (3.10) 

Since femtosecond laser heating only disturbs the equilibrium state slightly through 

heating, we only include temperature dependence of two magnetic properties, 𝑀𝑠(𝑇) and 

𝐻𝑘(𝑇), without considering the thermal agitation effect. 𝑇𝑒 from two temperature model 

was used as the temperature to retrieve the media properties. Relationship of 𝑀𝑠(𝑇) and 

𝐻𝑘(𝑇) were represented by Equation 3.11 [73]. 
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𝑀𝑠(𝑇) = 𝑀𝑠(0) (1 −
𝑇

𝑇𝑐
)
𝛼

𝐻𝑘(𝑇) = 𝐻𝑘(0) (
𝑀𝑠(𝑇)

𝑀𝑠(0)
)

𝛽                     (3.11) 

where 𝑀𝑠(0)  and 𝐻𝑘(0)  are the saturation magnetization and anisotropy field at 0K, 

respectively. α = 0.33 and β = 1.1 were used in simulation. 𝑀𝑠(𝑇) with 𝑇 > 𝑇𝑐 was set to 

be zero. The room temperature (300K) saturation magnetization and anisotropy field were 

set to be 1500emu/cc and 30 kOe, which were close to or in between of the values measured 

from Co/Pt multilayers in Chapter 5. The 𝑇𝑐  of bulk Co (1400K, [74]) was used in 

simulation. 

Figure 3.5 Evolution of normalized Mx and Mz components with time under femtosecond 

laser heating. The blue line is the fitting curve with Equation 3.8. 
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Figure 3.5 shows the evolution of normalized Mx and Mz components with time under 

femtosecond laser heating. The 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was set to 8.65 kOe and 𝜃𝐻 was set to 40°. The 

thermal profile in Figure 3.2 was adopted as the thermal dynamics. The damping constant 

α was set to 0.05 for simulation. The simulation was performed with 1 × 10−14 s step size 

and the result was down sampled to 1 ps step size as the output signal. As shown in the 

Figure 3.5, the 𝑀𝑥 component follows a damped oscillation function as Equation 3.5. There 

is a fast reduction of 𝑀𝑧 in the first few picoseconds which comes from the ultrafast heating 

of electrons. After the demagnetization, 𝑀𝑧 shows a damped oscillation behavior with an 

exponential decay background. The blue line is the fitting curve with Equation 3.8. The 20 

ps point was taken as the zero-time point to get rid of the demagnetization part for fitting. 

The fitting results shows 𝑓 = 48.55 GHz  and τ = 66.86 ps, which gives 𝛼𝑒𝑓𝑓 = 0.048 . 

The scale factor is 0.99 and can be ignored. 𝛼𝑒𝑓𝑓 is a little bit smaller than the preset α. 𝑓 

calculated from Kittel model (Equation 3.6) is 49.24 GHz which is 0.7 GHz larger than the 

fitting value from the magnetic dynamics in Z direction. 

3.2 Magnetic Dynamics in Thin Films with Perpendicular 

Anisotropy 

As shown in Section 3.1, the LLG model with thermal dynamics can simulate the 

magnetic dynamics induced by ultrafast laser heating. In this section, the behavior of 

magnetic dynamics under different experimental conditions for magnetic films with 

perpendicular anisotropy will be studied. The effects of pulse energy and external field will 

be analyzed though micromagnetic modeling. 
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Figure 3.6 shows the evolution of 𝑀𝑧 component with different pulse energy 𝐸𝑝. The 

magnitude of 𝐸𝑝  is represented by the maximum 𝑇𝑒  during heating. 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  was 8.65 

kOe, 𝜃𝐻 was 40° and 𝐻𝑘 was 30 kOe. The black lines are the fitting curves with Equation 

3.8. As shown in the figure, the demagnetization ratio and amplitude of oscillation signal 

are proportional to the maximum electron temperature. The fitting curves fit well with the 

simulation data. The magnetization direction is 17.9° w.r.t Z direction.  

Figure 3.7 shows the evolution of 𝑀𝑧  component with different 𝜃𝐻 . For all the 

simulation, 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 is 8.65 kOe and 𝐻𝑘  is 30 kOe. The maximum 𝑇𝑒  is 440K. 𝜃𝐻  was 

varied from 40° to 80°  in 10° step size. Again, the black lines are the fitting curves with 

Equation 3.8. As shown in the figure, as the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 moves more in-plane, the magnetic 

moment is tilted further away from Z direction. In the simulation data, 𝜃𝑚 was increased 

Figure 3.6 The evolution of Mz component with different pulse energy. 
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from 17.9° to 40.5°. Since 𝑀𝑧 equals to 𝑀𝑐𝑜𝑠 𝜃𝑚, the amplitude of the oscillation signal 

also gets larger with increasing 𝜃𝑚 which will be easier for MOKE detection in experiment. 

Figure 3.8 (a) shows the fitting results of FMR frequencies with different 𝐸𝑝 and 𝜃𝐻 

combinations. The black line is the FMR frequencies calculated from Kittel model 

(Equation 3.6). As shown in the figure, the FMR frequencies from fitting are all lower than 

the calculated values from Kittel Model. Higher 𝐸𝑝 will results in large deviation in 𝑓. This 

is a systematic difference between Kittel model and TRMOKE model. During magnetic 

dynamic process, 𝜃𝑚  is always larger than the 𝜃𝑚  in equilibrium state and larger 𝜃𝑚 

corresponds to lower FMR frequency, 𝑀 doesn’t precess around the initial equilibrium 

direction as assumed in Kittel model. Thus, the frequency calculated from Kittel model 

will be slightly larger than the FMR frequency measured from TRMOKE. The largest 

Figure 3.7 The evolution of Mz component with different external field direction. 
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absolute deviation happens at 40° 𝜃𝐻 and 592K maximum 𝑇𝑒, which is 1.43 GHz, which is 

also the largest relative deviation 4.5%. Overall the FMR frequency is almost the same 

within error range. 

Figure 3.8(b) shows the fitting results of precession lifetimes with different 𝐸𝑝 and 𝜃𝐻 

combinations. The lifetime increases with increasing  𝜃𝐻 which agrees with the decreasing 

trend in the FMR frequency. The divergence of lifetime under different 𝐸𝑝 is smaller when 

𝜃𝐻 is larger.  

Figure 3.9 shows the effective damping constant calculated from fitting 𝑓 and 𝜏 with 

different 𝐸𝑝  and 𝜃𝐻  combinations. The black line is the scale factor calculated with 

Equation 3.7. As shown in the figure, the scale factors almost equal to 1 with a slightly 

Figure 3.8 FMR frequency (a) and lifetime (b) vs. maximum electron temperature and 

external field direction. 
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decreasing trend as 𝜃𝐻 increases. Thus, for this case, the scale factor can be ignored. The 

relative difference between 𝛼𝑒𝑓𝑓 and α is less than 5%.  

Another way to tilt the magnetic moment is fixing 𝜃𝐻  and changing the strength of 

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 which is also widely used in TRMOKE experiments [43], [75].  Micromagnetic 

simulations was also performed with 𝜃𝐻 fixed at 80° with different field strength and 440K 

maximum electron temperature. 

Figure 3.10 shows the  𝛼𝑒𝑓𝑓 vs.  𝜃𝑚 from the two methods. In changing field strength 

method, the first 5 points from left to right corresponds to external field varied from 3 kOe 

to 7 kOe in 1 kOe step size, the last point is from the previous simulation with 8.65 kOe 

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙. As shown in the figure, there are negligible difference between  𝛼𝑒𝑓𝑓 from two 

methods when the magnetic moment points in same direction in macroscopic perspective. 

Figure 3.9 Effective damping constant vs. external field direction and maximum media 

temperature. 
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The deviations of 𝛼𝑒𝑓𝑓  from these two methods with the preset damping constant are 

within 5%.    

3.3 Magnetic Dynamics in Thin Films without Anisotropy 

Magnetic films without anisotropy is also used in many applications. In this section, we 

will understand and simulate the magnetic dynamics in this kind of film. 

The geometry of the magnetic dynamics in films without anisotropy is different from 

that of the films with perpendicular anisotropy. As shown in Figure 3.11, the magnetic 

moment lies in plane without 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 due to the demagnetization field. When  𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  

is applied at angle 𝜃𝐻, the magnetic moment will be pulled out of plane to 𝜃𝑚. If the film 

is heated by femtosecond lase, 𝑀𝑠 will be changed instantly and cause a sudden reduction 

of the demagnetization field. The equilibrium direction is also changed instantly and trigger 

the precession of magnetic moment like the scenario in Figure 3.2, however the new 

Figure 3.10 Effective damping constant vs. magnetization direction with two 

external field applying methods. 



59 

 

equilibrium angle will be smaller than the initial state, as shown by the yellow dashed line 

in Figure 3.11. The equations in Section 3.1 are also valid to analyze the magnetic dynamics 

with 𝐻𝑘 set to zero. 

Micromagnetic simulation were performed with same parameters in Section 3.2 except 

𝐻𝑘 is zero. Figure 3.12 shows the simulated magnetic dynamics in Z direction with 

different 𝜃𝐻. The black curves are fitting result with Equation 3.8. As the shown in the 

figure, as 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 becomes more perpendicular, the magnetic moment is pulled closer to 

perpendicular direction. The amplitude of the oscillation signal is more obvious as 𝜃𝑚 gets 

smaller, which is different from the trend in the simulation with anisotropy field (Figure 

3.7). This is due to the different mechanism in the varying part in 𝐻. In the films with 

perpendicular anisotropy, the dominant varying part in  𝐻 is 𝐻𝑘, the change of  𝐻𝑘  is about 

the same at different 𝜃𝑚  with same heating temperature. Thus, the precession angle is 

almost the same for different 𝜃𝑚.  The oscillation amplitude in Z direction is determined 

by projecting the oscillation part with cos 𝜃𝑚  to Z direction. In the film without 

Figure 3.11 Schematic of magnetic dynamics induced by femtosecond laser in 

magnetic thin film without anisotropy. 
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perpendicular anisotropy, the dominant varying part in 𝐻  is the demagnetization field, 

which is 𝑀𝑠 cos 𝜃𝑚. Thus, the change of demagnetization field is larger with smaller 𝜃𝑚. 

Larger demagnetization field change results in more significant oscillation signal in Z 

direction. 

Figure 3.12 Evolution of Mz component with different external field direction. 
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Figure 3.13 shows the fitting FMR frequencies and lifetimes from the simulation of 

magnetic dynamics with different 𝜃𝐻 and 𝐸𝑝 for the films without anisotropy. Figure 3.13 

(a) shows the FMR frequencies from fitting are also smaller than the frequency calculated 

from Kittel model, but the deviation is smaller than that in the film with perpendicular 

anisotropy. This agrees with the observation from Figure 3.12 where the 𝜃𝑚  during 

precession can be smaller than 𝜃𝑚 in equilibrium state. Figure 3.13 (b) shows the lifetime 

decreases with increasing 𝜃𝑚. High 𝐸𝑝 slightly increases lifetime compared with low 𝐸𝑝.   

Figure 3.13 FMR frequency (a) and lifetime (b) vs. maximum media temperature and 

external field direction. 
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Figure 3.14 is the summary of scaled 𝛼𝑒𝑓𝑓 vs. 𝜃𝐻. As shown in the figure, the scale 

factor is  about 0.78 and quite different from that of the film with perpendicular anisotropy. 

The damping constant without scaling is larger than the preset value 0.05. The deviation 

can be as large as 10%. Scaled 𝛼𝑒𝑓𝑓 is slightly smaller than 0.05 with < 5% deviation. 

Therefore, the scale factor should be taken into consideration for the films without 

perpendicular anisotropy. 

In this Chapter, two temperature model was incorporated into micromagnetic simulation 

to study the magnetic dynamics triggered by femtosecond laser heating. The magnetic 

dynamic behavior is quite different for the films with and without perpendicular anisotropy. 

The phenomenon model fits excellent in analyzing the magnetic dynamic data. The scale 

factor is found to be negligible in retrieving the Gilbert damping constant for the films with 

perpendicular anisotropy but must be taken into consideration for the films without 

perpendicular anisotropy. 

Figure 3.14 Scaled effective damping constant vs. external field direction. 
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4 Time Resolved Magneto Optical Kerr Effect System 

In this chapter, the time resolved magneto optical Kerr effect (TRMOKE) system will 

be designed and constructed with pump-probe technique to measure the magnetic dynamics 

in time domain. The details of TRMOKE system will be presented and discussed in this 

chapter. 

Figure 4.1 shows the overview of the optical path design. A pump-probe scheme was 

adopted in the TRMOKE system. The laser source was ultrafast amplified Ti: sapphire 

laser. The output beam from the laser was attenuated and the spot size was reduced to fit 

the measurement requirements. Then the beam was split into two parts, one as pump beam 

with time delay capability, the other one as probe beam for MOKE measurement. The 

Figure 4.1 Full optical path of TRMOKE system. 
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whole system was controlled by LabVIEW programs. The details of the system design and 

capability will be discussed in the following sections. 

4.1  Ultrafast Amplified Femtosecond Ti : Sapphire Laser 

 The laser source was Solstice ACE laser from Spectra Physics. It was an amplified Ti: 

sapphire laser with 1 kHz repetition rate, < 100 fs pulse width,  ~ 800 nm center wavelength. 

The output pulse energy was 5mJ/pulse. The diameter of the laser spot was about 10 mm 

(1/e2) with TEM00 spatial mode. The polarization direction of the output beam was in 

horizontal direction. The laser was able to maintain 0.5% power stability over 24 hours 

with the advanced design from Spectra Physics. The low 1 kHz repetition rate can ensure 

the sample was able to cool down to room temperature after the excitation. However, the 

pulse energy was more than enough to pump and probe the magnetic dynamics, the pulse 

energy was first reduced with a pulse energy control subsystem. The spot size was also too 

large to fit into many optical components. A spot size control system was introduced after 

the pulse energy control system.  

 The pulse energy control was achieved by manipulating the polarization of the laser. 

Figure 4.2 shows the optical path and the principle to control the pulse energy. The system 

contained a zero-order air-spaced half waveplate mounted on a continuous rotation mount 

and a thin film polarizer. Both were from EKSMA Optics and specially designed for 800 

nm high power ultrashort laser pulses. The half waveplate was made from single crystal 

quartz, which has different indices of refraction for lights polarized in different orientations. 

In waveplate products, fast axis is often labeled to indicate the polarization direction along 

which the light has a lower index of refraction. The light polarized in fast axis direction 

travels faster through waveplate than the light polarized along the slow axis, which is 
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perpendicular to the fast axis. Half waveplate were commonly used to rotate the 

polarization direction of linearly polarized light. As shown in Figure 4.2, the fast axis of 

the waveplate lies in XY plate and was rotated by an angle θ w.r.t. the YZ plane. The P-

polarized light from the laser can be decomposed into two components in the X′Y′Z′ 

coordinate of the waveplate as shown in Figure 4.3.  

�⃗� = 𝐸 sin 𝜃 sin(𝑘𝑧 + 𝜔𝑡) 𝑋′̂ − 𝐸 cos 𝜃 sin(𝑘𝑧 + 𝜔𝑡) 𝑌′̂           (4.1) 

where  �⃗�  is the vector of electric field of the input light. E is the amplitude of the electrical 

field. 𝑋′̂ and 𝑌′̂ are the unit vectors in X′ and Y′ directions, respectively. k is the wave 

vector of the light. Since the light polarized in the slow axis direction travels slower, the 

transmitted light will encounter a φ phase delay after passing through the half waveplate, 

which changes the polarization of output light into the form of Equation 4.2 

�⃗� = 𝐸 sin 𝜃 sin(𝑘𝑧 + 𝜔𝑡)𝑋′̂ − 𝐸 cos 𝜃 sin(𝑘𝑧 + 𝜔𝑡 + 𝜑)𝑌′̂      (4.2)   

Figure 4.2 Optical path  and principle for pulse energy control. 
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For half wave plate 𝜑 equals 
𝜋

2
, the polarization of output light will be Equation 4.3  

�⃗� = 𝐸 sin 𝜃 sin(𝑘𝑧 + 𝜔𝑡)𝑋′̂ + 𝐸 cos 𝜃 sin(𝑘𝑧 + 𝜔𝑡) 𝑌′̂   (4.3)     

The polarization directions before and after the waveplate viewed in Z direction are 

shown in Figure 4.3. The polarization of input light will be rotated by 2θ w.r.t. the YZ 

plate after passing through half waveplate, thus the ratio of S-polarized light and P-

polarized light was changed. A thin film polarizer was used to reflect S-polarized light into 

the beam dumper and transmitted P-polarized light. The output pulse energy can be 

controlled by changing θ according to Equation 4.4. For TRMOKE application, the pulse 

energy was reduced to 300 µJ/pulse. 

𝑃 = 𝑃𝑐𝑜𝑠22𝜃                         (4.4) 

The spot size control subsystem was designed with a commercial beam expander to reduce 

the spot size. The GBE03-B beam expander from Thorlabs was used in reverse direction 

as a beam shrinker. As shown in Figure 4.4 ,the beam expander contains a convex lens and 

a concave lens working in Galilean configuration. The convex lens focuses the input beam 

Figure 4.3 Polarization state of light before and after half waveplate. 
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to reduce the beam diameter, then the  concave lens collimates the output beam. This beam 

shrinker can reduce the output spot size to 1/3 of the input spot size. The beam shrinker 

was mounted in optical cage system and sandwiched between two irises (I1 and I2) for 

easy alignment. The laser beam was first aligned without beam expander mounted in the 

cage system. Mirror 1 (M1) and mirror 2 (M2) were mounted on adjustable mirror mounts 

to direct the beam passing through the center of the cage system with the help of the irises 

and an energy meter. The energy meter was placed at the exit port of the cage system. The 

adjustment contained two operations:  

(1) M1 was adjusted to maximize the energy reading with I1 opened about half of the spot 

size and I2 fully opened, which ensured the beam enters through the center of I1 . 

(2) Then M2 was adjusted to maximize the power reading with I1 fully opened and I2 half 

opened, which ensures the beam exits through the center of iris 2.  

These two operations were repeated several times until no adjustment was necessary, 

i.e. the beam was aligned coaxial with the cage system. The various form of this two-mirror 

technology was also used in other parts to ensure the beam propagating along a specific 

direction.  

After alignment, the beam expander was mounted into the case system. The output beam 

was roughly collimated by monitoring the spot size with a white card moving back and 

forth. Fine adjustment was later made with a beam monitoring CCD camera integrated with 

pump line. The output beam must be well collimated to make sure the spot size doesn’t 

change when the length of optical path is changed. 
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 The output beam from the beam shrinker was split into two parts by a 50:50 non-

polarizing plate beam splitter. The transmitted light was directed to the automatic 

translation stage as pump beam. The reflected light was used as probe beam. 

4.2  Pump Line for the Excitation of Magnetic Dynamics 

The pump line was designed to change the time delay between pump pulse and probe 

pulse with a motorized translation stage. The pump light is retroreflected back by the 

retroreflector mounted on the translation stage. Thus, the time delay can be achieved by 

changing the travel distance of the pump pulse with the motorized translation stage moving 

back and forth.  Since the wobbling of laser spot was inevitable during the movement of 

the translation stage, integrating the translation stage in pump line ensured no moving part 

in probe line for accurate MOKE measurement. 150 µm spatial step size corresponds to 1 

ps delay in time domain. 

Figure 4.4 Beam spot size control system. 
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Figure 4.5 shows the details of the pump line. To achieve accurate time delay and 

minimize pump spot drifting, the beam must be accurately aligned to the travel direction 

of the translation stage and retro-reflected back. Two-mirror configuration was used for the 

alignment. The laser beam was turned with two mirrors, M1 and M2. An iris was mounted 

on the translation stage to indicate the travel direction of the translation stage. The open 

diameter of the iris is about half of the spot size. The energy meter was placed behind the 

iris to monitor the pulse energy passing through the iris. The iterative adjustment of 

alignment contains two operations: 

(1)The iris was brought close to M2, the energy reading was maximized by adjusting M1.  

(2)The iris was moved away from M2, the energy reading was maximized by adjusting M2.  

This procedure was repeated several times until no adjustment was necessary. The retro-

reflection of the beam was achieved with the hollow retroreflector from Newport. The 

Figure 4.5 Optical path of pump line. 
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retroreflector was constructed of three front-surface mirrors assembled into a corner cube 

with 1 arc second return beam parallelism. If the beam travels 1 m after the retroreflector, 

the spot center drifting due to the fabrication error of retroreflector is only about 5 µm. The 

retroreflector was mounted behind the iris on a vertical translation stage that can be used 

to adjust the height of reflected light to be the same as the height of input beam. The total 

travel range of the stage is 300 mm, which corresponds to 2 ns delay in time domain.  

 

Figure 4.6 Spot size analysis with CCD camera. (a) The intensity image of laser spot; 

(b) 3D plot of laser intensity; (c)Intensity plot along X axis; (d) Intensity plot along Y 

axis. (c) (d) are the cross section at spot center. 
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To inspect the quality of beam collimation and alignment, a CCD camera was used to 

capture the spot image to perform analysis. Part of the retro-reflected beam was sampled 

with a cover glass and directed into the camera. A stack of neutral density filters was 

mounted before the camera to avoid the saturation of the CCD sensor. The intensity images 

of the CCD camera were captured by a video card for analysis. The spot size was extracted 

by fitting the intensity data with 2D Gaussian function. For spot drifting monitor, the spot 

center was calculated from the weighted average of the coordinate with the intensity as 

weight.  

Figure 4.6 (a) shows an example of captured intensity image.  (b) is the 3D plot of image 

intensity, which shows a near Gaussian distribution. (c) is the intensity plotted along the X 

direction with Y centered at the fitting center. (d) is the intensity plotted along the Y 

direction with X centered at the fitting center. The blue lines are the raw data and the green 

lines are fitting curves to Gaussian function. The position unit is in pixel.  

The beam collimation should be adjusted first since the adjustment of beam shrinker 

might change the direction of output beam. The collimation was fine adjusted according to 

the spot size with the retroreflector moved back and forth. The spot size with retroreflector 

at far end was adjusted to match the spot size at close end by rotating the lens in the beam 

shrinker. After several repetitions, the final spot size at far end was 711 µm (x axis ) and 

815 µm (y axis), the spot size at close end was  716 µm (x axis) and 825 µm (y axis). The 

absolute values were calculated from number of pixels multiplied by the distance between 

pixels. The deviation of spot size during the movement of retroreflector is about 1%. 
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After collimation adjustment, the input beam into the retroreflector was fine adjusted by 

tuning M2, the spot center with retroreflector at far end was brought closer to the spot 

center with retroreflector at close end. Figure 4.7 shows the drifting of the spot center in X 

and Y directions during the movement of translation stage. The translation stage was first 

moved from close end to the far end, the Y drifting was about 30 µm in negative direction 

and the X drifting was negligible. M2 was adjusted to move the spot in Y direction. Then 

the stage was moved back and forth to check the spot center drifting which was about 20 

µm after adjustment. The principle of collimation and alignment adjustments is using the 

state at close end as reference point that changes less significantly than that at far end. 

Figure 4.7 Spot center drifting and adjustment. 
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After fine adjustment of collimation and beam pointing, the pump beam was directed 

through another polarizer mounted in a continuous rotation mount to control the final pulse 

energy for different excitation requirements. The lowest pump energy was 1 µJ/pulse. The 

pump beam was focused on the sample holder by a convex lens and the spot diameter was 

about 2 mm. The incident angle of pump beam was about 15°. 

4.3 Probe Line for the Detection of Magnetic Dynamics 

The reflected light from the non-polarizing beam splitter in Section 4.1 was used as 

probe beam. Figure 4.8 shows the optical path for the incident probe beam of MOKE. The 

pump-probe scheme requires a zero-time delay point between the pump pulse and probe 

pulse during the travel of the motorized delay stage. A manual translation stage was added 

to compensate the travel distance of probe pulse. The probe beam was retroreflected by 

two mirrors mounted on a manual translation stage. The alignment was only done roughly 

with an alignment target. Then the pump beam was folded by another two-mirror turning 

Figure 4.8 Optical path of incident probe beam. 
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system (M3 and M4) on the sample holder as the incident light for MOKE measurement. 

The incident angle was about 8°. After overlapping the pump beam and probe beam, a 

1GHz fast photodetector (818-BB-21 from Newport) was placed at the overlapping 

position to further adjust the compensation stage. The output of the photodetector was 

monitored on an oscilloscope. The compensation stage was adjusted so that during the 

motion of motorized delay stage, the pump pulse can move from negative time delay 

position ( pump pulse arrives later than probe pulse) to positive time delay position ( pump 

pulse arrives earlier than probe pulse). 

After delay adjustment, two Glan-Laser polarizers (GL-10 from Newport) mounted on 

continuous rotation mounts were added to adjust the polarization direction and the intensity 

of probe beam. P2 was used to control the polarizing direction of incident light. The 

incident light contained half S-polarizing and half P-polarizing components. P1 was used 

to control the intensity of incident light. A long focal length convex lens was added to focus 

the probe beam on the sample. A telescope with CCD camera was used to inspect the 

overlapping of pump spot and probe spot. If necessary, the last turning mirror of pump 

beam was adjusted to overlap the pump spot with probe spot. The ratio of  pump spot size 

and probe spot size was about 4, which ensures the probed region was excited uniformly. 

The reflected probe light was focused by a convex lens and passed through a Wollaston 

prism to separate the S and P components into two directions as shown in Figure 4.9. The 

two beams were detected separately by two photo detectors of a balanced photoreceiver 

(Newport 2307). The balanced photoreceiver amplified the intensity difference of S and P 

light. The output from the photoreceiver were passed through a low pass filter with 2kHz 

cutoff frequency to remove the high frequency components. Then the filtered signal was 
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sent into a SR830 lock-in amplifier that locked to the trigger signal of the laser which was 

1 kHz. The amplitude of the 1 kHz signal was taken as the MOKE signal. During testing, 

the photoreceiver was well shielded from the environmental light and diffracted laser light 

to reduce the noise. The time constant of SR830 was set to 300 ms and long-term 

monitoring shows the standard deviation of MOKE signal is smaller than 0.1%. 

4.4 Compact Electromagnet and Sample Holder 

As stated in Chapter 3, to measure the change of MOKE signal in Z direction, an 

external field must be applied to deviate the magnetic moment away from Z direction at 

some angle w.r.t to film normal.  

A water-cooled compact electromagnet was designed and constructed to satisfy the 

requirements. The core of the electromagnet was made of soft iron. The poles were 1 inch 

high cone with 1 inch top diameter and 3 inches bottom diameter. The distance between 

poles were 0.375 inches. A 0.4 inch high slot was opened on one pole for the access of 

Figure 4.9 Optical path for MOKE detection. 



76 

 

pump beam and probe beam. The coil was home winded with magnet wire, 3 copper tubes 

were embedded into the coil to flow cooling water for high current operation. The whole 

electromagnet was mounted on a XY translation stage and a rotation stage for adjustment 

of  position and the external field direction. The direction of magnetic field can be varied 

from 0° to 90° with respect to the film normal.  

Figure 4.10 (a) shows the photo of the electromagnet. The magnetic field distribution 

was simulated with COMSOL Multiphysics. Figure 4.10 (b) and (c) shows the simulated 

magnetic field on XZ and XY planes cut at the center between poles, respectively. The 

nonuniformity of the magnetic fields in sample region was < 1 % . The magnetic field was 

calibrated by placing the Hall sensor of the Gauss meter at the position of the laser spots.  

The maximum continuous field was 8.65 kOe at 25 A current with water cooling. The 

Figure 4.10 Photo and the simulation of magnetic field for homemade electromagnet. 



77 

 

resistance change is about 15% which is comparable to commercial electromagnet. The 

magnetic thin films were cut into 1/4 inch by 1/2 inch chip and mounted on the sample 

holder with double side tape. The sample holder was mounted on a XYZ translation stage 

for adjustments. 

Figure 4.11 TRMOKE delay control. 

Figure 4.12 TRMOKE detection. 
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Figure 4.11 and Figure 4.12 are the overview of the TRMOKE systems with the key 

components labeled. All components will be covered to block the diffused light from 

entering the detector. 

In this Chapter, the concerns and operations of the TRMOKE system were discussed in 

detail. The TRMOKE system has the following key capabilities: 

(1) ~ 800 nm center wavelength, ~ 100 fs pules width, 1 kHz repletion rate 

(2) 3 ns time delay with 200 fs resolution. 

(3) ~ 1% beam diameter variation (3ns delay). 

(4) ~ 1% (center drift/beam diameter) beam pointing stability (3ns delay). 

(5) < 0.1 %  noise in long term (1 hour) MOKE signal. 

(6) 8.65 kOe magnetic field with 0° to 90° field angle adjustment. 
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5 TRMOKE Study of the Gilbert Damping in 

Multilayered Magnetic Thin Films 

5.1 Study of TRMOKE Experimental Conditions 

TRMOKE measurement can be performed in many different experimental conditions, 

three key factors are pulse energy, external field strength and external field direction. The 

measured effective damping constant including the intrinsic and extrinsic contributions 

varies significantly with different media properties and experimental conditions.  

Bo Liu, et.al studied the dependence of intrinsic damping constant α (measured with 

high field) on pump influence with in-plane and perpendicular CoFeB films. The pump 

influence was varied from 5 mJ/cm2 to 12 mJ/cm2 in both studies.  The α of in-plane film 

increases from ~ 0.006 to ~ 0.013 with increasing pump influence while the α of 

perpendicular films remains constant at 0.0165 [70], [76]. The increasing of α was 

explained as the transient enhancement of electron temperature during pumping and the 

temperature dependence of damping [76]. However, the study of in-plane FePt by Zhifeng 

Chen et.al shows different trend. They reported 𝛼𝑒𝑓𝑓 decreased from 0.066 to 0.038 with 

the fluence increased from 2.5 to 7.3 mJ/cm2  [77]. This phenomenon was explained as the 

magnetic inhomogeneity was reduced at a higher temperature induced by stronger pump 

fluence [77]. 

For the experiments performed with varying external field strength, Bo Liu, et.al studied 

CoFeB films with in-plane and perpendicular anisotropy with external field angle 𝜃𝐻 fixed 

at 60° and 47.5°, respectively. In both studies, they reported the effective damping constant 

𝛼𝑒𝑓𝑓 decreases sharply with increasing field strength and saturates to constant at high fields 
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[70], [76]. Similar effect was found in [Co/Ni]N multilayer system studied by Hyon-Seok 

Song et.al with 𝜃𝐻 fixed at 60°. For N=24 , 𝛼𝑒𝑓𝑓 decreases with increasing external field 

and saturates at high fields. However, for N=6, 𝛼𝑒𝑓𝑓 measured with different field strengths 

are almost constant [71]. Thus, high external field strength is usually applied to suppress 

the extrinsic damping that may come from spin-wave and magnetic inhomogeneity [70], 

[71], [76]–[79].   

As for 𝜃𝐻 dependence, S. Mizukami et.al reported  𝛼𝑒𝑓𝑓 increased from 0.055 to 0.10 

with 𝜃𝐻 increased from 30° to 80° for L10 FePt films [80]. For [Ni/Co]N multilayer films, 

the  𝛼𝑒𝑓𝑓 is independent of 𝜃𝐻 and field strength except for 𝑡𝐶𝑜 = 0.3 nm , 𝑡𝑁𝑖=0.6 nm and 

N=2 at  𝜃𝐻=80°  [69].  In this section, we will study the best experimental conditions for 

the TRMOKE measurement of Co/Pt multilayers with different pump influence and 

external field configurations. The experimental conditions to acquire intrinsic Gilbert 

damping  in Co/Pt multilayers will be studied. 

5.1.1 Co/Pt Fabrication and Static MOKE Measurement 

 

Figure 5.1 Film stack and in-plane MH loops of Co/Pt multilayered magnetic thin films. 
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The Co/Pt multilayered thin films were prepared by magnetron sputtering on thermally 

grown SiO2 substrate with base pressure less than 1 × 10−8 Torr. The film stack from 

bottom to top was Ta (3 nm)/Pt (3 nm) [Co (X nm)/Pt (0.6 nm)]3/Ta (2 nm). The Co layers 

thickness was varied from 0.6 nm to 1.2 nm in 0.2 nm step size. The magnetic properties 

were characterized by Quantum Design's Magnetic Property Measurement System 

(MPMS-3). Figure 5.1 shows the film structure and the normalized in-plane magnetic 

hysteresis loop. The in-plane MH loops shows in-plane hard axis which corresponds to 

out-of-plane easy axis. The effective anisotropy field 𝐻𝑘
𝑒𝑓𝑓

 increases with decreasing 

cobalt layer thickness. 

The maximum magnetic field can be applied in TRMOKE system was 8.65 kOe, which 

was not high enough to perform in-plane MH measurement as in MPMS-3. However, MH 

measurement with the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  at an angle 𝜃𝐻  can be performed to extract 𝐻𝑘
𝑒𝑓𝑓

. This 

measurement is called angled MH measurement in this thesis and the measurement 

Figure 5.2 Schematic of angled MH measurement. 
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principle is illustrated in Figure 5.2. The sample was centered between the poles of the 

magnet, then the magnet was rotated so that the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was applied at angle 𝜃𝐻 w.r.t. 

the film normal. As shown in Figure 5.2 (a), 8.65 kOe 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was applied in positive 

direction to switch the magnetic moment into the positive half space, then the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 

was decreased to zero. Due to the perpendicular anisotropy, the magnetic moment will 

relax to the positive direction, which is shown as the 𝑀𝑚𝑎𝑥 in the figure. The MOKE signal 

was recorded as the value of the magnetic moment in positive direction. Similar process 

was done with the external field applied in negative direction and the value of magnetic 

moment in negative direction was recorded as 𝑀𝑚𝑖𝑛 . The magnitude of the magnetic 

moment can be calculated with Equation 5.1. 

    𝑀 =
𝑀𝑚𝑎𝑥 − 𝑀𝑚𝑖𝑛

2
         (5.1) 

Figure 5.3 Typical angled MH measurements with and without pump pulse. 
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When 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was held at the 8.65 kOe, the magnetic moment will be deviated to an 

angle 𝜃𝑚 w.r.t film normal, as shown in Figure 5.2 (b). The MOKE signal with positive 

field held was recorded as 𝑀𝑠𝑡𝑎𝑟𝑡, which is the projective value of the magnetic moment in 

film normal direction. The magnetization direction 𝜃𝑚 can be calculated from Equation 5.2. 

    𝜃𝑚 = arccos
𝑀 − (𝑀𝑚𝑎𝑥 − 𝑀𝑠𝑡𝑎𝑟𝑡)

 𝑀
                    (5.2) 

The angled MH measurement can also be performed with pump pulse at negative delay 

position to evaluate the possible heating effect of pump pulse on the magnetic structure.  

Figure 5.3 shows a series of typical angled MH measurements. A negative 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  

was applied first then decreased to zero and 𝑀𝑚𝑖𝑛 was recorded. Then a positive 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 

was applied and held to record 𝑀𝑠𝑡𝑎𝑟𝑡. Finally, 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was decreased to zero and 𝑀𝑚𝑎𝑥 

was recorded. The light blue region was the measurement without pump pulse, the light 

red region was the measurement with the pump pulse at negative delay position, i.e. probe 

pulse arrives about 1 ms after the pump pulse. Different colored lines were the 

measurements done with different 𝜃𝐻. As shown in Figure 5.3, the magnetic moment was 

tilted further away from the perpendicular direction under larger 𝜃𝐻. The MOKE signal 

was slightly affected by the diffracted light of pump pulse with pump pulse applied. After 

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  was set to zero, the MOKE signal with pump pulse didn't change with time, 

which indicates no demagnetization effect from the pulse heating. This angled MH 

measurement is also a necessary step to check the sensitivity, SNR and the linearity of the 

MOKE signal before TRMOKE measurement.  
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Figure 5.4 shows 𝜃𝑚 from angled MH measurement for 0.8 nm 𝑡𝐶𝑜with different 𝜃𝐻 

under various pump pulse energy, the magnitude of 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was 8.65 kOe. 𝜃𝐻 was varied 

from 40° to 80° with 10° step size. The pump pulse energy was varied from 2.5 µJ to 4 µJ 

in 0.5 µJ step size. From the data we can see all the measurements under different pump 

pulse energies show about the same 𝜃𝑚 as long as the external field conditions are the same, 

which also indicates the pump heating won't cause demagnetization of the films. 

Figure 5.4 Magnetization direction measured under different pulse energy. 
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With accurate 𝜃𝑚 extracted from angled MH measurements, the effective anisotropy 

field 𝐻𝑘
𝑒𝑓𝑓

 can also be calculated with Equation 5.3. 

𝐻𝑘
𝑒𝑓𝑓

= 2 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙
𝑠𝑖𝑛   (𝜃𝐻 − 𝜃𝑚)

𝑠𝑖𝑛 2𝜃𝑚
         (5.3) 

The average 𝐻𝑘
𝑒𝑓𝑓

  calculated from angled MH measurements were shown as the black 

curve in Figure 5.5. The value was cross-validated with the value extracted from in-plane 

MH measurements in Figure 5.1. The red curve corresponds to the field strength where the  

magnetic moment is about  96% of the saturated moment. 

Figure 5.5 Effective anisotropy field dependence on Co layer thickness. 
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5.1.2 Magnetic Dynamic Study under Different TRMOKE Measurement 

Conditions 

From the analysis in Chapter 3, we can conclude larger 𝜃𝐻 and higher 𝐸𝑝 can result in 

more significant oscillation signal in Z direction. However, for perpendicular magnetic 

film, larger magnetization angle might result in multi domains structure, which might 

introduce extrinsic contribution to the damping [81], [82]. Higher pump energy can result 

in larger oscillation amplitude and break the small angle approximation which will 

introduce larger deviation between the actual FMR frequency and Kittel model, as analyzed 

in Section 3.1.2.  Here we present the study of TRMOKE measurements to study the effect 

of pump pulse energy and external field on the magnetic dynamics. 

Figure 5.6 TRMOKE measurement performed with different pulse energies for 

Co(0.8nm)/Pt(0.6nm) film. 
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First, we performed TRMOKE measurements on Co (0.8 nm)/Pt (0.6 nm) film with 

different pump pulse energies. All the measurements were performed with 𝜃𝐻 fixed at 40° 

w.r.t. the film normal. The magnitude of external field was 8.65 kOe. The pump pulse 

energy was varied from 2.5 µJ to 4 µJ in 0.5 µJ step size. The TRMOKE signals are plotted 

in Figure 5.6. The black lines were the fitting curves to the phenomenal model (Equation 

3.8). A fast demagnetization due to the instant heating of electrons in several ps time scale 

happened first. After the ultrafast demagnetization, the magnetic moment started to process 

around the total field and damped towards the total field direction, which resulted in a 

damped oscillation signal in Z direction. The amplitude of the oscillation became more 

obvious as the pump pulse energy went higher since the reduction of anisotropy field was 

larger. Similar trend was observed in many other studies [77], [80]. 

Figure 5.7 TRMOKE measurement performed with different external field angle for 

Co(0.8nm)/Pt(0.6nm) film. 
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Figure 5.7 shows the TRMOKE signal measured on Co (0.8 nm)/Pt (0.6 nm) film with 

different 𝜃𝐻. The magnitude of 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was 8.65 kOe. 𝜃𝐻 was varied from 40° to 80 ° in 

10° step size. The pump pulse energy was fixed at 4 µJ. The black curves were the fitting 

curves to Equation 3.8. As the 𝜃𝐻 was increased, 𝜃𝑚 also increased accordingly, thus the 

projective component in Z direction became larger and resulted in larger oscillation 

amplitude in TRMOKE signal. 

More measurements were performed with different combinations of pump 𝐸𝑃 and 𝜃𝐻. 

The TRMOKE data was fitted to Equation 3.8 to extract the FMR frequency and lifetime. 

Figure 5.8 shows the fitting values of  FMR frequencies with different pump energies and 

𝜃𝐻. The black open squares are the value from Kittel model with 𝜃𝑚 and 𝐻𝑘
𝑒𝑓𝑓

 calculated 

from angled MH measurement. The oscillation frequencies are almost the same for same 

𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙  conditions with a slightly decreasing trend with increasing pulse energy. Figure 

Figure 5.8 FMR frequency dependence on external field direction. 
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5.9 shows the fitting values of the lifetime. The error bars are the fitting errors.  The overall 

trend of lifetime shows an increasing trend with increasing  𝜃𝐻 until 60° then decreasing. 

The lifetime decreases with increasing pump pulse energy, which is more obvious than the 

trend of FMR frequency in Figure 5.8.  

Combining the oscillation frequency and the lifetime will give the result of effective 

damping constant 𝛼𝑒𝑓𝑓. Figure 5.10 shows 𝛼𝑒𝑓𝑓 under different 𝐸𝑃 and 𝜃𝐻 combinations. 

Each point stands for a single measurement and the error bars come from the fitting error. 

Considering the effect of 𝜃𝐻, 𝛼𝑒𝑓𝑓 is the same measured with 𝜃𝐻= 40°, 50° and 60°. Then 

a slightly increasing happens with  𝜃𝐻= 70° . The 𝛼𝑒𝑓𝑓 measured with 𝜃𝐻= 80° shows an 

obviously higher value which is almost twice of the values measured with smaller 𝜃𝐻. This 

𝜃𝐻 dependence might come from the formation of multi domains when then external field 

lies more in-plane. This trend is the same as the other TRMOKE study of L10 FePt [80], 

Figure 5.9 Lifetime dependence on external field direction. 
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Ni/Co [69], CoCrPt [83].  As for the effect of  𝐸𝑃, the 𝛼𝑒𝑓𝑓 shows a slightly increasing 

trends with increasing 𝐸𝑃, but not as significantly as the result in the study of CoFeB by 

Bo Liu [76]. From these results, we can conclude 𝛼𝑒𝑓𝑓 measured below 4 µJ/pulse 𝐸𝑃 and 

60° 𝜃𝐻 reaches a constant value when the extrinsic contribution is well suppressed and the 

pump influence is not too high. Thus 𝛼𝑒𝑓𝑓 can be treated as the intrinsic Gilbert damping 

constant α in these conditions.  

In the previous experiments,  𝜃𝐻 was changed with fixed field strength, which is defined 

as method 1. Another way to apply the external field is fixing 𝜃𝐻 and changing the field 

strength, which is also widely used in other TRMOKE studies [43], [75] and defined as 

method 2 in this thesis. For the experimental study of method 2, 𝜃𝐻 was fixed at 80° and 

𝜃𝐻  was varied to tilt the magnetic moment to different directions. Similar TRMOKE 

measurements were performed with method 2 and the damping constants were extracted 

Figure 5.10 Effective damping constant vs. pulse energy. 



91 

 

to compare with the values from method 1. The effective damping constants were plotted 

with the magnetization direction 𝜃𝑚 for comparison.  

Figure 5.11 shows even the total magnetic moment points in the same direction in 

macroscopic view, the trends of effective damping constant are quite different. For the 

sample with 0.6 nm Co thickness which has the highest anisotropy constant, both methods 

can only tilt the magnetic moment a small angle away from the perpendicular direction. 

The damping constants measured from both methods have almost the same value when 𝜃𝑚 

are the same. However, the damping constant still goes higher slightly when the magnetic 

moment lies more in plane. The damping constants with 1.0 nm Co thickness measured 

with two methods start to show clear difference. For magnetization direction smaller than 

30°, the damping constants measured with both methods are almost the same. For 

magnetization direction larger than 30°, the damping constants measured from method 2 

Figure 5.11 Comparison of damping constant  measured with different external field 

conditions. 
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are significantly higher than from method 1. This difference is more obvious in the lowest 

anisotropy film with 1.2 nm Co thickness. The damping constant is about 0.17 when the 

magnetization direction is about 48°. This phenomenon comes from the multi domains 

structure since the magnetic moment can be easily tilted in plane if the sample has low 

anisotropy, the 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 in method 2 was not high enough to suppress the formation of 

multi domains. Similar divergence of damping constant was also observed in some other 

TRMOKE studies when 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 was almost in-plane and equaled 𝐻𝑘
𝑒𝑓𝑓

 [75], [84]. In this 

thesis we didn’t dive into the correction and understanding of this effect. The external field 

will be applied with maximum field strength and the minimum possible 𝜃𝐻  that can 

suppress extrinsic contribution but still give enough oscillating signal amplitude to get 

intrinsic Gilbert damping.  

In this section, we studied the experimental conditions for reliable TRMOKE 

measurements. From the previous analysis, we can conclude the conditions to get accurate 

measurement on damping constant should be (1) high magnetic field; (2) small field angle; 

(3) low pump pulse energy. These conditions can well suppress the extrinsic contributions 

to the effective damping constant leaving only intrinsic Gilbert damping. However, they 

can also decrease the amplitude of oscillating signal significantly, which might result in 

larger fitting error in TRMOKE analysis.  
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5.2 Damping Constant and FMR Frequency of Co/Pt 

Multilayers 

5.2.1 Co/Pt Fabrication and Study of Magnetic Properties 

To perform precise study of the Gilbert damping constant in multilayered magnetic thin 

films. Another series of Co/Pt multilayered thin films were fabricated. All films were 

prepared by magnetron sputtering on thermally grown SiO2 substrate with base pressure 

less than 1 × 10−8 Torr. As shown in Figure 5.12 (a), the film stack from bottom to top 

was substrate/Ta (3 nm)/Pt (3 nm)/[Co (X nm)/Pt (0.7 nm)] 3/Ta (2 nm). The Co thickness 

X was varied from 0.6 nm to 1.3 nm in 0.1 nm step size.  

Figure 5.12 (a) Film stack of Co/Pt multilayered magnetic thin film. (b) and (c) In-plane 

and perpendicular MH loops measured with MPMS-3, respectively. 
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Figure 5.12 (b) and (c) shows normalized in-plane and perpendicular MH loops 

measured by MPMS-3, respectively. The square nature of out of plane loops and linear 

magnetization process of in plane loops confirm all the films have perpendicular anisotropy. 

Figure 5.13 shows the 𝑀𝑆  and 𝐻𝑘
𝑒𝑓𝑓

 vs. single Co layer thickness. The effective 

perpendicular anisotropy field  𝐻𝑘
𝑒𝑓𝑓

 was estimated from the in-plane hard-axis loops in 

Figure 5.12 and it increases with decreasing 𝑡𝐶𝑜. Angled MH loops were also performed 

with 8.65 kOe 𝐻𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 and 𝜃𝐻 varied from 40° to 80° in 10° step size. At each 𝜃𝐻,  𝜃𝑚 

was measured multiple times to get the average value. The 𝐻𝑘
𝑒𝑓𝑓

 was calculated with 

averaged 𝜃𝑚. Then the 𝐻𝑘
𝑒𝑓𝑓

calculated from each 𝜃𝐻 was averaged again and plotted as the 

red open circle in Figure 5.13. The figure shows a good agreement between commercial 

Figure 5.13 MS and Hk
eff dependence on single Co layer thickness. Red open circles: Hk

eff 

from angled MH measurements. 
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tools and home built TRMOKE. The saturation magnetization, 𝑀𝑆 , calculated from 

MPMS-3 measurements was normalized with respect to the total Co volume present in the 

corresponding thin film. It can be observed that 𝑀𝑆 of all samples are higher than that of 

bulk Co, which is ~1400 emu/cc, primarily due to the polarization of Pt at the Co/Pt 

interfaces [85]. The enhanced 𝑀𝑆  and weak 1/t dependence of 𝑀𝑆 confirm the high quality 

Co/Pt interfaces in all samples.    

Figure 5.14 shows the relationship of 𝐾𝑒𝑓𝑓 ∗ 𝑡𝐶𝑜 with 𝑡𝐶𝑜 that can be fitted to get the 

interfacial anisotropy constant 𝐾𝑠. The 𝐾𝑆 was calculated with Equation 5.4 [85], [86].  

𝐾𝑒𝑓𝑓 =
𝐻𝑘
𝑒𝑓𝑓
𝑀𝑆

2
𝐾𝑒𝑓𝑓 ∗ 𝑡𝐶𝑜 = 𝐾𝑉 ∗ 𝑡𝐶𝑜 + 𝐾𝑆

         (5.4) 

Figure 5.14 Interfacial anisotropy constant calculation. 
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where  𝐻𝑘
𝑒𝑓𝑓
 is the effective anisotropy field, 𝑡𝐶𝑜 is the total Co thickness, 𝐾𝑉 is the volume 

contribution to the anisotropy.  𝑀𝑆  is calculated with the thickness of 3 Co layers and 4 Pt 

layers since the Pt layers are also polarized through the coupling with Co layers. In our 

case, 𝐾𝑠 contains contributions from 6 interfaces. The intersection from fitting the liner 

part gives 1.98 erg/cm2,  i.e. the interfacial anisotropy constant is 0.33 erg/cm2 for each 

Co/Pt interface.  

5.2.2 TRMOKE Study of the Gilbert Damping Constant and FMR Frequency 

with Different Co Thickness 

The magnetic dynamics of Co/Pt multilayers were studied with TRMOKE measurement. 

All measurements were performed with 8.65 kOe external field at 40° 𝜃𝐻 and 3.5 µJ/pulse 

Figure 5.15 Examples of TRMOKE measurement. The black lines are fitting curves to 

Equation 3.8. 
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pump energy, which was approved to give the intrinsic Gilbert damping constant in Section 

5.1. 

Figure 5.15 shows some typical examples of measured TRMOKE data. The curves are 

plotted with offset for clearance. The solid black lines are the fitting curves to Equation 

3.8.  As shown in the figure, an ultrafast demagnetization happens within  < 1 ps time scale. 

After several ps, the oscillation signal appears, and the amplitude slowly decays with time. 

The oscillation signal is more obvious for lower anisotropy film, this comes from larger 

𝜃𝑚,  𝜃𝑚 increases from 12.5° to 36° with increasing 𝑡𝐶𝑜 from 0.6 nm to 1.3nm, which is in 

accordance with the decreasing trend of 𝐻𝑘
𝑒𝑓𝑓

. With the magnetic moment lies more in 

plane, the precession contributes more Z component signal. From Figure 5.15, we can see 

the detectable precession time scale  for low anisotropy film can be extended to more than 

500 ps.  

Figure 5.16 FMR frequency vs. single Co layer thickness. 
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To further study the origin of the damping for interfacial anisotropy structure and 

minimize the measurement error, we performed at least ten measurements on each sample. 

All measurements were fitted separately to extract fitting parameters and perform statistical 

analysis. Figure 5.16 and 5.17 shows the relationship of 𝑓  and τ vs. single layer Co 

thickness plotted with error bar, respectively. In Figure 5.16, the black squares are the 

fitting values from TRMOKE signal with Equation 3.8. The solid red squares are the values 

calculated from Kittle model (Equation 3.6) with γ = 1.76 × 107/(s ∗ Oe). The red open 

circle was the fitting of experimental data to Kittel model with γ as fitting parameter. The 

fitting value of γ is 1.62 × 107/(s ∗ Oe), which is about 10% smaller than the γ of electron. 

As shown in the figures, with increasing 𝑡𝐶𝑜, the precession frequency decreases and the 

lifetime increases. The relative standard deviation of FMR frequency is much smaller than 

that of lifetime, which indicates FMR frequency can be precisely measured with TRMOKE.  

Figure 5.17 Lifetime dependence on single Co layer thickness. 
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Figure 5.18 shows the Gilbert damping constant vs. single Co layer thickness. 

Compared with other similar studies on Co/Pt multilayers, our damping constant is much 

smaller [28], [43]. One possible reason is our external field is 8.65 kOe which is 

significantly larger than the field used in other studies, 3.08 kOe in Reference [43], 4 kOe 

in Reference [28]. Large external field strength can well suppress the extrinsic 

contributions to the damping, such as magnon-magnon scattering, thus the effective 

damping constant we get can be viewed as intrinsic Gilbert damping constant. Another 

possible reason is the relatively small pump influence we implied, our value is 0.1 mJ/ cm2, 

which is much smaller than the values in other studies, 26 mJ/cm2 in Reference [43], 3.8 

mJ/cm2 in Reference [28]. The precession angle was estimated through the fitting 

oscillation amplitude and found to be smaller than 1°. From these comparisons, we can 

conclude the extrinsic damping constant is well suppressed in experiment and the most 

Figure 5.18 Damping constant vs. single Co layer thickness. 
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accurate study of the intrinsic Gilbert damping constant of Co/Pt multilayers with different 

Co thickness by far was achieved. The red line is the fitting curve to Equation 1.5, which 

shows a well-fitting of the experiment values to the theoretical equation. The fitting 

interfacial contribution 𝛼𝑠  is 0.027, the bulk contribution 𝛼𝑏  is 0.010. This bulk 

contribution value is very close to the reported value in the  study on [Co(X 

nm)/Pd(0.9nm)]8  multilayers, which is 0.011 [87]. The magnetic layer thickness used in 

Equation 1.5 is single Co layer thickness in nm unit. The inverse dependence proves the 

Gilbert damping of Co/Pt multilayer magnetic thin film is enhanced through the interfacial 

coupling.  

5.3 Comparison of the Gilbert Damping in Sandwiched 

Magnetic Thin Films 

As proved in Section 5.2, the Gilbert damping constant is enhanced in multilayered 

magnetic thin film through the interfacial coupling between magnetic (M) and nonmagnetic 

(NM) interfaces. The interfacial anisotropy and the material type of NM play an important 

role in the control of the damping since the first one determines the coupling strength 

between spin system and orbital system and the later affects the damping rate of spin 

angular momentum in the NM layer. Co/Pt and Co/Ir multilayered thin films were 

fabricated to study the effect of NM materials and interfacial coupling in this thesis. The 

films stacks of the four samples fabricated with the same sputtering parameters as described 

in Section 5.2.1 was shown in Figure 5.19. The films were sandwiched structure with 1 nm 

Co between two 3 nm non-magnetic layers. The materials of the two non-magnetic layers 

were the combinations between Pt and Ir. 
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Figure 5.20 shows the normalized perpendicular and in-plane MH loops measured with 

AGM and MPMS-3. All the films have perpendicular anisotropy. As shown in Figure 5.20 

(b) , Pt/Co/Ir film has the highest 𝐻𝑘
𝑒𝑓𝑓

  which is about 9.5 kOe. Ir/Co/Ir and Pt/Co/Pt films 

have 7.8 kOe and 6.8 kOe 𝐻𝑘
𝑒𝑓𝑓

, respectively. Ir/Co/Pt film has the lowest 𝐻𝑘
𝑒𝑓𝑓

, which is 

about 3.8 kOe. The difference between Pt/Co/Ir and Ir/Co/Pt films indicates the interfacial 

effect is related to the growing sequence of the film and affected by the mismatch of lattice 

between adjacent layers.  

The TRMOKE measurements for these films were performed with 2.5 µJ pulse energy, 

8.65 kOe external field and 𝜃𝐻  varied from 60° to 80° in 10° step size. The effective 

damping constant was shown in Figure 5.21. As shown in the figure, the extrinsic 

contribution caused by 𝜃𝐻  is negligible. With low pulse energy and high external field 

Figure 5.19 Film stacks for the comparison of sandwiched magnetic thin films with Co as 

magnetic layer, Pt and Ir as non-magnetic layer. 

Figure 5.20 Perpendicular and in-plane MH loops for sandwiched magnetic thin films. 
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strength, the extrinsic contribution to the damping was well suppressed, leaving only 

intrinsic Gilbert damping. Considering Ir/Co/Ir and Pt/Co/Pt samples with close 𝐻𝑘
𝑒𝑓𝑓

, 

which are 7.8 kOe and 6.8 kOe 𝐻𝑘
𝑒𝑓𝑓

, respectively, the damping constants are quite 

different, which are ~ 0.15 and ~ 0.08, respectively. Thus, Ir is a more effective spin sinking 

material than Pt, which is in accordance with the results for spin diffusive length of Ir and 

Pt which are 0.5 nm and 1.2 nm respectively [88], [89]. For Pt/Co/Ir and Ir/Co/Pt films, 

even the materials of adjacent layers are the same, the Gilbert damping constants are not 

similar, which are ~ 0.13 and ~ 0.09, respectively. This mainly comes from the difference 

of the interface coupling strength. The 𝐻𝑘
𝑒𝑓𝑓

 of Pt/Co/Ir is 2.5 times of the 𝐻𝑘
𝑒𝑓𝑓

 of  Ir/Co/Pt 

which shows stronger spin orbital coupling strength between interface for Pt/Co/Ir. From 

theses comparison we can conclude, the NM material and interfacial coupling strength 

determines the Gilbert damping together, high spin orbital coupling of NM material and 

high interfacial coupling between FM/NM result in high Gilbert damping constant. 

Figure 5.21 Damping constant vs. external field direction for sandwiched magnetic thin 

films with Pt and Ir as nonmagnetic layers. 
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In this chapter, we used TRMOKE to study the damping constant of [Co(X nm)/Pt(0.7 

nm)]3 multilayered films with Co layer thickness from 0.6nm to 1.3 nm. With high external 

field, small external field angle and low pump influence, the extrinsic contribution to the 

damping is well suppressed. The Gilbert damping constant decreases from 0.054 to 0.029 

with increasing Co layer thickness. Further fitting analysis shows the damping constant has 

an interfacial contribution which is inversely proportional to the magnetic layer thickness 

and a constant value from bulk contribution. For multilayered magnetic thin films, the 

Gilbert damping constant is enhanced through the interfacial coupling between magnetic 

and nonmagnetic layers. Comparison of sandwiched magnetic thin films with Pt/Ir as 

nonmagnetic layers shows high spin orbital coupling of NM material and high interfacial 

coupling between FM/NM result in high Gilbert damping constant in multilayered 

magnetic thin films. 
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6 Summary and Discussion of Future Directions 

The work of this thesis was focused on the pump-probe study of the Curie temperature 

distribution of HAMR media and the Gilbert damping constant in multilayered magnetic 

thin films. Two pump-probe methodologies were studied and understood with 

micromagnetic simulation. The pump-probe experimental systems were successfully built 

to study the Curie temperature distribution and the Gilbert damping constant for the first 

time in Data Storage Systems Center. 

The Curie temperature distribution was measured through the switching curve of 

saturated media under sub-ns pulse laser heating. The Curie temperature distribution of 

HAMR media with BaFe12O19+C as grain boundary was measured and proved to be smaller 

than that of the media with C grain boundary, which is a novel way to control the Curie 

temperature distribution for small grain size. The same system was extended to measure 

the temperature dependence of anisotropy field around Curie temperature for the first time.  

For the future work of Curie temperature distribution measurement, the system may be 

updated with temperature measurement capability through thermal reflectance that can 

provide in situ measurement of the temperature.  

The micromagnetic modeling with pulse laser heating was established to understand the  

magnetic dynamics excited by ultrafast laser heating. Though the model was based on 

single spin, it gave an in-depth understanding of the TRMOKE measurement that was used 

to guide and correct the experiments. The TRMOKE system built in this thesis has high 

SNR and long-term stability with cutting edge techniques. The detailed study determined 

the best measurement conditions for TRMOKE measurement of magnetic films with 

perpendicular anisotropy are: (1) high external field, (2) low pulse energy, (3) small angle 
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between external field direction and perpendicular direction. The intrinsic Gilbert damping 

of Co/Pt multilayered magnetic thin films was accurately measured with the extrinsic 

contribution well suppressed. In FM/NM multilayered magnetic thin film, the Gilbert 

damping constant contains a bulk contribution from magnetic layer and an interfacial 

contribution through the interfacial effect at FM/NM interface. Comparison of sandwiched 

magnetic thin films with Pt/Ir as nonmagnetic layers shows Ir is a more effective spin 

sinking material than Pt. High spin orbital coupling of NM material and high interfacial 

coupling between FM/NM result in high Gilbert damping constant in multilayered 

magnetic thin films. The TRMOKE system also provided intensive study on the Gilbert 

damping constant for industrial sponsors with productive results. 

For the future simulation work of magnetic dynamics, a more complicated model with 

the capability of simulating magnetic domains and the variation of local magnetic 

properties should be developed to study the extrinsic contributions of the damping. As for 

the experimental work, the method to control interfacial anisotropy constant without 

changing the materials should be developed to further investigate the interfacial effect. 

Spin wave mode in addition to the damping dynamics [83], [84], [92] was also observed 

for thick magnetic films from industrial sponsors. The result was not shown in this thesis, 

but this is an important area in understanding the origin and transmission of spin waves. 
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