Time-Resolved Magneto-Optical Kerr Effect for the Study of
Ultrafast Magnetization Dynamics in Magnetic Thin Films

A THESIS

SUBMITTED TO THE FACULTY OF THE
UNIVERSITY OF MINNESOTA

BY

Dustin Michael Lattery

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR THE DEGREE OF
DOCTOR OF PHILOSOPHY

Adviser: Xiaojia Wang

May 2020



© Dustin Michael Lattery 2020



ACKNOWLEDGEMENTS

In order to make my way through my graduate education, it’s important to acknowledge all of the
help I’ve gotten along the way. My time at the University of Minnesota has been filled with all
sorts of collaborations, to the point where it would be difficult to thank everyone that helped to
guide me and provided an immeasurable amount of assistance in the pursuit of my doctorate.

I’d first like to thank all of the members (both current and former) of the MNTTL for all of their
assistance. Prof. Hu Zhang helped getting me started in research, specifically his help setting up
the monochromator system in the MNTTL and assistance in measuring silver nanorod samples
(provided by Dr. Funing Chen and Prof. Yiping Zhao). Prof. Jie Zhu almost singlehandedly started
me on the path that led to the research that makes up the majority of this thesis. While | have made
some updates and adjustments to the TR-MOKE method to measure ultrafast dynamics, he set up
the initial measurement and initiated the concept of measuring ultrafast magnetism with the
MNTTL laser system. Dr. Xuewang Wu started in the lab before me and was always available
whenever | had a question about the laser setup or TDTR measurements. Haidong Ma helped with
the design and machining of the components for our high temperature stage. Daehyun Kim also
provided additional help later down this path. And finally, Saichao Dang, Chi Zhang, Matthew
Thompson, Daehyun Kim, Dingbin Huang, Yingying Zhang, Lis Stolik, and Bill Peria taught me
by allowing me to teach them. Having to think about concepts enough to explain them to other
researchers is the final step necessary to becoming a professional in a specific research area.

Just as important to my education were my collaborators in research. Mingeon Kim, Jongin Choi,
and Prof. Bong Jae Lee provided the simulations of silver nanorods with FDTD to finally complete
my initial research into optics. Dr. Junyang Chen created magnetic thin-film transducers for thermal
TR-MOKE measurements which provided an opportunity for me to provide information for my
first publication. Dr. Delin Zhang prepared the majority of the samples for my measurements
presented in this work. Dr. Tao Qu helped with micromagnetic simulations of magnetization to
compare to TR-MOKE results. Prof. Paul Crowell has provided a significant amount of help to
interpret TR-MOKE data and acted as an initial audience to my theories and interpretations of
magnetization dynamics. Prof. Randall Victora provided physical explanations and simulations to
understand the TR-MOKE results and taught the course that acted as my original magnetic
background. Prof. Jian-Ping Wang also added to my education not just by teaching me about
spintronics, but also provided connections to Delin Zhang, Junyang Chen, Xudong Hang, and many
of his students and post-docs that helped me along the way.

Lastly, I would like to acknowledge the help that my graduate committee has provided to me. Prof.
Terry Simon has been teaching me since my undergraduate education and continues to be gracious
with his help whenever | should need it. Prof. Chris Hogan as the director of graduate studies has
not only helped by answering my questions about graduate education, but also by motivating me
to branch out and help within the department. Prof. Jian-Ping Wang has already been
acknowledged, but I think it is important to acknowledge the amount of work he has done for my
benefit. My advisor Prof. Xiaojia Wang motivated me into not only researching a new and exciting
topic but also to transfer into the doctoral program and allowed freedom to research projects that |
found interesting. Finally, although John Gardner is not on my committee, he has helped me
through every step of the graduate process, and | am very thankful.



DEDICATION

This thesis is dedicated to my friends and family. This time of my life has been an adventure
for all of us. Although it looked like it would never end, it has, and it is only because of you. Thank
you for putting up with me in my highs and lows.



ABSTRACT

As traditional complementary metal oxide semiconductors (CMOS) struggle to extend
previous industrial trends, new technologies must be researched and delivered. One of the most
important aspects that must be considered is the transport of heat within the material. By advancing
the design of materials and interfaces, heat transfer within electronic devices can be improved. At
the same time, novel technologies that rely on the magnetism of thin films also need to have their
transient magnetic behavior optimized. By measuring the magnetic response of the materials,
engineers can select the best-matched materials to design and fabricate devices with lower power
consumption and higher processing speed, and thus improved performance. Such material transport
studies require new methods and metrology development that can provide highly sensitive and
accurate characterization of the materials. The time-resolved magneto-optical Kerr effect (TR-
MOKE) technique is capable of probing both thermophysical and magnetic properties of a variety
of materials, and it offers superb spatial (micrometer) and temporal (sub-picosecond) resolutions.
In this thesis, information about this technique will be discussed including thorough examples of

its applications in the study of magnetization dynamics.
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CHAPTER 1: INTRODUCTION

This chapter is an introduction to the state of magnetic transport properties and how they can be
measured with a TR-MOKE system. Parts of this introduction were originally published as a book
chapter:

1. Lattery, D., Zhu, J., Huang, D., and Wang, X.J., “Ultrafast Thermal and Magnetic
Characterization of Materials Enabled by the Time-Resolved Magneto-Optical Kerr
Effect”, invited IOP Book Chapter in Nanoscale Energy Transport: Emerging Phenomena,
Methods and Applications (2020), pp. 9-1 to 9-30.

Transport properties (e.g., electrical conductivity, thermal conductivity, and the transfer of
magnetic moment of materials) are of critical importance to a broad range of engineering
applications. In this thesis, | will highlight the state-of-the-art Time-Resolved Magneto-Optical
Kerr Effect (TR-MOKE) methodology, based on the ultrafast pump-probe technique, for
characterizing magnetic transport properties of several representative materials. These materials
are of technological importance, serving as building blocks for the next generation of electronic,
spintronic, and data storage devices. For decades, these device components have been
manufactured following Moore’s law which states that the number of transistors per chip should
double every two years [1]. Semiconductor industries have pushed to maintain this trend, but they
are finally being limited by the power density of device operation, or more simply, heat extraction
[2]. By moving electrons through more closely-spaced transistors at faster switching speeds, these
devices are producing progressively more dense heat loads, imposing a continually-growing need
for thermal management (the capability of redistributing and removing heat). The solutions
proposed by researchers have followed two main paths: (1) developing new technologies that
require less power and (2) engineering new materials and better interfaces that can be scaled down
without increasing heat generation or impeding heat transfer.

Following the first path, the field of spintronics (spin-electronics) has proven a promising

direction since the discovery of giant magnetoresistance [3,4]. At the fundamental level, spintronics



focuses on advancing materials by manipulating the magnetization (or spin) in magnetic materials
to achieve so-called “beyond CMOS” (complementary metal oxide semiconductor) technologies.
Theoretically, spintronic devices have the benefits of minuscule amounts of power required for
switching, fast switching speeds, and non-volatility (i.e., they do not require power to retain
information), making them ideal for both processing and memory. Spintronics have already been
adopted in widespread applications. The most common application can be found in magnetic
random-access memory (MRAM), which has rapidly gone from utilizing a magnetic field to switch
memory [5], to spin-transfer torque (STT-MRAM) [6,7], and to spin-orbit torque (SOT-MRAM),
[8,9] making use of cutting-edge physics along the way. The unique advantages of these memory
technologies have further enabled advanced applications in all-spin logic (using only spin transport
for computation) [10,11], probabilistic computing [12], spin torque oscillators [13-16], and heat-
assisted magnetic recording (HAMR) [17-19], among others. While these technologies are all
proven, future generations will require an optimization of material properties depending on the
application. It is crucial to understand the magnetic properties (such as the Gilbert damping «) of
materials at short time scale (e.g., sub-nanosecond) to guide further research and development.
The characterization of magnetic properties up to this point has been dominated the technique
of ferromagnetic resonance (FMR) [20]. FMR uses a microwave signal to excite a magnetic sample.
The change in magnetic susceptibility of the sample is measured through a change in microwave
absorption as the sample goes through its resonance condition, during which, the external field and
frequency agree with the theory pioneered by Kittel [21]. The resulting microwave absorption, as
a function of frequency or field, can be fitted to a Lorentzian or anti-Lorentzian function, where the
width of the Lorentzian (the so-called linewidth) is dependent on the damping o [22]. While this
highly versatile technique has adapted through advanced techniques (such as stripline FMR among
others [23]), it has difficulty characterizing new technologically relevant materials with large

perpendicular magnetic anisotropy (PMA). The large anisotropy requires a high-power input to
2



excite the magnetization, and the relatively large damping of metallic materials leads to large
linewidths. The search for alternative measurement techniques has been motivated by these
challenges faced by FMR.

For these emerging materials and technologies, ultrafast laser-based pump-probe techniques
provide sensitive, powerful, and high-throughput capabilities for the study of transport in materials.
The high temporal resolution of the ultrafast pump-probe method makes it suitable for studying
dynamics occurring on time scales from hundreds of femtoseconds (fs, 10"° s) to several
nanoseconds (ns, 10° s), for both thermal and magnetic transport processes. Time-resolved
magneto-optical Kerr effect (TR-MOKE), a system initially invented to probe magnetization
dynamics [24,25], can be extended to thermal measurements by taking advantage of the
temperature-dependent magnetization of the transducer [26,27]. For magnetic transport studies,
TR-MOKE can detect magnetization dynamics of materials with superb spatial (diffraction-limited
beam spots) and temporal (sub-picosecond) resolutions. Particularly, the use of optical pumping
and detection in TR-MOKE allows it to capture the ultrafast magnetization of “hard” materials
(with large magnetic anisotropy) that are not detectable using conventional FMR methods.

In this thesis, | will detail my research focusing on measuring the magnetization dynamics of
magnetic thin films. Specifically, | will focus on 3 main projects: a study of the optimization of
TR-MOKE signal of perpendicular magnetic materials; annealing temperature-dependent magnetic
properties of tungsten-seeded CoFeB; and the coupling between acoustic strains and magnetization
dynamics in Co/Pd multilayers. | will also discuss a few projects that | started that will be
researched more by new PhD students in my group. The results of this research can be used to guide

development and optimization of new magnetic technologies.



CHAPTER 2: THEORY

The theory presented in this section will cover the critical concepts used in ultrafast
magnetization dynamics. While many of the theories are derived starting from the quantum theory,
and indeed some concepts in spintronics only make sense with a background in quantum mechanics
and solid-state physics, the purpose of this section is to present the theory in a semi-classical
approach. The study of ultrafast magnetism has been dominated in the past by physicists and
electrical engineers, but because | had no experience in either field prior to this research, | have
tried to develop my own understanding as a mechanical engineer. In other words, my goal here is
to present critical information in terms that can be understood by most individuals with an

engineering or scientific background.

2.1 Equations for Precessional Magnetic Motion

The concept of angular momentum is often a case of confusion when it is initially taught in
undergraduate level physics courses. It is often useful to discuss a simple object, such as a top, to
introduce this concept. When a top is spun, angular momentum keeps the top rotating without
falling over, thereby acting against gravity by resisting a change to its angular momentum (i.e. its
desire to keep spinning keeps it from falling over). When the rotating body is tilted and its center
of rotation does not align with the direction of gravity, a torque is generated (a change in angular
momentum). The imposed torque will cause the rotational axis of the top to continuously change,
so the rotational axis will trace a circular path in space as it rotates. This continuously changing
axis of rotation is called “precession”, a concept that is used to describe the movement of the earth

all the way down to the motion of the direction of magnetization in a material.

In the field of magnetism, the magnetization of ferromagnetic materials is associated with the

angular momentum or “spin” of the electrons. Analogous to how a torque is imparted on a rotating



top, an effective internal magnetic field (Hesr) can provide a torque (T) on the angular momentum

inside magnetic materials. The torque acting on a magnetic moment (um) is given by the equation:

Tz—/lmXHeﬂ: 2.1

Through a conservation of angular momentum (L), the change in angular momentum in time must

be equal to a torque, or in other words:

dL
5 = #m > Het 2.2

Averaging the magnetic moment over an entire system, the magnetic moment can be replaced by

the magnetization of the system (M).

dd—l\t/lz—)/M x Hegs 2.3

This equation describes “Larmor Precession” or the precession of magnetization around a
magnetic field and introduces the concept of the gyromagnetic ratio (y), which is a ratio of the
magnetic moment to the angular momentum (y = L/um). The value of y changes from material to
material through a dimensionless g-factor (a factor that represents the total magnetization for a

material system which is approximately equal to 2 for an electron).

From Eq. 2.3, if the magnetization vector is parallel to Hesr, then M will not change in time (M
is in equilibrium). This equilibrium should only happen when an associated energy is minimized.
For magnetism, this equilibrium occurs when the magnetic free energy density (F) of the system is
minimized with respect to M. The magnetic free energy, as introduced by Stoner and Wohlfarth

[28,29] is typically represented by the sum of several energy terms:

F:F0+F2+FK+FD 24



where Fq is an offset (the constant energy term that does not impact dynamics), Fz is the Zeeman
energy (energy from an external magnetic field), Fx is the anisotropy energy (an energy related to
the magnetic properties of the material), and Fp is the demagnetization energy (energy from an
internal magnetic field depending on the shape of the sample). The concept of equilibrium when

M is parallel to Hes is captured by the definition of effective field in Eq. 2.5.
Her =—VMmF 2.5

While Eq. 2.3 is useful to understand the concept of magnetization (or spin) precession inside
of a magnetic material, the lack of a relaxation mechanism makes it unphysical. One of the first

methods to account for the damping in a system, the Landau-Lifshitz equation, assumed that the

magnetization within a system was constant (|M| =M, where Ms is known as the saturation

magnetization), and simply added a relaxation constant (AL, units of emu cm= s Oe™) to allow

for the system to relax towards the equilibrium direction along Hess.

dd—'\t/lz—)/MxHeﬁ —%Mx(MxHeﬁ) 0.1

S

This equation simply provides a phenomenological method of describing the damping process
in dynamic magnetism. The processes that cause a system to relax (a few of which are discussed in
Section 2.3) are combined into this single damping term. Other methods of accounting for this
damping process have been proposed, such as the most widely used equation developed by Gilbert
which theorizes a “viscous” damping that depends on the “velocity” of the changing magnetization
as captured in the Landau-Lifshitz-Gilbert (LLG) equation, shown in Eq. 2.7 [30].

M MxH +i(de—M) 0.2
dt M, dt



The dimensionless damping constant presented in Eq. 2.7 (o, the Gilbert damping) is the
typically reported value of damping constant that describes the dynamics in technologically
relevant materials. The values of this constant range from 10~ to 0.1 [31,32], largely depending on

the material studied, the thickness of the material, growth conditions, and temperature.

It is often useful to predict the behavior of the magnetization within magnetic materials with
the appropriate anisotropy and Gilbert damping through computer simulations (i.e., humerical
methods), but the nature of the LLG equation in the form of Eq. 2.7 is not conducive to numerical
simulation. Through the process outlined in Appendix A, the LLG equation can be converted into

a form similar to the original Landau-Lifshitz equation:

M 7 MxHgs -2 Mx(MxHg ). 0.3

dt 1+a? Ms(l+a2)

By separating the Cartesian components of the vectors of M and He, the cross products can be
readily solved, and the resulting differential equation is only first order in time. While there is an
entire field originally established by William Fuller Brown at the University of Minnesota which
combines the solution of this differential equation with a finite element method (micromagnetic
simulations) [33], “simulations” in this thesis refer to the simulation of a single magnetization

(single-spin or macromagnetic simulations) unless otherwise indicated.

2.2 The Importance of Gilbert Damping: Macrospin Simulations

Most modern applications of spintronics rely on binary states of magnetization (i.e., up and
down) for computation. Magnetic storage is an example where data is stored in bit sequences made
up of a series of “15” and “0s” made of magnetic grains with magnetization pointing either up or

down. Switching between these two states (or being able to write data) is a crucial aspect of



consumer devices. As such, it is critical to understand how the different aspects of the LLG equation

impact the switching speed inside a magnetic film.

For the simplest case where an external field is applied to the magnetic system at an initial
time, the magnetization will feel a large torque due to the MxHes term. The speed of the
magnetization should depend on the amplitude of this torque (which is represented in the first part
of the Eq. 2.7). At the same time, the 2" term in Eq. 2.7 will resist a change in the magnetization
with a strength that is proportional to a. To further understand the influence of damping on

precession, | will discuss the influence of a few parameters through LLG simulations.

The first thing | will present is the influence of torque on precession duration. | will change the
torque by modifying the MxHes cross-product by varying the initial angle of the magnetization ().
By increasing the angle between the two terms, the rate of the change in magnetization should
increase with increasing angle. For the sake of these plots, | will compare the times for the
magnetization to achieve 99.99% of the switching process (the magnetization goes from 6; to the

equilibrium direction).
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Figure 2.1 Macrospin simulation showing how the rate of change of magnetization changes with varying
initial conditions. (a) The time trace of the z-component of magnetization as a function of time for the case
where the magnetization is 45 degrees from the equilibrium direction. (b) The rate of change of magnetization
(where AM and At are defined in (a) as a function of initial angle (6;) from equilibrium (which in this case is
the direction of external field (6n)).



As shown by these plots, while the damping remains consistent, increasing the torque helps to
speed up switching. Counterintuitively, increasing the damping for a specific torque also helps to
increase the switching rate. While it takes a longer time to partially switch, once switched, the
system is overdamped and cannot oscillate around the equilibrium. This is particularly useful in

magnetic storage applications.

Time (ns)

Figure 2.2 Macrospin simulation of the switching process from up (positive values of M,/M;) to down
(negative values of M,/Ms) for various values of a. Higher values of a complete the switching process faster.

Based on these results, it might seem useful to always maximize the damping parameter for
applications, but for STT-MRAM, the switching behavior is caused by an applied spin current. This
spin current can be accounted for through the addition of a so-called “Slonczewski” term in the

LLG, as in Eq. 2.9 [6,34,35].

M___7 MxHeﬁ—LMX(MXHeﬁ)+£w—sy(MxMxmﬁxed) 09

dt 142 M (1+a?) 2¢ M2 (1407

The last term introduces a few new variables associated with the spin current (7 is the reduced
Planck constant, e is the electron charge, #s is the spin polarization, tr is the thickness of the layer,
Js is spin current density, and Mrixeq IS the direction of the magnetization in the polarizing layer),
but is otherwise the same as Eq. 2.7. The last term introduces an anti-damping-like torque (a torque

9



that acts against damping) into the system that will always depend on an external magnetic moment
(Mrixed). Just to exhibit how this differs from a purely field-switched system, Fig. 2.3 illustrates two

different switching scenarios, a field-switched and a current switched system.

Figure 2.3 Macrospin simulation of switching. The spheres indicate a sphere of constant M;s in 3D cartesian
space. The black arrows show the initial direction of magnetization and the red lines show the path of
magnetization as it switches from pointing up to down. (a) is the switching path for field-assisted switching
while (b) is a spin-transfer torque switching.

While the field-switched scenario always follows the same path, the current-switched system
changes direction. This is because the spin-transfer torque changes sign and becomes a damping-
like torque past a certain point. To account for this, a simplification has been proposed that provides
a critical switching current for a perpendicular film in terms of previously defined magnetic
properties and the effective anisotropy field (Hkerr @ measure of the field required to rotate the
magnetization from the easy axis to a hard axis) that is given by [36]:

_ 2eM St,:a

J
‘ hns

Hiceff - 2.10

This equation indicates that the critical spin current (Jc) has a in the numerator meaning that
reducing damping is one method of reducing the energy required (related to J¢) to switch a device

with spin-transfer torque.
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To summarize, for applications such as MRAM where the only goal is to switch a
magnetization with the smallest amount of current possible, it is beneficial to reduce the amplitude
of a, whereas for magnetic storage, a large « helps to prevent the magnetization from spontaneous
switching and thus speeds up writing. For both cases, understanding this material property o is

critical to developing consistent devices.

2.3 Damping Mechanisms

As discussed in the previous section, the damping parameter is one of the most important
material properties for many spintronic devices. To better understand this phenomenological
parameter, it is helpful to understand a few of the many theories that have been presented to better
understand the magnetic damping. These physical mechanisms provide much of the information

for what we understand as the contributors to the damping.

2.3.1 Kambersky Damping: Spin Orbit Dissipation

One of the most cited contributors to the field of predicting magnetic damping through
computational methods is Vladimir Kambersky. As a method to describe the purely intrinsic
damping mechanisms, Kambersky described two possible intrinsic mechanisms that cause the
energy from magnetization to damp [37]. The first mechanism is a dissipation from the magnons
(a quantized packet of spins described as a wave) directly into phonons (a quantized packet of
lattice vibrations) via spin-flip scattering events as described by Elliott and Yafet [38]. The other
mechanism discussed utilizes an understanding of the shifting electron orbital shifts due to a change

in magnetization.

This torque correlation (or breathing Fermi surface) model describes the change to the electron
density of states (the available states at a given energy that are available) for up and down spins
and is used as a first-principles method of predicting the damping in metals [39-42]. By

incorporating both the interband (conductivity-like) and intraband (resistivity-like) scattering, the
11



damping can be predicted for various electron scattering times (related to the temperature of the

material) [43,44].

This has been previously used to predict the damping in technologically relevant materials such
as L1o-ordered alloys of FePd [45-48] and FePt [46,47,49] and found to have a strong dependence
(roughly quadratic) on the spin-orbit coupling (a relativistic coupling between the spin of an
electron and its orbit). Because the spin-orbit coupling also determines the amplitude of the
magnetocyrstalline anisotropy [50], this means that a material with large spin-orbit interactions
(such as alloys with the heavy metal Pt) tend to have both high anisotropy and damping. Outside
of the materially-dependent properties that are captured by the Kambersky model, there are other

extrinsic methods of damping that can be tuned based on the operation conditions of the material.

2.3.2 Two-Magnon Scattering

The previous discussion of damping has been damping within a single magnetic element (single
magnetic domain) with no imperfections, which is not possible in real materials and devices. As
magnetic solids begin to be discussed, it becomes important to understand the impact of
microscopic magnetic interactions between multiple magnetic domains within a magnetic solid.
One such resulting physical phenomena is the spin wave, a magnetic wave that propagates through

a solid via interacting magnetic domains as pictured in Fig. 2.4.

A quantized spin-wave packet is known as a “magnon” and is a quasiparticle that obeys Bose-
Einstein statistics (a boson). The relationship between spin wave and magnon is analogous to that
between a lattice vibration and a phonon. The concept of a magnon was originally used to describe
the temperature dependence of ferromagnets at low temperature (Bloch T%2 law), but it has become

important to understand these quasiparticles to describe damping processes in magnetic devices.
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Figure 2.4 Illustration of a spin wave. Due to ferromagnetic coupling between individual spins in a solid, a
perturbation of a single magnetic moment (um) will cause a movement of neighboring moments. This will
lead to a spin wave with a wavelength (indicated by the line in the top view) determined by the material
properties. A quantization of spin waves with a set energy is called a magnon.

As with a discussion of any quantized energy carrier in solid state physics, a discussion of
energy flow due to magnons begins by understanding the magnon dispersion (a distribution of the
magnon energy given in terms of angular frequency w with respect to the reciprocal lattice
vector K). The derivation of this dispersion has been briefly discussed in many papers [51-53] and
is also carried out in Appendix C for thin films with perpendicular magnetic anisotropy. A plot of

an example magnon dispersion is shown in Figure 2.5.

At k = 0 the frequency indicates the uniform precession mode (i.e. the frequency for the case
where the magnetization of the film is precessing at the same frequency). This k = 0 mode is the
mode of interest for most discussions of magnetization dynamics, but when magnons are
introduced, there is also the possibility of the existence of degenerate modes (modes with the same
energy). Through two-magnon scattering (named because there are only two magnon states
involved in the process) a k = 0 magnon scatters into a degenerate k # 0 magnon. A non-zero
wavevector indicates that this new magnon mode has a momentum associated with it (i.e., the

energy of the magnon is moving within or out of the system). Because momentum is not conserved
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in this process, it requires an impurity to scatter the magnon. A few of the relationships for various

impurities are discussed more elsewhere [53].

For a magnon dispersion in a magnetic thin film (the focus of this work) typically only supports
magnons in the two in-plane dimensions (the out-of-plane is too thin to support multiple domains),
so we can think of the magnon dispersion as a surface as shown in Fig. 2.5. If a constant energy
surface is superimposed over the surface, we will see a “figure 8” shape where the frequency of a
k =0 magnon (ay) is equal to that of a k # 0 magnon (e, ) as indicated by the dotted red line in
Fig. 2.5.
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Figure 2.5 Figure of the magnon dispersion in a perpendicular magnetic thin film. The surface denoted by
oy indicates the frequency of a magnon with a wavevector given by k (a vector made of components ky and

ky). The surface indicated by @y is the uniform precession frequency. The overlapping part of these two
surfaces indicates the degenerate magnon modes (indicated by the dotted red line in the contour).The

magnetic properties are based on the W/CoFeB sample in Chapter 4 and an exchange of 10 erg cm™.

The length of this path indicates the number of available modes for the uniform magnon to
scatter into. With more available modes, the probability of a scattering event becomes more likely
(also increasing impurities), so the damping from this process will increase. Appendix C discusses
how to convert a scattering probability into a relaxation time, but the concept of the density of states
(DOS) can also help when comparing the scattering in two different scenarios. The DOS is the

measure of the number of available modes to scatter into at a given energy. For TR-MOKE
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measurements, it is often helpful to know how the likelihood of two-magnon scattering changes

with external field amplitude (Hex) and direction (6n defined in Appendix B), such as in Fig. 2.6.
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Figure 2.6 Figure of the magnon Density of States (DOS) in a perpendicular magnetic thin film as a function
of external field direction (64) at various Hex: (6 kOe which is near Hy et 0f 6.1 kOe, 8 kOg, and 10 kOe). The
vertical dotted line indicates the measurement limitations of the Minnesota TR-MOKE setup.

Based on Fig. 2.6, a critical value of 64 occurs where the DOS goes to 0 (there are no available
scattering states, which occurs when the magnetization is 45° or less from the out-of-plane
direction), but this point is always above our measurement limitations (indicated by the dashed
line). Because of this, for a typical TR-MOKE measurement in the Micro/Nano Thermal Transport

Lab (MNTTL), two-magnon scattering should be considered unless other damping mechanisms are

shown to be more dominant.

2.3.3  Multi-Magnon Scattering

The previous section discussed the influence of two-magnon scattering on damping, which is
crucial for the understanding of damping in TR-MOKE measurements. When this concept is
expanded to account for three-magnon scattering (one magnon scattering into two states where
energy and momentum are conserved), 4-magnon scattering (two magnons scattering into two other
magnon states where energy and momentum are conserved), or any other scattering process, one
might expect the influence of these to also be important. In fact, it is difficult to accurately predict

the influence of these complex events purely based on TR-MOKE measurements where

15



temperature change is a critical aspect of the measurement. Groups have simulated these events,
such as the amount of four-magnon scattering as a function of 64 for high-power FMR
measurements [54], but further cross-collaboration between simulation and experimental groups

needs to exist to confirm theoretical trends.

2.3.4  Spin Pumping

Up to this point, the damping mechanisms have been purely related with the material under
study, but since technologically relevant materials are often built in stacks (layers of thin films
stacked together) it is also important to understand the influence of surrounding materials to the
damping. At the interface of between a ferromagnetic material and a heavy metal, the precessing
magnetization can induce an interfacial spin current to be pumped into the metal. This spin pumping
leads to a loss of angular momentum, or a magnetic damping. Spin pumping as a mechanism of
damping was originally theoretically proposed by Yaroslav Tserkovnyak and Arne Brataas [55],
and was quickly used to explain experimental results [56,57]. For the samples used in this thesis, it
is difficult to separate the influence of spin pumping from other damping mechanisms because it
requires information of the changing damping with changing magnetic layer thickness. For
interfacial magnetic anisotropy, such as for our CoFeB samples, this process has been done [58],
but it is difficult to separate the effects of enhanced scattering resulting from the interface from spin
pumping. For FePt, FePd, and Co/Pd samples, the effect of varying thickness effect could be

distinguished with further research.

2.3.5 Inhomogeneous Broadening

The final form of relaxation that | will discuss here is probably the least understood.
Inhomogeneous broadening is the name given to any form of destructive interference caused by a
distribution in magnetic properties in the sampled area of the material. This can be understood by
considering the sum of damped sinusoids with slightly different frequencies, as shown in Fig. 2.7.
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Figure 2.7 A visual representation of inhomogeneous broadening. (a) The simulated macrospin signal for a
magnetic system with a value of Hyesr that follows a Gaussian distribution showing a moderate amount of
damping. (b) The sum of all signals showing an enhanced damping effect due to the destructive interference
of various modes acting simultaneously.

As shown in this figure, even though all the different signals have the same relaxation rate, the
slight difference in frequency impacts the sum drastically. The resulting sum has an apparent
damping that is much larger than the input. In this sense, the inhomogeneous broadening is not a

real damping, but an apparent one resulting from the measurement of a large population of

oscillating systems.

In magnetic thin films, even small defects in the material can cause a noticeable change in
magnetic properties. For example, for a magnetic layer grown with sputtering, the thickness of the
layer can vary across a small area which will lead to a change in Ms, Hketr, and even a. We can then
treat the system as if it were made of many small “domains” with some amount of distribution in
magnetic properties (with the average of all domains being the material property determined over

the entire macroscopic system).
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CHAPTER 3: EXPERIMENTAL TECHNIQUES

This chapter is a discussion of the TR-MOKE method including a description of the TR-MOKE
setup in the MNTTL at the University of Minnesota. Parts of this chapter were originally published
as a book chapter:

1. Lattery, D., Zhu, J., Huang, D., and Wang, X.J., “Ultrafast Thermal and Magnetic
Characterization of Materials Enabled by the Time-Resolved Magneto-Optical Kerr
Effect”, invited IOP Book Chapter in Nanoscale Energy Transport: Emerging Phenomena,
Methods and Applications (2020), pp. 9-1 to 9-30.

3.1 TR-MOKE

The magneto-optical Kerr effect (MOKE) allows for direct optical measurements of the
magnetic state of a material. To reveal the correlation between the optical response and the
magnetism of the material, this section will discuss the physical foundation of MOKE
measurements, the relationship between TR-MOKE signals and the thermal and magnetic transport
properties of thin-film samples, and the typical optical setup of TR-MOKE in the pump-probe

configuration.

3.1.1 The Physical Foundation

The magneto-optical Kerr effect, as first described by John Kerr [59], is a process that alters
the polarization state of light reflected by a magnetic material. Fundamentally, MOKE stems from
the different interactions of left and right-circularly polarized light within a magnetized material.
Linearly polarized light can be represented as the sum of equal proportions of left and right-
circularly polarized light, and each type of circular polarization will experience a different phase
shift and absorption when interacting with a magnetic material. The result of this process is the
transformation from a linear polarization to an elliptical polarization upon the reflection of light (or

transmission of light, for the analogous Faraday effect), as shown by Figure 3.1.
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Figure 3.1. An illustration of the complex polarization rotation of reflected light from a magnetic material
known as the Magneto-optical Kerr effect (MOKE). The rotation of the polarization, from a linear
polarization to an elliptical polarization, is denoted by the Kerr angle (6k). The ellipticity is denoted by e.

The rotation of linearly polarized light can be described by the response of an electric field

vector to the dielectric tensor & , which is given by:

For an isotropic, non-magnetic material, the diagonal components of this tensor are equal
(exx = &y = &22), and the off-diagonal components are 0. For isotropic magnetic materials, however,
the off-diagonal terms are related to the magnetization vector (M) through

1 —-iQm,  Qm,

g =g IQM, 1 —-iQm, 3.2
—iQm, iQm, 1
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where Q is the magneto-optical constant and m; = M; /|M| [60-62]. These nonzero off-diagonal
terms cause different polarization changes to the opposing circular polarizations. This leads to a

complex rotation angle of the polarization, given by 6 = 6, +ie, where the real part of 6 is the Kerr

rotation and the imaginary part is the ellipticity. The variable & is also sometimes presented as
components of a complex permittivity tensor [63]. The discussion in this chapter will be limited to
a discussion of the real component of the Kerr rotation, 6, the real rotation of the major axis of

polarization upon reflection of linearly polarized light.

At equilibrium, 6k contains information about the magnetization state in magnetic materials. It
is therefore adopted as an alternative method for measuring magnetic hysteresis loops [64], in
addition to vibrating sample magnetometry (VSM), alternating gradient magnetometry (AGM),
and superconducting quantum interference device (SQUID) measurements. The MOKE response
has proven to be powerful for measuring the magnetic properties of nanomaterials, including
ferromagnetic monolayers [65]. MOKE microscopy has also been utilized to sense domains in
magnetic materials, owing to the large contrast resulting from the opposite Kerr rotation of
antiparallel magnetization between domains [66,67]. These optical studies well demonstrate the
use of MOKE for investigating magnetostatics (i.e., the magnetization of the sample is not changing
in time). In the following sections, | will focus on transient magnetization dynamics induced by

ultrafast laser pulses.

3.1.2 Ultrafast Demagnetization Induced by Laser Heating

The application of time-resolved Kerr rotations for ultrafast metrology began as a method to
determine the non-equilibrium processes initiated by ultrafast laser excitation in ferromagnetic
nickel [68]. Through MOKE, the magnetization within the sample can be measured, providing a
window into the temperatures of various energy carriers, including electrons, phonons, and
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magnons (wavelike variations in the magnetization). Due to the limitation of using lasers with pulse
durations on the order of tens of picoseconds, early TR-MOKE measurements of ferromagnetic
materials were unable to directly show these temperatures of carrier populations out of equilibrium
with each other (the non-equilibrium regime) [69]. With the new application of femtosecond laser
pulses (~60 fs), Beaurepaire et al. were able to capture a sub-picosecond reduction in magnetization
(demagnetization) resulting from the laser induced heating [70]. After several picoseconds to tens
of picoseconds following laser excitation, the energy carriers approach thermal equilibrium, and
the energy transfer will then be dominated by thermal transport via heat conduction. The
temperature decay in the sample system can then be described by heat diffusion, which depends on
the thermal conductivity (A), volumetric heat capacity (C), and the interfacial conductance (G) of
the multi-layers and interfaces within the sample. The discussion of extracting these thermal

parameters from TR-MOKE signal has been discussed elsewhere [26,27].

3.1.3  Precessional Magnetization Dynamics

In addition to thermal information, this ultrafast demagnetization from laser pulses also initiates
magnetization dynamics governed by the LLG equation, specifically magnetization (spin)
precession [71,72]. Further research into this all-optical, pump-probe technique showed that the
frequency of magnetic precession extracted from TR-MOKE is consistent with frequency-domain
FMR results [24]. The working principle for spin precession measured with TR-MOKE consists
generally of three distinct regions, as illustrated in Fig. 3.2 [24,73]. Initially, the magnetization M
is in equilibrium and is parallel to the effective field, which is the minimum energy direction for
the magnetization. Then, the pump beam deposits energy into the magnetic material, heating it up,
and inducing thermal demagnetization. Because of the heating, the material’s saturation
magnetization and magnetic anisotropy both decrease, resulting in a change in Hes. Next, as the
magnetic material cools down, Ms and magnetic anisotropy begin to recover to their initial values,
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restoring the minimum energy direction back to the original equilibrium direction. At this point, M
does not align with Hes, resulting in a torque that acts on M. This torque causes damped
precessional motion around the equilibrium direction, as described by the LLG equation (Eq. 2.7).
After some mathematical manipulation, Eq. 2.8 will provide the theoretical foundation to analyze
TR-MOKE measurement data for extracting both the spin precession frequency (f) and damping

parameter (o), which is discussed in Chapters 4 and 5 and Appendix B.
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Figure 3.2. The typical signal of magnetic precession from polar TR-MOKE (open symbols). In region I, the
system is in equilibrium with the magnetization (M) canted by an external field (Hex) to be along Hes.
Following the laser pulse heating, both the saturation magnetization and magnetic anisotropy will decrease,
which results in a change in the minimum energy direction in region Il. After some amount of time, the M;
will recover, but the angle between M and Hes will result in precession (region I11). The solid line indicates
the fit of the data to a decaying sinusoid with a thermal background. In regions I and I11, Hes is pointing along

the equilibrium direction as denoted by the gray dashed line.

3.1.4 Optical Setup of Time-Resolved Magneto-Optical Kerr Effect

The TR-MOKE metrology belongs to the ultrafast pump-probe technique that uses a
femtosecond laser to first pump energy into a material, and then to probe the material response.

The major difference between the TR-MOKE and the more common time-domain

thermoreflectance (TDTR) techniques is the type of signals collected by the probe beam. In TR-
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MOKE measurements, the polarization state of the probe beam reflected from the sample is
monitored [74]; while in TDTR measurements, the reflectivity from the sample surface is collected.
For a small temperature rise, both TR-MOKE and TDTR signals can be treated as linearly

proportional to the temperature variation of the sample.
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Figure 3.3. (@) Schematic layout of the TR-MOKE experimental setup depicting the major optical
components for measuring the magnetization precession. (b) A magnified view of the sample measurement
configuration with respect to the external magnetic field (Hexs).
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Figure 3.3 depicts the optical layout of an example TR-MOKE setup at the University of
Minnesota, Twin Cities [73], which is upgraded from the basic two-tint time-domain
thermoreflectance setup [75]. In TR-MOKE, a mode-locked Ti:Sapphire laser generates a train of
pulses (typically ~ 100 fs in duration) at a repetition rate of 80 MHz (12.5 ns between pulses). An
isolator placed right after the laser output prevents the back reflection of light into the laser cavity.
The beam shape is corrected by a pair of cylindrical lenses to produce a circular beam spot
(preferred for in-plane thermal transport measurements) [76]. A polarizing beam splitter separates
the laser into pump and probe beams with orthogonal polarizations. The pump beam is modulated
with an electro-optical modulator (EOM) synchronized to a function generator, typically operated
at a tunable frequency in the range of 0.1 to 20 MHz. The probe beam is modulated by a mechanical
chopper (~200 Hz). The optical path of the pump beam can be adjusted by a delay stage, which
produces a time separation of up to 4 ns between pump heating and probe sensing. The diffraction-
limited beam spot size (1/e? radius) at the sample surface ranges from one to a few tens of microns,
depending on the magnification of the objective lens. A set of optical filters are exploited to create
a spectral separation between pump and probe to suppress pump light that might otherwise leak
into the detector. An electromagnet is placed near the sample to provide external magnetic fields

(Hexy) for the sample.

For the experiments in this thesis, the pump beam has a 1/e? beam diameter of 12 zm (10x
objective lens) and is modulated at 9 MHz with the EOM. An electromagnet produced external
magnetic fields up to 2 T (it has since been updated to achieve fields up to 3 T). A Hall-probe sensor
placed directly behind the sample measures the magnitude of the applied field (Hex). A custom-
built rotational stage allows for the control of the applied field direction, as defined by the angle
between the sample surface normal and the applied field direction (64). The uncertainty in angular

alignment of 6y is estimated to be approximately +1°.
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To facilitate TR-MOKE measurements, a Wollaston prism in conjunction with a balanced
detector (photodiode) is used to capture the Kerr rotation angle of the probe beam reflected from
the sample. Caution should be exercised to carefully balance the photodiode prior to conducting a
measurement, to suppress non-MOKE signals. Additional steps such as differential measurements
can also be taken to reduce the non-MOKE components received by an imperfectly balanced
detector [26,27]. The output signal from the balanced detector is sent to a radio-frequency (RF)
lock-in amplifier and then to a computer for signal processing with a digital audio-frequency (AF)
lock-in. This double-modulation and double lock-in technique allows for the detection of low-level

Kerr rotation signals.

3.2 TDTR Measurement of Acoustic Strain Waves

Measurements of TDTR for the purpose of extracting thermal transport properties is one of the
main research directions of the MNTTL at the University of Minnesota. Since the beginning of the
lab, it has produced a large amount of quality publications using the TDTR method to measure
thermal properties [73,77-84]. Because my primary research was a new field within the lab, | did
not make use of this technique for thermal applications. Instead, I utilized this technique for
understanding ultrafast strains, or picosecond acoustics [85-88]. While a more in-depth explanation
is available in many of these papers, | will try to briefly discuss how this mechanism allows us to

understand material properties such as the speed of sound or the film thickness of thin films.

The temperature rise due to the pump laser pulse leads to thermal expansion and thus creates a
strain. The resulting strain wave normal mode acts through the film stack and leads to a strain
wavelength equal to twice the thickness of the film (or a half wavelength corresponding to the film

thickness).
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Figure 3.4. An illustration of the picosecond acoustics in ultrafast measurements. (a) The path of the acoustic

waves in a reference sample of Al (53 nm)/SiO; (300 nm)/Si (substrate). The acoustic waves reflect at the

interfaces and will create an optical signal when they return to the top interface. (b) TDTR data (open symbols)
with the background subtracted showing the acoustic signal and simulation results (solid line) [85,89].

To understand the resulting optical signal, we typically estimate the time response by
considering a strain impulse on the top surface at initial heating and use the echo time to determine
either the speed of sound (with a known thickness) or the thickness (with a known speed of sound).
An illustration of the strain propagation in a multilayer system is shown in Fig. 3.4a. From raw
TDTR data on a reference sample (Fig. 3.4b) it can be seen that there will be sudden peaks and
valleys in the reflectivity of materials that correspond to the round-trip acoustic echo from this
material. With the help of code developed by Maris et al. or some back of the end of the envelope
calculations, the thickness of the transducer layer in this sample can be determined. Whether the
signal is a peak or a valley depends on the acoustic impedance (Z = pv where p is the density and v

is the speed of sound) of the materials in the stack [86,89].

For some magnetic materials, there is a connection between the magnetization in the material
and an internal strain. These “magnetoelastic” effects will cause a strain when the magnetization is
moved or a field is applied (magnetostriction), or the inverse effect, where a change in
magnetization is caused by an applied strain (inverse magnetostriction, or the Villari effect).
Because of the ultrafast laser heating in TDTR and TR-MOKE measurements, the impact of the

picosecond acoustics in materials with large magnetoelastic effects should be apparent in the
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magnetization. To capture this, | needed to use both TDTR (to capture pure acoustics) and TR-
MOKE (to capture magnetization) to confirm the effect. These measurements are discussed in

greater detail in Chapter 6.

3.3 Vibrating Sample Magnetometry

Both of the measurements discussed in the previous sections have focused on ultrafast
measurements to determine material properties, but it also to understand the response of the
material at longer time scales. Vibrating Sample Magnetometry (VSM) allows for measurements
of the “static” response of magnetization along a specific direction within an external field or

temperature.

The working mechanism of VSM measurements is that a changing magnetic flux induces an
electrical voltage (Faraday’s Law of Induction). For ferromagnetic samples, the aligned
magnetization of the material will lead to a stray magnetic field originating from the sample. In
stasis, this stray field does not cause any electrical response, but by quickly oscillating the sample
within a “search coil”, the magnetic flux from this stray field is varying in time and thus creating
an electrical response. Because the induced voltage amplitude depends on the strength of the stray
field (which in turn is related to the strength of the magnetic moment), the magnetization in a given
environment is able to be measured. In this way, by physically vibrating the sample and recording
the oscillating electrical response, the magnetic moment in various fields and temperature can be

measured.

For the VSM measurements in this thesis, a Physical Property Measurement System (PPMS)
from Quantum Design with a VSM attachment was used. This system uses a superconducting
magnetic to achieve external magnetic fields of up to 9 Tesla and a sample temperature of up to
1000 K. With the assistance of a lock-in amplification system, the PPMS is able to measure the

magnetic moments of even thin films on the order of nanometers thick.
27



3.3.1 Magnetic Hysteresis Curves (M-H Loops)

For the purposes of describing a magnetic material’s ability to maintain the magnetization
along a specific direction, the effective anisotropy field Hyest is typically used. In this section, | will
discuss why this property is important and how it can be determined from VSM measurements.

Nearly 50 years ago, Stoner and Wohlfarth created a model that describes the static
magnetization state of a single magnetic domain in the presence of an external field [28]. They
introduced the concept of energy minimization to determine the direction of an external field (i.e.,
take the derivative of the energy with respect to the direction of magnetization and minimize). This
allows us to predict the direction of magnetization in a given instance, and, more importantly for
our purposes, allows us to describe an energy surface that also determines the dynamics. Building
on Eqg. 2.4, the energy can be described in terms of important vectors of a material with

perpendicular magnetic anisotropy (Ku):

F=Fy+Fy+F¢+Fp=Fy—M-Hgq —K, (m-2)’ +27(M-2) 33

where Fo is an offset, Fz is the Zeeman energy, Fk is the anisotropy energy, and Fp is the
demagnetization energy. There are already a few assumptions made in this equation: 1) the
magnetic properties are uniform and don’t vary in space; 2) there is only uniaxial anisotropy in the
system; 3) this is assumed to be approximated by an infinite flat plate where the z-axis is the out-
of-plane direction; and 4) the amplitude of M is a constant value of Ms, only the direction changes.

Eq. 3.3 can be simplified further by defining everything with its angle from the z-axis.

F=FO—MSHextcos(9—9H)—[Ku—2;z|v|§}cos2(9). 3.4

Minimizing Eq. 3.4 will provide the direction of magnetization (6) that is the equilibrium state of

the magnetic system even with an external field at applied at some angle from the z-axis (6n).
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In order to show the difference between two directions (and thus illustrate anisotropy), it is
common to measure the magnetization in two orthogonal directions. The typically chosen
directions are out-of-plane (64 = 0 and M/M;s along the z-axis is measured) and in-plane (64 = n/2
and M/M; along the x-axis or y-axis is measured). The resulting measurement is called a M-H loop

or magnetic hysteresis loop and will look like Fig. 3.5.
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Figure 3.5. An example M-H or magnetic hysteresis plot that shows the fraction of magnetization along
either the in-plane (red) or out-of-plane (black) direction for a given external field (Hex) along that direction
for a single-domain sample with perpendicular magnetic anisotropy.

From Fig. 3.5, it is clear why these figures are called hysteresis loops from the out-of-plane
result. When Hex: < Hiefr, there are two local energy minima (and in fact where Hex: = 0, the local
minima are of equal energy), but the magnetization will only exist in one minima. Upon increasing
the field, this remains true until Hex: > Hx et When the energy barrier between the two local minima
disappears and they merge into one global minimum. Further analysis of the out-of-plane results
show that the magnetization is “saturated” (M/M; = 1) when no external field is applied. This is
typically referred to as an “easy axis” because it is easy to magnetize the sample along this direction.
Conversely, none of the magnetization is in-plane in this state and it requires at least Hex: = Hueff

for the magnetization to saturate along the in-plane direction, so it is called the “hard axis”.
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Due to the complex and multi-domain nature of real samples, an example of these box-like and
linear behaviors shown in Fig. 3.5 are rare. Instead, the amount of field it takes to change the
direction of magnetization in the out-of-plane direction is called the coercivity (Hc) and is always
less than Hx.efr. This means that out-of-plane measurements are typically not useful for determining
Hi.err and instead, the in-plane measurement is used to determine Hyesr by determining what field

the magnetization saturates in that direction.

3.3.2 Temperature Dependent Magnetization (Curie Temperature)

As discussed briefly in section 3.1, TR-MOKE measurements excite the magnetization by
heating up the magnetic system. Recently, this heating process has become more important to the
research that will continue to be conducted in the MNTTL. Whereas the standard hysteresis
measurements are done in a constant temperature and a changing field, these measurements are
done by applying a constant field and a changing temperature. The measurement process is the
same as standard VSM, but the holders are specialized due to the high temperatures achieved during

the measurement.

The decrease of magnetic moment in ferromagnetic materials was originally described by
Pierre Curie. He found that by heating up a magnetic material the magnetism would go from
ordered to disordered before disappearing at a temperature that depended on the material. This
“Curie Temperature” (T¢) is now crucial for applications like HAMR. Above this temperature, the
thermal fluctuations overcome the ferromagnetic order and the materials become paramagnetic.
Since then, there have been multiple theories that attempt to describe the thermal demagnetization
in different temperature regions below this critical temperature. In the low temperature limit, the
existence of magnons leads to Bloch’s “T*?” Law [90]. In the intermediate temperature regime, the
mean field theory is used in conjunction with the Brillouin function in Eg. 3.5 (or Langevin function

in the limit of large j shown by Eq. 3.6, which is the assumed form for this thesis) [90].
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The magnetization as a function of temperature can then be found by the transcendental

equation that utilizes the Boltzmann constant (ke) and the atomic moment ().

m(T)= MS(T):L(3kaTC+uHeﬁ) 36
M S|T:0 kgT

These two models provide some estimation of magnetic properties in specific regions, but they
vary greatly over the entire temperature region (as shown in Fig. 3.6). There are a variety of other
methods to predict this temperature dependence that take into account atomic structure and thermal
fluctuations (such as Monte Carlo based methods using the Ising model [91]). While it may be
useful to apply these theories to provide a physical background to a magnetic measurement, it is
often useful to measure the real spontaneous magnetization as a function of temperature to truly
understand the temperature dependence. In this thesis, | will make use of the mean field theory to
understand temperature dependence, but future works should use fittings of real measurements as

inputs into understanding TR-MOKE signal.
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Figure 3.6. A plot of the spontaneous magnetization (normalized to the magnetization at 0 K, Mo) as a
function of temperature (normalized to T¢). Three different simulated models are depicted: an Ising Model
using Monte Carlo simulation methods of a hexagonally close-packed system, the Bloch T%2 law, and the
mean field theory. Each of these models has a useful region, but none accurately describe the temperature
over the entire temperature range.
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CHAPTER 4: ANGULAR DEPENDENCE OF EXTERNAL FIELD FOR TR-MOKE
MEASUREMENTS OF MAGNETIZATION DYNAMICS

This chapter is a discussion of the optimizing the TR-MOKE signal for magnetic measurements.
Samples were made by Delin Zhang (postdoc in Prof. Jian-Ping Wang’s group) and the
development of the background theory was developed with the help of Prof. Crowell. All
simulations, measurements, and figures were conducted by me.

e Reproduced from [Lattery, D. M., Zhu, J., Zhang, D., Wang, J.-P., Crowell, P. A., and
Wang, X.J., “Quantitative analysis and optimization of magnetization precession initiated
by ultrafast optical pulses”, Appl. Phys. Lett. 113, p. 162405 (2018).], with the permission
of AIP Publishing.

Spintronic devices consisting of materials with large PMA are promising for the advancement
of computer memory, data storage, and spintronics. Due to the time scale of magnetic switching in
these devices (~ 1 ns) [17,92,93], it is crucial to understand magnetization dynamics at such short
time scales. To understand magnetization dynamics requires knowledge of the magnetic anisotropy
and the Gilbert damping («), as defined in the LLG equation (Eq. 2.7). While anisotropy can be
determined through magnetostatic measurements (such as VSM), extracting o requires
measurements that can capture the dynamic magnetization at time scales faster than magnetic
switching. To date, the most common method to determine « is frequency-domain measurements
of FMR [32,94]. By measuring the resonance frequency and linewidth as a function of applied
field, FMR probes both the magnetic anisotropy and Gilbert damping [20,56,95-97]. As spintronic
applications favor materials with large PMA, the all-optical TR-MOKE has become relied on more.
TR-MOKE is essentially a time-domain FMR technique that can be readily integrated with large
external fields to capture high resonance frequencies using optical excitation. Technically, TR-
MOKE is limited only by the sampling frequency (~1 THz) and available external fields. This
technique allows materials with large PMA (>10° erg/cm?®) to be measured [45,48,98,99].

There are a number of studies reporting TR-MOKE measurements of the Gilbert damping in

PMA thin films (e.g., films with large magnetocrystalline anisotropy such as L1, FePd, or films
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with interfacial anisotropy including CoFeB) [45,48,100-102]. While these studies utilized similar
polar MOKE measurement techniques, there exists large variations in the choice of both the
amplitude range and the angle (64 with respect to the sample surface normal z, see Fig. 4.1) of the
external field (Hex;). For example, some literature studies utilized in-plane external fields because
of its well-understood frequency dependence [103], while others applied Hex at a chosen angle
away from the in-plane in order to reduce the impact of inhomogeneous broadening likely caused
by a distribution of magnetic anisotropy throughout the sample [104]. Additionally, it has been
experimentally observed that the process of applying Hex: at some angle between 0 and 90° from
the surface normal is beneficial to increase the TR-MOKE signal amplitude [102,103].
Nevertheless, a systematic study that explores the angular dependence of the TR-MOKE
measurement signal is still lacking. In this chapter, | will first address this issue by discussing the
mechanisms behind the 64 dependence of the TR-MOKE signal and then predicting the optimal
angle of 64 for conducting TR-MOKE measurements with the improved signal-to-noise (SNR)
ratio. The theoretically predicted optimal TR-MOKE operational conditions are further validated
by direct experimental studies of a representative sample consisting of a tungsten-seeded CoFeB

thin film with large PMA.

Figure 4.1. A three-dimensional representation of the magnetization vector (M) precessing around the
equilibrium direction (6) displayed on the surface of a sphere of radius Ms. The equilibrium direction is
controlled by the magnitude and direction () of the external magnetic field vector (Hex). The change in the
z-component of magnetization (AM,) is proportional to the TR-MOKE signal.

34



4.1 Macrospin Simulations with the Landau-Lifshitz-Gilbert Equation

As discussed briefly in Chapter 2, simulations in this work utilize a finite difference approach
to solve the LLG equation (EqQ. 2.7 and reproduced here as Eq. 4.1) with an explicit solution for the
magnetization vector (M) as a function of time, following a forward Euler method:

dM

a dM
W_—y(MxHeﬁ)+M—(Mx—j, 0.1

s dt

where M is the magnetization vector with a magnitude of M; (the saturation magnetization), y is
the gyromagnetic ratio, Hes is the effective magnetic field, and « is the Gilbert damping parameter.
The vector Her is determined by taking the gradient of the magnetic free energy density (F) with

respect to the magnetization direction (Hy =—-VF ). The scalar quantity F is the summation of

contributions from the Zeeman energy (resulting from the external magnetic field, Hex),
perpendicular uniaxial magnetic anisotropy (Ky), and the demagnetizing field.

While Eqg. 4.1 is often used to describe magneto-dynamics, it is not conducive to numerical
solutions of this ordinary differential equation. To simplify the development procedures of
computational algorithms, it is preferable to utilize the Landau-Lifshitz equation (Eq. 2.8 and

reproduced here as Eq. 4.2) [105]:

dm 14 a
- —_ MxH —(Mx(MxH . 0.2
dt 1+a2{( * e‘°f)+|v|s( *(Mx Eﬁ))}

In equilibrium, M is parallel to Her, and thus the magnetization does not precess. Once the
magnetization is slightly tilted away from the equilibrium direction (6), it will begin to precess
around the equilibrium direction, and finally damp towards equilibrium at a rate determined by the
magnitude of a (shown in Fig. 4.1). For the purposes of this work, we use the macrospin
approximation, in which all of the parameters in Eq. 4.1 are independent of position. This means

that the explicit dependence of any parameters on position (inhomogeneous broadening) and
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coupling of excitations at different wave-vectors (two-magnon scattering) are ignored. This
approximation is justified at high frequencies, at which « is considered to be an intrinsic parameter.

We emphasize that in interpreting our experiments, we assume that the Gilbert damping
constant « is independent of the orientation of the applied field, and hence the magnetization. This
assumption ignores contributions from two-magnon scattering and inhomogeneous broadening
(discussed more in sections 2.3.2 and 2.3.5 respectively). In principle, both contributions can be
made small relative to the intrinsic Gilbert damping by going to sufficiently high applied field. Just
as important, the two-magnon contribution at high fields depends only weakly on angle for field
orientations that are nearly in plane [106]. For this reason, we expect the observations of this paper
to apply even in samples with significant two-magnon scattering.

For TR-MOKE measurements, a “pump” laser pulse increases the temperature at an ultrafast
time scale (~400 fs determined from the pump pulse duration), which causes a thermal
demagnetization (a decrease in Ms resulting from the increase of temperature) [24,73]. This thermal
demagnetization temporarily shifts the equilibrium direction initiating magnetization precession,
which is continued even when Ms has recovered to its original state. Here, the demagnetization
process is treated as a step decrease in Ms that lasts for 2.5 ps before an instant recovery to its initial
value. All signal analysis discussed in this work follows the recovery of Ms.

For polar MOKE measurements, the Kerr rotation is proportional to the projected
magnetization in the z-direction (M, the through-plane magnetization) [62]. The evolution of M,

in time during precession will appear as a decaying sinusoid as captured by TR-MOKE

measurements, i.e., M, (t)ocsin(27 ft +p)exp(~t/z) with f, ¢, and 7 being the angular resonance

frequency, the phase term, and the relaxation time of spin precession, respectively. The amplitude
of the precession will greatly depend on the magnitude and angle of the external applied field,

which is directly related to the SNR of TR-MOKE signals.
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By analyzing the precession as a function of the field (Hex)) and angle (64), the precession
amplitude (AM,) can be extracted. Figure 4.2a shows the predicted AM; as a function of the time
delay between pump excitation and probe sensing, which can be treated as a direct simulation of
TR-MOKE signals. Figure 4.2b depicts the 8x-dependent AM; normalized to the maximum AM,
for 84 = 90° for two representative regions of magnetic field, Hext > Hietr and Hext < Hierr. Here
Herf denotes the effective anisotropy field of the sample that is related to Ky through Hy ers = 2Ky/Ms-
41tM; and can be readily determined from VSM measurements. Tracking this signal amplitude as a
function of 64, reveals that the precession (and thus the signal) will be maximized for a certain G
as shown in Fig. 4.2b. Maximizing the oscillation implies that it will be beneficial to maximize the
“magnetic torque” term (M X Hesr, which prefers a large angle between M and Hef), but it is also
important to include that TR-MOKE measures the projection of the magnetization along the z-
direction (which prefers 8 = 90°). Consequently, the value of 8n max requires weighing inputs from

both the magnetic torque and the z-direction projection of magnetization.
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Figure 4.2. (a) The time-dependent magnetization vector predicted by the LLG simulation (Eq. 4.2) for
specific conditions, which represents the TR-MOKE signal from measurements (with thermal background
removed). The difference between the maximum and minimum of the z-component of magnetization in time
(AM;) provides information about the strength of the TR-MOKE signal. (b) Normalized AM; as a function
of 6n for two cases of Hyerr < Hex: (black) and Hgeft > Hex: (red). Both plots are normalized to the maximum
z-component of magnetization of the Hi et < Hext Case.
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Depending on the field ratio (Hex/Hxkefr), the angular dependence of magnitude will drastically
change. For Hex<Hierr, the magnetization will be in equilibrium between the perpendicular
direction and the in-plane direction (0 < # < 90°). Maximizing the magnetic torque and projection
in the z-direction in these cases will cause Hex applied in-plane (64 = 90°) to be the optimal setup
[shown by the black line in Fig. 4.2b]. Once Hex exceeds Hiesr, the Stoner-Wohlfarth minimum
energy model predicts that the magnetization will approach the direction of external field, but never
perfectly align with Hex: (except for the extreme cases of 6= 0 or 90°) [29]. When 8+ = 0° or 90°,
these two directions will excite no magnetic torque and therefore no magnetic precession will occur,
as indicated by the amplitude minima at these extreme cases. For the intermediate range of 64 in
between 0 and 90°, the two effects for optimizing signal (maximizing torque and maximizing
projection) will compete, leading to an amplitude maximum at an angle that depends on the field
ratio of Hex/Hxketr. The dependence of the M, amplitude on 4 can be readily obtained by dividing
AM; in Fig. 4.2 by sin 8 with 6 being the equilibrium angle.

Figure 4.3 shows a contour plot of the dependence of the normalized AM, representing the spin
precession amplitude as a function of both Hex and 64. The highest amplitude of precession will
occur near Hy et When the field is applied in the film plane. If the external field is greater than Hy e,
it is beneficial to conduct the measurement at an angle that is out of the film plane. To better
illustrate this trend, the dotted red line in Fig. 4.3 indicates the angle of maximum signal (61max)
at specified field ratios. Based on these results, measurement conditions can be optimized to
maximize the precession signal based on the field ratio. For example, if the maximum strength of
the magnetic field is 2Hxkesr, then it would be beneficial to set 8 > 70°. Furthermore, measurements
conducted at a constant Hey: but with varying magnetic field angles should not necessarily choose

the highest possible Hex: to achieve the optimal SNR.
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Figure 4.3. A contour plot of the normalized AM; signal as a function of the field ratio (Hex//Hker) and 6n
where a value of “1” indicates the maximum possible signal. The dotted red line corresponds to G4 ,max Where
the signal is maximized for a specific field ratio.

To further assist in the design of TR-MOKE measurements with optimal SNR, we note that
there is a simple means to estimate the amplitude of the TR-MOKE signal based on the ansatz that
the magnetization during the pulse is modified by an amount AMs, so that the effective field during
the pulse is:

Herr = Hegr +47AM, cos ()2, 0.3
which accounts for the demagnetizing field due to the non-equilibrium magnetization. We make
the simplifying assumption that this field is constant during the pulse and that AMg oc M, so that
the angular displacement of the magnetization during the pulse is proportional to the torque:

yMx Hygs = yMg4zAM cos(8)sin(6) ¢, 0.4
where ¢ is a unit vector in the x-y plane of Fig. 1. After the pulse, the magnetization precesses

about the equilibrium effective field on the trajectory shown in Fig. 4.1, and the amplitude |AM;| of

the modulation of the z-component of the magnetization is then proportional to sin 6, so that
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|AM | o« M cos(9)sin® (6). 0.5
We recall that @ is the angle of the equilibrium effective field relative to the z-axis in Fig. 1. It

is possible to express & in terms of the angle 64 minimizing the free energy:

F :_MsHext COS(QH _9)_%M8Hk,eff COSZ ('9) ! 0.6

with respect to 6, yielding the compact expression:

O o< AI\I;/IZ acsin(@—6y)sin(6), 0.7

S

for the amplitude 6« of the TR-MOKE signal. It is then easy to calculate the angle 61 max at which
Ok is maximized for each value of Hex. This defines the contour shown as the dashed red line in

Fig. 4.3. The result is shown in Fig. 4.4, in which a comparison is made to the full simulation.
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Figure 4.4. The trend of 64,max as a function of the field ratio. The open circles indicate results from the
LLG simulation discussed previously, while the red curve is the simplified model from Eq. 4.7.
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4.2 Experimental Validation of Macrospin Simulation Amplitude

To verify the model prediction for the maximum TR-MOKE signal amplitude, we conducted a
series of TR-MOKE measurements on a W/CoFeB/MgO thin-film sample with PMA. The CoFeB
sample was post-annealed at 300 °C and has an Herr of 6.1 kOe as determined from VSM
measurements. A schematic of the sample stack is shown as an inset of Fig. 4.5c. More detailed
information regarding the sample preparation, and structural and magnetic property
characterization can be found in Chapter 5. During measurements, we considered four different
amplitudes of Hex: (4, 6, 8, and 10 kOe) to show the 64 dependence of TR-MOKE signals covering
both the low- and high-field ratio regimes. To avoid blocking the laser with the magnetic poles, the
range of 64 was confined from 80° to 90° with a 2° interval.

For ease of comparison, we subtracted the thermal background from the raw TR-MOKE
measurement data to obtain the pure precession signal, which oscillates sinusoidally at a decaying

rate related to the Gilbert damping. As shown in Fig. 4.5a, this involves fitting the data to the

equation 6 (t)=A+Bexp(-t/C)+Dsin(2z ft+¢p)exp(-t/z) and subtracting the thermal

background, as denoted by the decaying exponential A+Bexp(~t/C). The amplitude is then

calculated using the same method as shown in Fig. 4.2a. Figures 4.5b-e summarize the comparison
of the normalized oscillation amplitudes from both measurements (red symbols) and model
prediction (black lines) for all four values of Hex.. The data and theoretical curves are normalized

to the highest amplitude for a given Hex:.
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Figure 4.5. (a) TR-MOKE signal (64 = 80° and Hex: = 10 kOe) containing both the precessional signal and a
thermal background. With the removal of thermal background, the oscillation amplitude can then be
calculated. (b - €) Normalized TR-MOKE oscillation amplitudes for a representative PMA thin-film sample
of W/CoFeB/MgO at external fields of 4, 6, 8, and 10 kOe. The open red circles show the measurement data
(a line between points is provided to guide the eye) while the black curves indicate the results from the LLG
simulations for a material with Hxerr = 6.1 kOe.

Comparisons between the trends of predicted simulations and measurement results show
excellent agreement. As expected, the signal amplitude increases monotonically with increasing
angle for Hext < Hyerr and has an angle of maximum signal for Hext > Hyerr. These measurements can
even capture the predicted peak of amplitude at nearly the same 6y for fields near Hyesr. For the
6 kOe measurements, there is a slight deviation in the amount of decay in signal strength for
decreasing 0+ (simulations predict a slower decrease). This is most likely due to the inhomogeneity
resulting from a nonuniform distribution of the values of Hierr in the sample, which leads to a
deviation from theory near Hyerr. While the 64 in the setup used in this experiment was limited,

these results verify the excellent agreement between simulation and measurement.
42



4.3 Conclusion

In conclusion, we have developed a numerical approach to simulate the dynamic response of
magnetization to a thermally-induced demagnetization process. This approach identifies the
optimal angle of external field for the maximum magnetization precession signal in TR-MOKE
measurements by balancing the projection of the dynamic magnetization and the magnetic torque.
To verify the theoretical prediction, we have conducted TR-MOKE measurements on a
WI/CoFeB/MgO sample with perpendicular magnetic anisotropy for multiple external fields and
field angles. The measurement results demonstrate that the dependence of the TR-MOKE signal
magnitude on the external field can be well captured by the theoretical prediction. Our study
provides a better understanding on how the external field influence the magnetization precession
signals obtained in TR-MOKE measurements, and thus facilitates the design and optimization of

measurement conditions for maximizing SNR and improving accuracy.
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CHAPTER 5: PERPENDICULARLY MAGNETIZED W-SEEDED COBALT-IRON-
BORON THIN FILMS

This chapter is a discussion of the annealing temperature dependence of W/CoFeB/MgO film stacks.
Sample fabrication and hysteresis loops were completed by Delin Zhang (co-first author, postdoc
in Prof. Jian-Ping Wang’s group) and x-ray measurements were completed by Xudong Hang (PhD
student in Prof. Jian-Ping Wang’s group). | completed the data analysis to extract the anisotropy,
dead layer, and intrinsic saturation magnetization (Msy), as well as all TR-MOKE measurements
and analysis. This chapter has been adapted from previously published work:

e Lattery, D. M., Zhang, D., Zhu, J., Hang, X., Wang, J.-P., and Wang, X.J., “Low Gilbert
Damping Constant in Perpendicularly Magnetized W/CoFeB/MgO Films with High
Thermal Stability”, Sci. Rep. 8, p. 13395 (2018).

Since the first demonstration of perpendicular magnetic tunnel junctions with PMA
Ta/CoFeB/MgO stacks [107], interfacial PMA materials have been extensively studied as
promising candidates for ultra-high-density and low-power consumption spintronic devices,
including STT-MRAM [108,109], electrical-field induced magnetization switching [110-112], and
spin-orbit torque devices [8,113,114]. An interfacial PMA stack typically consists of a thin
ferromagnetic layer (e.g., CoFeB) sandwiched between a heavy metal layer (e.g., Ta) and an oxide
layer (e.g., MgO). The heavy metal layer interface with the ferromagnetic layer is responsible for
the spin Hall effect, which is favorable for SOT and skyrmion devices [115,116]. The critical
switching current (Jeo) should be minimized to decrease the power consumption of perpendicular
STT-MRAM and SOT devices. Reducing Jeo requires the exploration of new materials with low
Gilbert damping constant («) and large spin Hall angle (6sue). Meanwhile, a large effective
anisotropy (Kef) is also favorable to maintain thermal stability [117,118].

In addition, spintronic devices need to sustain operation reliability for processing temperatures
as high as 400 °C for their integration with existing CMOS fabrication technologies, providing the
standard back-end-of-line process compatibility [119]. Based on this requirement, the magnetic

properties of a PMA material should be thermally stable at annealing temperatures (Tann) Up to
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400 °C. Unfortunately, Ta/CoFeB/MgO PMA films commonly used in spintronic devices cannot
survive with Tann higher than 350 °C, due to Ta diffusion or CoFeB oxidation at the interfaces [120-
122]. The diffusion of Ta atoms can act as scattering sites to increase the spin-flip probability [38]
and lead to a higher Gilbert Damping constant (o), a measure of the energy dissipation [123].
Modifying the composition of thin-film stacks can prevent heavy metal diffusion, which is
beneficial to both lowering o and improving thermal stability [124]. Along this line, new interfacial
PMA stacks have been developed, such as Mo/CoFeB/MgO, to circumvent the limitation on device
processing temperatures. While Mo/CoFeB/MgO films can indeed exhibit PMA at temperatures
higher than 400 °C, they cannot be used for SOT devices due to the weak spin Hall effect of the
Mo layer [125,126]. Recently, W/CoFeB/MgO PMA thin films have been proposed because of
their PMA property at high post-annealing temperature [127], and the large (negative) spin Hall
angle of the W layer (0sue~ -0.30) [128], which is twice that of a Ta layer (fsnue =~ -0.12 ~ -0.15)
[8,129]. While there have been a few scattered studies demonstrating the promise of fabricating
SOT devices using the W/CoFeB/MgO stacks, special attention has been given to their PMA
properties and functionalities as SOT devices [130,131], or the damping of in-plane W/CoFeB
stacks [132]. A systematic investigation is lacking on the effect of Tann on o of W/CoFeB/MgO
PMA thin films with perpendicular anisotropy, as well as the physical mechanisms that alter « after

post-annealing.

5.1 Sample Preparation and Magnetic Characterization

In this work, we grow a series of W(7)/CoxFesB20(1.2)/MgO(2)/Ta(3) thin films on
Si/Si0,(300) substrates (thickness in hanometers) with a magnetron sputtering system (vacuum
<5x10 ® Torr). These films are post-annealed at varying temperatures (Tan =250 - 350 °C for
1 hour, 400 °C for 30 minutes) within a high-vacuum furnace (<1x10° Torr). After post-annealing,

the magnetic properties and damping constants of these films are systematically investigated as a
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function of Tan. For comparison, a reference sample of Ta(7)/CozFesoB20(1.2)/MgO(2)/Ta(3) is
also prepared to examine the effect of seeding layer to the damping constant of these PMA films.
The effective saturation magnetization (Ms) and anisotropy of these films are measured with the
Vibrating Sample Magnetometer (VSM) module of a Physical Property Measurement System.

Figure 5.1 plots the magnetic hysteresis loops and associated magnetic properties extracted from

VSM measurements.
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Figure 5.1. Room temperature magnetic hysteresis loops of W/CoFeB/MgO PMA thin films post-annealed
at (a) 250 °C, (b) 300 °C, (c) 350 °C, and (d) 400 °C. Black and red curves denote external magnetic field
(Hext) applied along and perpendicular to the film plane, respectively. (e - g) Plots of the effective saturation
magnetization (Ms), the intrinsic saturation magnetization (i.e., excluding the effect of the dead layer, Msy),

and the interfacial anisotropy (Kj) as functions of Tann.

The determination of the interfacial anisotropy (Ki) requires the effective anisotropy field
(Hkefr) and the intrinsic saturation magnetization (Mso) as input parameters, predetermined from

the magnetic hysteresis measurements with a VSM. M, is obtained by finding the slope of the
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areal saturation magnetization (Mg xt) as a function of thickness (Fig. 5.3). The uncertainty of

M; is treated as the standard error of the slope from fitting. To determine Hyfr, we perform a linear
fitting of the normalized magnetization (M/Ms) in the negative Hex: range. Only data in the
intermediate range of Hex are used to avoid multi-domain effects at low fields and saturation effects
at high fields. Extrapolating this linear fit to the point where M/M; = —1 provides Hesr. This process

is depicted as the blue lines in Fig. 5.2.
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Figure 5.2. The fitting procedure to extract Hgerr from VSM data. (a - d) represent the series of samples
annealed at 250, 300, 350, and 400 °C respectively. Uncertainties in the Hy.efr values come from fitting error
and measurement uncertainty, and are ~10%.

Once Hyetf and Ms are determined, the effective anisotropy (Kesr) can be calculated. This term
incorporates the crystalline, interfacial, and shape anisotropy sources as shown in Egs. 5.1 and 5.2

[133,134].
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Here we adopt the standard that the interfacial anisotropy is predominantly due to the
CoFeB/MgO interface, such that the factor of 2 is excluded from the interfacial anisotropy term
[135]. For ultrathin CoFeB films (~1 - 2.5 nm in this work), the bulk crystalline anisotropy (Ku) is
negligible. This leads to Ker being dominated by K;, which is effective over the total thickness of
the CoFeB layer (t), and the shape (demagnetization) energy (Eq. 5.2). The values of K; for all
samples range from 1.4 to 2.8 erg cm2, which is slightly higher than previously reported values for
annealed W/CoFeB/MgO films (1.6 to 2.0 erg cm™ for Tan between 300 and 400 °C) [133].
However, these values of K; are derived based on the total film thickness including the dead layer.
Calculation of K; with the reduced thickness (excluding the dead-layer effect) would result in values
of K; from 1.5 to 1.6 erg cm™ in the same temperature range, which are in better agreement with
the results in Ref. [133].

With the increase of Tam, Ms for the W/CoFeB/MgO films decreases from ~780 to ~630 emu
cm (Fig. 5.1e). We attribute the decrease of M; at high Tan to the growth of a dead layer at the
CoFeB interfaces, which becomes prominent at higher Tan. To quantitatively determine the
thickness of the dead layer as Tan increases, we prepare four sets of PMA stacks of
W(7)/CoFeB(t)/MgO(2)/Ta(3). One set contains five stacks with varying thicknesses for the CoFeB
layer (t=1.2, 1.5, 1.8, 2.2, and 2.5 nm) and is post-annealed at a fixed Tan. Four Tann of 250, 300,
350, and 400 °C are used for four sets of the PMA stacks, respectively. The annealing conditions
are the same as those for the W(7)/CoFeB(1.2)/MgO(2)/Ta(3) samples discussed previously. We
measure the magnetic hysteresis loops of these samples using VSM and plot their saturation

magnetization area product ( Mg xt) as a function of film thickness (t) in Fig. 5.3. Linear
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extrapolation of the Mg xt data provides the dead-layer thickness, at which the magnetization

reduces to zero as illustrated by the x-axis intercept in Fig. 5.3. The slope of the linear fit also
provides intrinsic saturation magnetization (Mso), which corresponds to the saturation
magnetization after the removal of the dead-layer effect. The values of My (Fig. 5.1f) show an
increasing trend with T.n from ~1300 to ~1600 emu cm, which agrees well with previous

measurement results for W/CoFeB/MgO films [133].
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Figure 5.3. The dead-layer extraction results. (a - d) represent the series of samples annealed at 250, 300,
350, and 400 °C respectively. The tqead Value is the extrapolated x-axis intercept from the linear fitting of the
thickness-dependent saturation magnetization area product (Msxt).
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5.2 Characterization of crystalline structure and interfaces

X-ray diffraction (XRD) was carried out on a Siemens D5005 diffractometer with Cu-Ka
radiation. Since no discernible CoFeB peaks could be identified on the 1.2-nm thick CoFeB films
[136], we further fabricated thicker CoFeB films (20 nm in thickness) following a stack structure
of Si/SiO; sub./MgO(2)/CoFeB(20 nm)/Ta(3) from bottom to top. These thicker films were
annealed at 250, 300, 350, and 400 °C, respectively. The out-of-plane §-26 XRD patterns are plotted

in Fig. 5.4.

Due to the challenges in XRD analysis of CoFeB thin films, the CoFeB (110) peak is
indiscernible in Fig. 5.4 for films annealed at low Tan. For films annealed at 400 °C, the CoFeB
(110) peak can be weakly observed, indicating improved crystallinity. In addition, the CoFeB (200)
peak can be clearly observed when T is 350 °C or higher, as a direct demonstration of the
crystalline CoFeB formation. Both peaks indicate that with the increase in Tam, the CoFeB layer

becomes more ordered.
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Figure 5.4. X-ray diffraction 8-20 scan taken with the scattering vector along the film normal of the CoFeB
samples post-annealed at temperatures from 250 to 400 °C.
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To determine the interfacial roughness of the W/CFB/MgO thin films, an approximate value
of the interfacial roughness was obtained by fitting X-ray reflectivity (XRR) data of the thin films
[137]. XRR measurements were carried out on a PANalytical X’Pert high-resolution diffractometer
with Cu-Ka radiation. We utilized the GenX software package to fit XRR curves, which provides
the information of X-ray scattering length density (SLD) [138]. Despite many possible solutions
for the XRR whole curve fitting, these results should reflect the true sample structure, as suggested
by the good agreement between the fit and the measured data in Fig. 5.5. The interfacial roughness
values at both interfaces of the CoFeB PMA layer are listed in Fig. 5.5 (the value in blue is for the
CoFeB/MgO interface and the value in red is for the W/CoFeB interface). The XRR data indicate
a slight decrease in the roughness of both interfaces with the increase of the post-annealing

temperature; however, such reduction in roughness approaches the XRR limit.
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Figure 5.5. XRR data of the W/CFB/MgO samples post-annealed at Tann = 250, 300, 350, and 400 °C on a
log scale. Black circles are the measured data while the red line indicates the GenX fit. Extracted interfacial
roughness for the MgO/CoFeB and CoFeB/W interfaces are provided for each Tan.
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Since the decrease in the interfacial roughness is within the XRR limit, we conclude that the
interfacial roughness does not make significant contribution to the changes in damping when Tann
increases. On the other hand, the W diffusion becomes more active at higher Tann, Which tends to
increase the damping constant due to its large spin-orbit coupling [47]. The W diffusion dominates
when Tann is higher than 350 °C, leading to the increase in damping.

5.3 TR-MOKE Measurements

The magnetization dynamics of these PMA thin films are determined using the all-optical
Time-Resolved Magneto-Optical Kerr Effect (TR-MOKE) method [24,73,98,102,139,140]. This
pump-probe method utilizes ultra-short laser pulses to thermally demagnetize the sample and probe
the resulting Kerr rotation angle. In the polar-MOKE configuration, & is proportional to the change
of the out-of-plane component of magnetization (AM; in Fig. 5.6a) [62]. A description of the setup
at the University of Minnesota is provided in Chapter 3. Figure 3.3 shows the setup with the
inclusion of the electromagnet system. The pump and probe fluences are set at ~0.3 and 0.1 mJ/cm?,
respectively. This relatively low fluence prevents sample damage, and prohibits the decrease of

anisotropy and increase in inhomogeneity due to excessive heating [104].
The TR-MOKE signal is fitted to the equation ¢ = A+Be™/® + Dsin(2z ft +¢)e ™", where A, B,

and C are the offset, amplitude, and exponential decaying constant of the thermal background,
respectively. D denotes the amplitude of oscillations, f is the resonance frequency, ¢ is a phase shift
(related to the demagnetization process), and t is the relaxation time of magnetization precession.
Directly from TR-MOKE measurements, an effective damping constant (aesr) can be extracted
based on the relationship acsr = 1/(2xff). However, as discussed in Section 2.3, e is not an intrinsic
material property; rather, it depends on measurement conditions, such as the applied field direction
(64 in Fig. 5.6a), the magnitude of the applied field (Hex), and inhomogeneities of the sample (e.g.

local variation in the magnetic properties of the sample) [58,141].
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Figure 5.6. (a) Definition of the parameters and angles used in TR-MOKE experiments. The red circle
indicates the magnetization precession. @ is the equilibrium direction of the magnetization. 6« is measured by
the probe beam at a given time delay (At). (b) The TR-MOKE data (open symbols) and model fitting of 6
(black curves) for the 400 °C sample at 76°, for varying Hex: from 2.0 to 20 kOe.

To obtain the Gilbert damping constant, the inhomogeneous contribution needs to be removed
from aefr, such that the remaining value of damping is an intrinsic material property and independent
of the measurement conditions. To determine the inhomogeneous broadening in the sample, the

effective anisotropy field (H\ ¢ = 2K / M) needs to be pre-determined from either (1) the

magnetic hysteresis loops; or (2) the fitting results of f vs. Hex obtained from TR-MOKE. The
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resonance frequency, f, can be related to Hex: through the Smit-Suhl approach by identifying the
second derivatives of the total magnetic free energy, which combines a Zeeman energy, an
anisotropy energy, and a demagnetization energy [20,142,143]. For a perpendicularly magnetized

thin film, f is defined by Eqgs. 5.3-5.6.

f =2l [HH, 0.3
T

Hy = Hey €OS(0 — 0y ) + Hy o5 COS? (8), 0.4
H, = Heyy €OS(0— 6y )+ Hy e COS(26), 0.5
2H gy SIN(Gy —0) = Hy g5 5iN(26). 0.6

This set of equations permits calculation of f with the material gyromagnetic ratio (g), Hext, &1,
Hierr, and the angle between the equilibrium magnetization direction and the surface normal (6,
determined by Eq. 5.6). The measured values of f as a function of Hex can be fitted to Eq. 5.3 by
treating g and Hyerr as fitting parameters. To minimize the fitting errors resulting from the
inhomogeneous broadening effect that is pronounced at the low fields, we use measured
frequencies at high fields (Hex: > 10 kOe) to determine Hyesr.

With a known value of Hyest, the Gilbert damping constant of the sample can be determined
through a fitting of the inverse relaxation time (1/7) to Eq. 5.7. The two terms of Eq. 5.7 account
for, respectively, contributions from the intrinsic Gilbert damping of the materials (first term) and

inhomogeneous broadening (second term) [58]:

1 1
ZEOI]/(H1+H2)+§

1 AHyeft 07
T

where H; and H; are related to the curvature of the magnetic free energy surface as defined by
Egs. 5.4 and 5.5 [143,144]. The second term on the right side of Eq. 5.7 captures the
inhomogeneous effect by attributing it to a spatial variation in the magnetic properties (AHkerr),

analogous to the linewidth broadening effect in Ferromagnetic Resonance measurements [94]. The
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magnitude of dw/dH, . can be calculated once the relationship of @ vs. Hex is determined with

a numerical method. Both a and AHkesr (the inhomogeneous term related to the amount of spatial
variation in Hyerr) are determined via the fitting of the measured 1/z based on Eq. 5.7. In this way,
we can uniquely extract the field-independent «, as an intrinsic material property, from the effective
damping (aetr), which is directly obtained from TR-MOKE and dependent on He:.

It should be noted here that the inhomogeneous broadening of the magnetization precession is
presumably due to the multi-domain structure of the materials, which becomes negligible in the
high-field regime (Hext >> Hkerr) as the magnetization direction of multiple magnetic domains
becomes uniform. This is also reflected by the fact that the derivative in the second term of Eq. 5.7

approaches zero for the high-field regime [103].

5.4 Angular Dependence of Precessional Resonance Frequency

To gain some insight into the impact of applied field direction (64) on the resonance frequency
(), we conduct numerical simulations of the field dependent resonance frequency for a
representative sample with y = 1.76x10% rad s T, Hyerr = 2.5 kOe, and 64 = 90°, 89°, and 80°.
The results of f vs. Hex calculated with Egs. 5.3-5.6 are presented in Fig. 5.7. The difference in f
between 64 = 90° and 64 = 89° is pronounced when the external fields are close to Hies, but almost
negligible elsewhere. For 64 =90°, f approaches 0 GHz at Hex = Hkerr aS the magnetization
theoretically saturates along the direction of Hex. For any other value of 4, f experiences a non-
zero minimum at Hex = Hkerr, and this minimum feature of f becomes less apparent when 6y
deviates from 90°. This is demonstrated by the blue curve in Fig. 5.7 for 84 = 80°, which shows a
very shallow and small dip feature of f when Hex is close to Hkerr. For high branch data at

Hext >> Hierr, the slope of f as a function of Hex will always converge to the same value (/27 ),
regardless of &n.
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Figure 5.7. Numerical modeling of f vs. Heq based on Egs. 5.3-5.6 for a representative sample with
y=1.76x10" rad s T and Hyerr = 2.5 kOe, predicted at 4 = 90°, 89°, and 80°.

5.5 Uncertainty Analysis

The error bars for K; in Fig. 5.1g are determined by propagating errors from Hyerr, Ms 0, and the
dead layer, all of which have been determined through VSM measurements. We also include an
error in the deposited thickness of CoFeB, which is less than 5%. A root sum of squares of errors
propagated from various terms in the anisotropy (such as the Mso and measured Hgesr in Egs. 5.1

and 5.2) is utilized to determine the overall error of K.

Reported uncertainties in f and 7 are from the standard error in fitting of the raw TR-MOKE
signal (see Fig. 5.6). The standard error of f is typically negligible and therefore is not shown. The
standard errors of individual points of z (and thus 1/z) depend on the number of oscillations and the
signal fluctuation in TR-MOKE measurements, which are typically small as determined from
mathematic fitting (Figs. 5.9b and 5.9d). The model prediction of 1/r (and thus aesr) has larger
discrepancies with measured values near Hy s Where o iS large (as shown by the predicted o in
Fig. 5.8), which prompts our primary focus on high-field data (Hex: > Hker) to determine o from the

fitting of 1/z.
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To estimate the uncertainty of Hxer from TR-MOKE, both the standard error from fitting f vs.
Hext and the error propagated from the Hex uncertainty are included. The uncertainty of Hex is
determined by the instrument resolution of the Hall sensor. Differentiating Hiess With respect to Hex
(Eq. 5.3), the error propagation from Hex can be approximated. At high fields and 8y = 90°, a 500

Oe uncertainty of Hex results in <25% uncertainty of Hiesr.

oH 2
ett g, 1 (Z”f] 0.1
aHext H V4

ext
The uncertainty of a also primarily comes from two sources: the standard error from the fitting of
1/ to measured data (Aase) and the error propagated from Hyesr. The best fit for the reported Hy eft
for the 250 °C W/CoFeB/MgO sample is shown as the black line in Fig. 5.8. The red and blue
dashed lines in Fig. 5.8 portray the fit of 1/ when Hyes is adjusted to the upper (blue) and lower
(red) limits of its error bar. As mentioned previously, we focus on the high-field data (Hex: > 10 kOe)
to prompt the accuracy in determining a. The fittings converge when Hex ~ 10 kOe, which indicates
that our choice of fitting the data of Hext > 10 kOe should provide an accurate value of a. The fittings
result in anigh and aiow, Which correspond to o determined at the upper and lower limits of Hye,

respectively. The final reported uncertainty in damping (Ae) is then calculated with Eq. 5.9, which

ranges from 20 to 25%.

2
Ohigh — &
Aa = \/(MJ + (AaSE )2 0.2
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Figure 5.8. Depiction of the fitting process of 1/z to determine « and Aa. The black line indicates the best fit
to the measured values of 1/z. The red and blue dotted lines show the fitting of 1/ when the uncertainty in
Hiefr is included.

5.6 Results and Discussion

The measurement method is validated by measuring the Tan = 400 °C at multiple angles ()
of the external magnetic field direction. By repeating this measurement at varying 61, we can show
that « is an intrinsic material property, independent of 64. Figure 5.9a plots the resonance
frequencies derived from TR-MOKE and model fittings for the 400 °C sample at two field
directions (04 = 76° and 89°). For the data acquired at 64 = 89°, a minimum f occurs at Hex: = Hief.
This corresponds to the smallest amplitude of magnetization precession, when the equilibrium
direction of the magnetization is aligned with the applied field direction at the magnitude of Hygs
[143]. The dip at this local minimum diminishes when 64 decreases, as reflected by the comparison
between the red (61 = 89°) and blue (6n = 76°) lines in Fig. 5.9. With the Hy.r extracted from the
fitting of frequency data with 64 = 89°, we generate the plot of theoretically predicted f vs. Hex
(6w = 76° theory, blue line in Fig. 5.9a), which agrees well with experimental data (open squares in

Fig. 5.9a).
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Figure 5.9. (a) Measured f vs. Hex: results for the 400 °C sample at 6 = 89° (open circles) and 6 = 76° (open

squares) and corresponding modeling at 84 = 89° (red line) and 84 = 76° (blue line). (b) The measured inverse
of relaxation time (1/7) at 64 = 89° (open symbols) and the fitting of 1/z based on Eq. 5.7 (dotted line). For
reference, the first term of 1/z in Eq. 5.7 is also plotted (solid line), which accounts for the contribution from
the Gilbert damping only. (c) aess as a function of Heyx for 64 = 89° (red circles). The dotted line shows the
predicted e using the a extracted from the fitting of 1/z. (d) and (e) depict similar plots of 1/z and aes for
0H =76°.

The inverse relaxation time (1/7) should also have a minimum value near Hyes for 64 = 89° if
the damping was purely from Gilbert damping (as shown by the solid lines in Figs. 5.9b and 5.9d);
however, the measured data do not follow this trend. Adding the inhomogeneous term (dotted lines
in Figs. 5.9b and 5.9d) more accurately describes the field dependence of the measured 1/z (open
symbols in Figs. 5.9b and 5.9d). It should be noted that the dip of the predicted 1/t occurs when the
frequency derivative term in Eq. 5.5 approaches zero; however, this is not captured by the

measurement. Figures 5.9¢c and 5.9e depict the field-dependent effective damping (eer) calculated

using the Gilbert damping (¢) extracted from fitting the measured 1/z.
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Figure 5.10. Results for f (a - ¢) and aesr (d - ), on a log scale, for individual samples (excluding the 400 °C
sample, which is discussed in Fig. 5.9). The fitting for f is shown as a solid red line. The dashed line in (d - f)
i@zdicgtgos. the predicted aetr from the values of « extracted from fitting 1/z. All three samples are measured at

With the knowledge that the value of o extracted with this method is the intrinsic material
property, we repeat this data reduction technique for the annealed W/CoFeB/MgO samples
discussed in Fig. 5.1. The symbols in Fig. 5.10 represent the resonance frequencies and damping
constants (both effective damping and Gilbert damping) for all samples measured at 64 = 90°. The
fittings for the resonance frequency based on Eq. 5.3 (red lines) are also shown to demonstrate the
good agreement between our TR-MOKE measurement and theoretical prediction. The uncertainties
of f, 7, and Hkerr are calculated from the least-squares fitting uncertainty and the uncertainty of
measuring Hex with the Hall sensor.

The summary of the anisotropy and damping measured via TR-MOKE is shown in Fig. 5.11.

Figure 5.11a plots Hkerr obtained from VSM (black open circles) and TR-MOKE (blue open

squares), both of which exhibit a monotonic increasing trend as Tann becomes higher. Discrepancies
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in Hyerf from these two methods can be attributed to the difference in the size of the probing region,
which is highly localized in TR-MOKE but sample-averaged in VSM. Since Hess determined from
TR-MOKE is obtained from fitting the measured frequency for a localized region, we expect these
values more consistently describe the magnetization precession than those obtained from VSM.
The increase in Hgerr With Tann has previously be partially attributed to the crystallization of the
CoFeB layer [58]. For temperatures higher than 350 °C, this increasing trend of Hyefr begins to
lessen, presumably due to the diffusion of W atoms into the CoFeB layer, which is more
pronounced at higher Tann. The W diffusion process is also responsible for the decrease in M;s of the
CoFeB layer as Tann increases (Fig. 5.1e). Subsequently, the decrease in Ms leads to a further-
reduced demagnetizing energy and thus a larger Hyger.

Similar observation of M;s has been reported in literature for Ta/CoFeB/MgO PMA structures
and attributed to the growth of a dead layer at the heavy metal/CoFeB interface[145]. Figure 5.11b
sumMmarizes tgeaqd as a function of Tann With tgead increasing from 0.17 to 0.53 nm as Tann changes from
250 to 400 °C, as discussed in Section 5.1.

Figure 5.11c depicts the dependence of a on Tam, Which first decreases with Tan, reaches a
minimum of 0.015 at 350 °C, and then increases as Tan rises to 400 °C. Similar trends have been
observed for Ta/CoFeB/MgO previously (minimum o at Tan, = 300 °C) [58]. We speculate that this
dependence of damping on Tan is due to two competing effects: (1) the increase in crystallization
in the CoFeB layer with T, which reduces the damping, and (2) the growth of a dead layer, which

results from the diffusion of W and B atoms and is prominent at higher Tann.
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Figure 5.11. Summary of the magnetic properties of W-seeded CoFeB as a function of Tum. (2) The
dependence of Hyers On Tann Obtained from both the VSM (black open circles) and TR-MOKE fitting (blue
open squares). (b) The dependence of dead-layer thickness on Tann. Error bars are from standard error from a
linear fit. (c) Damping constants as a function of Tan. The minimum damping constant of « = 0.015 occurs
at 350 °C. The values for the all samples are obtained from measurements at 6y ~ 90°. For comparison, o 0f
the reference Ta/CoFeB/MgO PMA sample annealed at 300 °C is also shown as a red triangle.

As the amorphous as-deposited CoFeB film begins to form ordered phases at elevated
temperatures, the number of scattering sites in the film tend to decrease [45,146]. The increase in
crystallinity of the W/CoFeB/MgO film with Tann is demonstrated by the XRD analysis detailed in
Section 5.2. At Tan = 400 °C, the dead-layer formation leads to a larger damping presumably due
to an increase in scattering sites (diffused W atoms) that contribute to spin-flip events, as described
by the Elliott-Yafet relaxation mechanisms [38]. Additionally, W atoms can increase the spin-orbit
coupling and thus the damping as the inter-diffusion increases with Tan [147]. The observation that
our W-seeded samples still sustain excellent PMA properties at Tan =400 °C confirms their

enhanced thermal stability, compared with Ta/CoFeB/MgO stacks which fail at Tan = 350 °C or

higher.
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While the damping constants are comparable for the W/CoFeB/MgO and Ta/CoFeB/MgO
films annealed at 300 °C, our work focuses on the enhanced thermal stability of W-seeded CoFeB
PMA films that can maintain a relatively low damping constant (0.020 at 400 °C). Such an
advantage enables W-seeded CoFeB layers to be viable and promising alternatives to

Ta/CoFeB/MgO, which is currently widely used in spintronic devices.
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CHAPTER 6: COUPLING BETWEEN MAGNETIZATION DYNAMICS AND
PICOSECOND ACOUSTICS

This chapter is a discussion of the coupling between spin and strain as measured by the TR-MOKE
method. This chapter contains portions of two previous publications. The discussion of
magnetostriction and magnetism from the IOP Book Chapter was written by me. TDTR and TR-
MOKE measurements were conducted by me, samples were made by Delin Zhang (postdoc in Prof.
Jian-Ping Wang’s group), simulations were conducted by Tao Qu (postdoc in Prof. Randall
Victora’s group), previous TDTR and TR-MOKE measurements on samples not discussed here
were done by Jie Zhu (former postdoc in Xiaojia Wang’s group).

1. Lattery, D., Zhu, J., Huang, D., and Wang, X.J., “Ultrafast Thermal and Magnetic
Characterization of Materials Enabled by the Time-Resolved Magneto-Optical Kerr
Effect”, invited IOP Book Chapter in Nanoscale Energy Transport: Emerging Phenomena,
Methods and Applications (2020), pp. 9-1 to 9-30.

2. Zhang,D.L., Zhu, J., Qu, T., Lattery, D. M., Victora, R. H., Wang, X.J., Wang, J.-P., “High
frequency magneto-acoustic resonance through strain-spin coupling in perpendicular
multilayers”, Science Advances (In Revision).

Magnetostriction is a well-known phenomenon in which the magnetization within a magnetic
material causes a structural deformation and can even launch acoustic strains [148]. The inverse
effect is also important, especially in pump-probe measurements that create longitudinal strain
waves via thermal expansion after optical excitation [86,88]. This strain will create picosecond
acoustic signals in TDTR measurements that can be used to determine the thickness of thin films.
Through the inverse magnetostriction effect, strain waves can also influence magnetization
dynamics, as shown in the study of ferromagnetic Ni films by Kim et al. [149]. Further research
has also shown how this effect can be achieved by using materials with large magnetostriction,
such as Galfenol (an alloy of Fe and Ga) [150], or controlling the strain in the material through the
use of acoustic Bragg mirrors [151]. This has directly led to the exploration of innovative
approaches and new physics to couple the energy transfer between the magnetic system (magnons)
and the lattice (phonons), renewing the interesting in both the scientific and technological
communities [152,153]. Among the abundant physical phenomena [154-157] arising from the

magnon-phonon coupling, strain-assisted magneto-acoustic resonance in ferromagnetic materials

64



provides an energetically efficient path for rapid switching of spin states, which is required for
applications in advanced spin memory, logic, and other spintronic devices [158-160].

Exploring innovative approaches and new physics to manipulate the magnetization of
ferromagnetic materials via femtosecond laser pulses has recently received renewed interests in
both scientific and technological communities in areas such as all-optical switching [152,153,161].
Simultaneously, the experimental utilization of femtosecond lasers to manipulate the magnetic
properties of materials with perpendicular magnetic anisotropy (PMA) through the coupling
between strain and spin has become a promising area for developing ultralow-energy spin memory
and logic devices [158-160,162,163]. Utilizing the coupling between strain and magnetization can
potentially offer a unique non-thermal approach to excite magnetization precession for realizing
high-speed and low-energy switching in spintronics.

To this point, the main efforts have been devoted to strain generated from piezoelectric
materials via electrical methods [164-167]. It was first discovered by Beaurepaire et al. in 1996
that femtosecond laser pulses can modify the magnetization of ferromagnetic materials through
thermally induced demagnetization [70]. This ultrafast optical approach provides a powerful tool
for capturing the energy-carrier interactions between electrons, spins, and phonons in the
femtosecond time regime [168-173]. At the same time, acoustic strain waves (ASWs) can be
launched by femtosecond laser pulses through thermal expansion [149-151,158,174-178]. Upon
femtosecond laser pulse excitation, ASWs directly act through the entire FM film via the inverse
magnetostriction effect (or Villari effect), and thus can readily couple with the spins to modify the
magnetic anisotropy and, subsequently, magnetization of a FM material. Thus, by simultaneously
generating strain and spin within the ferromagnetic layer, the ultrafast optical approach provides a
powerful tool to initiate the coupling between phonons and magnons. The femtosecond time scale
of the laser pulse is smaller than the relaxation time scales of phonons and magnons, which allows

the capture of the magnon-phonon coupling processes in the time domain, such as strain-assisted
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large-angle magnetization precession [ 158]. In contrast, efforts have also been devoted to launching
strain electrically by using piezoelectric materials [164,166,167], which induce a Surface Acoustic
Wave (SAW) in the substrate beneath the FM layer. In such experiments, the SAW propagates to
the FM layer and modifies its FM properties by changing the lattice spacing, leading to a different
phonon propagation direction.

Motivated by this potential, many experimental and theoretical studies have reported the
magnetization dynamics of ferromagnetic thin films under optically generated ASWs. The
materials studied so far have not been applicable to spintronic applications due to low magnetic
moment, low anisotropy, or low Curie temperature, such as dilute semiconductor materials [174-
178] and metallic FM materials (e.g., Terfenol-D ((Tb.Dyi.)Fe>) [158], Galfenol [150,151], Bi-
YIG [179] and Ni [149]). As a matter of fact, direct experimental demonstration of the coupling
between ASWs and spins in technologically relevant PMA materials remains elusive, despite the
fundamental importance of the physical mechanisms of magnetic resonance. [Co/Pd], multilayers
possess high PMA at room temperature, holding great potential for various technological
applications [180-184]. Furthermore, [Co/Pd], multilayers have a relatively large magnetostriction
coefficient A (~ —1x107%) [185,186], holding great potential for various technological applications
[180-184]. This could serve as an ideal platform for investigating the magnon-phonon coupling.

Here we experimentally report an extremely-high frequency (EHF) magneto-acoustic
resonance up to 60 GHz in the PMA [Co/Pd], multilayers, originating from strong magnon-phonon
coupling following excitation by femtosecond laser pulses. The resonance shows an enhanced wave
envelope in the time domain, an anti-crossing in frequency domain, and significant mixing of both
magnons and phonons as predicted by a coupled model. Such an observation is also demonstrated
by both ultrafast measurement signals and micromagnetic simulation. These observations all
indicate that a hybridized quasiparticle comprised of both magnon and phonon exists in

perpendicular magnetic multilayers, whereby the energy transfers among magnon and phonon
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systems efficiently. This allows the acoustic wave to substantially influence the magnetization at
an ultrafast picosecond scale. Thus, our work paves a potential pathway to enable an EHF magnetic-
acoustic resonance through the strain-spin coupling and suggest a possibility of ultrahigh-speed

strain-assisted magnetization switching in a technologically relevant magnetic system.

6.1 Sample Information

All samples with the stack of [Co(x)/Pd(y)]~/Co(x)/Ta(3) (x =0.30~0.70 nm; y =0.70~1.80
nm), from the bottom to top, are deposited on Si/SiO»(300 nm) substrate at room temperature using
a six-target Shamrock magnetron sputtering system with ultra-high vacuum (base pressure
<5.0 x 1078 Torr). The [Co(0.8 nm)/Pd(1.8 nm)].1 multilayer is seeded with Ta(5 nm)/Pd(5 nm)
bilayer, the others are seeded with Ta(3 nm)/Pd(3 nm) bilayer. All layers are sputtered with D.C.
power sources and element targets under an Argon working pressure of 2.0 mTorr. The magnetic
properties of all samples are characterized using a PPMS with the VSM module.

Figure 6.1a illustrates the TR-MOKE and TDTR measurement configuration together with a
schematic of the sample stack. The thermoreflectance signals collected in TDTR measurements are
proportional to the intensity change in the reflectivity of the probe beam, which contain information
of both temperature and acoustics [73,86]. Thus, the TDTR signals measured here represent the
strain waves in the sample. The strain wave frequency is for the lowest-frequency mode of the
standing strain waves confined within the thin-film sample stack, whose half wavelength
corresponds to the thickness of the entire sample stack (including the capping and seed layers).
Therefore, by changing the sample thickness, the strain frequency can be tuned (discussed more in
Section 6.4). In this study, we select the [Co(0.8 nm)/Pd(1.5 nm)];; multilayered structure as the
model system deposited on a SiO; (300 nm)/Si substrate and is capped with a 3-nm Ta layer. It has
perpendicular anisotropy with an effective field of Hi.qx~ 6.5 kOe and magnetic anisotropy of

Ky ~ 4.4 Merg/cc, as shown in Fig. 6.1b.
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Figure 6.1 (a) Illustration of the ultrafast time-resolved magneto-optical Kerr effect (TR-MOKE)
measurements (left) on the [Co/Pd], multilayer with numbers in parentheses denoting layer thicknesses in
nanometres (right). In TR-MOKE measurement, in the absence of an external magnetic field Hex, the
magnetostrictive effect can be measured, in which the acoustic strain wave induces the magnetization
oscillation. The magnetization of [Co/Pd], multilayer is tilted to the angle (8) when Hex > 0 is applied with
the angle (6 = 80°). The TR-MOKE signals will include the signal from spin precession and acoustic strain
wave. By fitting the data, we can separate them and identify their coupling. The figure in the right plane of
the top shows the [Co/Pd], multilayered structure used in our work. (b) The magnetic hysteresis loops of the
[Co(0.8 nm)/Pd(1.5 nm)]11 multilayer with a magnetic anisotropy field Hyeft ~6.5 kOe.

6.2 Ultrafast Measurement Results

For a typical polar TR-MOKE measurement, a damped oscillation feature is expected in the
signals due to the spin precession initiated by the rapid temperature rise from pump excitation,
when an external magnetic field (Hex) is applied. However, the TR-MOKE signals usually do not
show magnetization oscillations in the absence of He, since the equilibrium axis of the spin
precession will be aligned with the surface normal direction of the perpendicular magnetic film.
When the sample has a large A, acoustic waves can tilt the magnetization and therefore create a
detectable change in M. and will be captured as magnetization oscillations in the signal as well.
Thus, the magnetization oscillation features captured by TR-MOKE contains both the spin
precession and acoustic wave information [174]. Therefore, the signals from TR-MOKE

measurements contain information of two behaviors, as the superposition of two frequencies in M-:
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loosely categorized as the field-dependent one corresponding to the typical ferromagnetic
resonance resulting from coherent spin precession (spin-like), and the field-independent one caused

by a time-dependent modulation of magnetic properties through strain (strain-like).

This atypical secondary frequency could be from non-MOKE components in TR-MOKE signal,
whose contribution are usually found to be negligible in determining the frequencies and relaxation
times of spin precession. We can understand the impact of these non-MOKE components on our
signal by subtracting the TR-MOKE signals obtained with two opposite magnetic directions. To
show that this non-MOKE component contributes negligibly to the magnetization precession and
acoustic waves, we conduct measurements on the [Co/Pd], multilayer, at a field when both modes
are visible (Hexx = 21 kOe). By magnetizing the sample with a positive field, the sample
magnetization of sample will be in the positive y-z plane (see the definition of coordinates in Figure
6.1a). The corresponding TR-MOKE signal is set to be positive and labeled as M*. When the field
direction is reversed, the sample magnetization is along the opposite direction (the negative y-z
plane). The resulting TR-MOKE signal is set to be negative and labeled as M. The subtraction of
these two measurements (M* — M") can remove the non-MOKE components [27,187].

Figure 6.2a shows the raw TR-MOKE signals of M*, M~, and the subtracted signal of M* — M~
for the Co/Pd multilayer near the point where both the ASW and FMR frequencies match (the
magneto-acoustic resonance point). The fact that both the strain-like mode and spin-like mode are
maintained in the subtracted signal of M* — M~ (and nearly double the amplitudes) shows that both
modes are resulting from the MOKE response of the sample magnetization. The resonance
frequencies and relaxation times of the strain-like mode and spin-like mode, extracted from the raw
TR-MOKE signals of M*, M~, and the subtracted signal of M* — M, are depicted in Figs. 6.2b and
6.2c, respectively. The differences in the values analyzed using these three sets of TR-MOKE

signals are less than 1% for the resonance frequency and less than 5% for the relaxation time,
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suggesting a negligible contribution from the non-MOKE components in TR-MOKE signals. Thus,

for future data analysis, we choose to show only the M* signals.
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Figure 6.2. (a) The TR-MOKE signals of the Co/Pd multilayer near magneto-acoustic resonance. M*
indicates the signal with a field of ~21 kOe applied at 64 ~80° and M~ indicates the signal with the
magnetization in the opposite direction (64 ~ 260°). M* — M- is the subtraction of both signals (to subtract
non-MOKE components). (b, ¢) the extracted spin-like and strain-like frequencies and relaxation times from
the three different signals. Error bars are <1% for the frequency and <5% for the relaxation time, respectively.

The TR-MOKE results of [Co(0.8 nm)/Pd(1.5 nm)]; with the range of Hex from 10 kOe to
29 kOe are plotted in Fig. 6.3a. Interestingly, we find that for 18 kOe < Hex < 24 kOe, TR-MOKE
signals show the amplitude of precessional oscillations of M. increase instead of the usual decrease
in the first 60 ps following the pump excitation. However, when Hex: is smaller than 16 kOe or
larger than 25 kOe, the TR-MOKE signals in Fig. 6.3a appear as the damped oscillations (standard
in TR-MOKE measurements of magnetization precession). Within the first several picoseconds,
different energy carriers such as magnons, phonons, and electrons induced by the ultrafast laser
pulse are out of equilibrium with each other. As the main goal of this work is to analyse the magnetic
precession that is in the equilibrium regime, we purposefully start the fitting from 10 ps to avoid

any possible non-equilibrium effects (indicated by the fitting lines in Fig. 6.3a).
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Figure 6.3. (a) the experimental and fitting TR-MOKE signals and (b) the experimental TDTR signals as a
function of Hex: (10 to 29 kOe). It is clearly seen that TDTR signals do not change in the whole region of Hex
while TR-MOKE signals show different oscillation patterns with external fields. For Hex < 18 kOe or
> 24 kOe, magnetization precession presents the damped oscillation, while for 18 kOe < Hex < 24 kOe,
magnetization shows the resonance phenomenon. (c, d) Fourier transform of the TR-MOKE signal with
Hext = 14 kOe and 21 kOe, respectively, from which two peaks (spin-like and strain-like) can be found. For
Hext = 14 kOe, the two peaks are separate, however, the two peaks are overlapping when Hex: = 21 kOe.

From the TDTR data in Fig. 6.3b, we can find that the acoustic strains prevail in the first 60 ps,
suggesting the magneto-acoustic resonance increases the energy transferred from ASWs to spin
precession within the first 60 ps. As this injected energy overcomes the dissipated energy, the
amplitude of spin precession is enhanced, in contrary to the monotonic decaying trend of a typical
damped feature of spin precession at other fields. After 60 ps, the injected energy by the strain is
insufficient to equilibrate the dissipated energy due to the damping, thus not capable to maintain
the high energy state (resonance state). The spin oscillation amplitude decreases, and the typical
damped feature appears. This phenomenon indicates that during this first 60-ps time regime, the
magnetostrictive field generated by ASWs couples with spins and further enhances the spin

precession.
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Two TR-MOKE signals, one in resonance (Hexi =21 kOe) and the other one out of magnet-
acoustic resonance (Hex = 14 kOe), are chosen to study the coupling between spin precession and
ASWs, We find that the frequency of the signal without the magneto-acoustic resonance shows two
separated peaks, ~38 GHz for spin precession and ~60 GHz for ASWs, as shown in Fig. 6.3c.
However, for the signal with the magneto-acoustic resonance, two frequency peaks are overlapping
at ~60 GHz, as plotted in Fig. 6.3d. This suggests that the magneto-acoustic resonance originates
from the coupling between strain and spin. To further understand the magnetization dynamics and
magnetic resonance resulting from the coupling between strain and spin, the TR-MOKE and TDTR

signals of the [Co(0.8 nm)/Pd(1.5 nm)];; sample are analyzed in the time domain using Eq. 6.1:

Vin = A+ Bexp(—t/C)+Dysin(2x fit + (pl)e(_“’l) + D, sin (27 fot +¢2)e(—tlfz) , 6.1

where A4, B, and C are related to the thermal background and D, f, ¢ and 7 are the amplitude,
frequency, phase offset, and relaxation time respectively. The TDTR data only show one frequency
corresponding to the picosecond acoustics (strain) in the system, which is independent of the
external field. Fitting the TR-MOKE data shows two distinct frequencies over most of the range: a
frequency that depends on H. following a Kittel dispersion (“spin-like”), and a frequency that is
independent of H.. that matches the frequency of the strain captured by TDTR (“strain-like”).
Figure 6.3a plots the frequencies of spin precession of the Co/Pd multilayer, which are fitted from
the TR-MOKE signal as a function of Hex based on Eq. 6.1. There are 2 modes, the low frequency
mode being labeled Mode 1 (open black circles), and the high frequency mode being labeled Mode

2 (open red diamonds).

Because of the weak coupling of these two modes, a gap between the frequency modes opens
(as it should for a simple coupled harmonic oscillator). Further information about the coupling
between acoustic and magnetic modes has been proposed [188], but a more complete theory for

has been proposed by my collaborator Dr. Tao Qu. It introduces coupling coefficient x of
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~(16.5 GHz)* that is determined by the magnetostriction coefficient (b), magnetic properties and
the external field angle (Eq. 6.2) . The frequencies of Modes 1 and 2 display an anti-crossing with
a frequency gap Af, deviating from the original wwm (=w1) or @pn (Ran).
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Figure 6.4. (2) The frequency measured in the [Co(0.8 nm)/Pd(1.5 nm)].1 multilayer as a function
of Hex. Two frequencies of spin precession (Mode 1, open black circles and Mode 2, open red
diamonds) are derived by fitting the experimental data of TR-MOKE. The figure also includes the
frequency of acoustic waves measured from TDTR (blue stars). The anti-crossing point of Mode 1
and Mode 2 occurs at the resonance field (Hex: = 21 kOe), where the frequencies of Modes 1 and 2
split and open a gap. We assign the strain-like behavior as the field-independent frequencies that
are nearly identical to the acoustic wave frequencies from TDTR. The frequency of the spin-like
behavior increases linearly with Hex. (D) The individual M, amplitudes of Modes 1 and 2 as a
function of Hex for the [Co(0.8 nm)/Pd(1.5 nm)].x multilayer. There exists an apparent
amplification of both modes due to the coupling near the anti-crossing point.
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To quantitatively predict the gap Af, Dr. Qu calculated the two frequencies of Modes 1 and 2 at

the resonance point (defined as wm = @pn at Hext = 21 kOe), which gives o = wpp, — (K‘/ prh) and

@) = Wy, + (zc/ 2a, ) . This yields Af = 4.6 GHz, which is consistent with experimental data using

no fitting parameters, as shown in Fig. 6.4a. The hybridization regime is defined as the external

field at which ‘a)M - a)ph‘ approximates K'/ @ypp » leading to a range of 19.7 kOe < Hexr < 22.1 kOe.

Their amplitudes are comparable and enhanced, compared to those with weak coupling.

6.3 Tuning the Magneto-Acoustic Resonance Point

The coupling between ASWSs and spin precession happens when the frequencies of the two
modes approach each other. The strain-spin coupling frequency can be tailored via tuning either of
the two frequencies or both together. Increasing the total thickness of the perpendicular magnetic
film will increase the round-trip time of a strain wave package traveling between the top and bottom
surface, thus the oscillation frequency of the standing strain wave is decreased. In order to change
the dependence between the spin precession frequency and external field, the magnetic anisotropy
must be manipulated. In [Co/Pd], multilayers, the PMA is dominant and can be tuned by changing
the thickness of the Co layers. Therefore, the sample’s resonant frequency of strain-spin coupling
can be tuned by carefully designing its structure. To test this idea, we have varied the thicknesses
and anisotropies of [Co/Pd], multilayer structures. The structural parameters and magnetic

properties of 5 samples are listed in Table 6.1.

First, we have tested the resonant phenomenon repeatability of samples prepared with the same
structure. The reference sample (Sample 2) in Table 6.1 is made with the exact same structure and
anisotropy as the primary sample investigated in previous sections (Sample 1), and the same TR-
MOKE and TDTR data are obtained under the same conditions. Following this verification, we
keep the magnetic anisotropy of the samples (Samples 3, 4 and 5) similar to that of the original
sample in the main text, but purely decrease the strain frequency by increasing the thickness of the
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total stack. For Samples 3 and 4, only the number of repeating layers (n) are increased, while for

Sample 5, the thickness of the Pd layers is also increased.

Table 6.1. Structure and material properties of Si(sub.)/SiO2(300)/Ta(5)/Pd(5)/[Co(x)/Pd(y)]-/Co(x)/Ta(3)

Co Pd # of . Hiett
Name Thickness Thickness Repeating o-1l‘—r|]:I|(\:/|kr[]r§?r§] :
(x) [nm] (y) [nm] Bilayers (n) [kOe]
Sample 1 0.8 15 11 25.3 6.2
(original)
Sample 2 (control) 0.8 15 11 25.3 6.2
Sample 3
(thin) 0.8 15 17 39.1 7.0
Sample 4 0.8 15 24 55.2 8.7
(medium)
Sample 5
(thick) 0.8 1.8 28 72.8 8.5

The magnetic hysteresis (M-H) loops measured with VSM are plotted in Fig. 6.5. With
increased sample thickness, the anisotropy field (Hx.efr) increases as listed in Table 6.1. Then, TDTR
and TR-MOKE measurements (as described in the manuscript) for all the samples are carried out
and the obtained frequencies are shown in Fig. 6.6. We can see that as the samples become thicker,
the resonance field and frequency are both reduced. The lowest resonance frequency is
approximately 27 GHz, obtained from the thickest sample, which is smaller than half of the value
from the primary sample in the main text (~ 60 GHz). This suggests the possibility of tuning both
the magneto-acoustic resonant frequency and resonant field for the strain-spin coupling through

designing the multilayer structure and optimizing the material properties.
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Figure 6.5: The magnetic hysteresis loops for Sample 3, Sample 4, and Sample 5, respectively. The
summary of magnetic properties determined from these measurements is shown in Table 6.1.
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Figure 6.6: The experiment signals and fitting results of TDTR and TR-MOKE measurements. (a) the
normalized TDTR signals of the sample in main text (Sample 1) and the three new samples (Samples 3-5),
containing picosecond acoustic information resulting from the longitudinal acoustic strains. (b - d)
comparisons between the spin precession frequencies from TR-MOKE signals and the strain-wave
frequencies from TDTR signals on Sample 5 (thick), Sample 4 (medium), and Sample 3 (thin), respectively.
The resonant point of the two curves can be found in all the 3 plots and it can be clearly seen that the magneto-
acoustic resonant frequency (anti-crossing region) of the thickest sample is the lowest and reduced to
~27 GHz, which is less than half of the value measured from the sample in main text. The external field of
the resonance point is also largely reduced to ~11 kOe for the thickest sample, compared to 21 kOe for the

sample in previous sections.
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6.4 Understanding Magneto-Acoustic Resonance with Microspin Simulations

To find material and system properties capable of exhibiting a magneto-acoustic resonance,
and to provide physical insights into the experimental results, a micromagnetic simulation based
on the LLG equation was employed by Dr. Tao Qu and Professor Randall Victora. In order to

simulate the coupling between ASWs and spin precession, we introduce a time and special-

dependent (position in 3D space indicated by the vector, r) magnetostrictive energy term F__ (1, t)

as a source of the ASWs in the free energy density for the [Co/Pd], multilayer systems.

Fine (1, 1) = by (Mye (1,200 + My (r, )2y + M, (1,02, 63
+by (my (1, t)my, (r, t)ex,y, +my (r,t)m, (r,t)e,, + my (r,tym, (r, t)ey'zl)

The magnetostriction coefficients by = —16x107 erg/cm?® and b, = 26x107 erg/cm? are assumed

to match face-centered-cubic Co [90]. The directions X',y’,z’ represent the crystallographic

Cartesian coordinates, in which, the z" axis is along the <001> crystallographic orientation with
respect to the coordinate origin for a better description of the magnetostriction effect. The other
coordinate we use is the thin film coordinate, represented by x,y,z such that the z-axis is
perpendicular to the thin film, corresponding to the crystallographic <111> orientation, for better
descriptions of other energy terms in the following section. We only consider the uniformly applied
strain tensor & that the whole film is under compression/expansion simultaneously, as measured in
the TDTR and TR-MOKE technique. Thus, the spatial dependence of the strain tensor is not
involved. In the thin film coordinates, the longitudinal picosecond ASWs are in the perpendicular
direction of the thin film, while the transverse ASWs are in the in-plane direction of the thin film.
The amplitude of these two acoustic waves obeys the volume conservation.

After obtaining the temporal strain effective perpendicular anisotropy F.(r,t) , the

phenomenological expression of the total free energy density
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F(M,r)=F, + Fpe + Fy + Fox + Freeman fOr [Co/Pd], multilayers with <111> crystallographic

orientation deposited on Si/SiO (300 nm) substrate is:

Fani (1, ) = K (1= M, (n)?),, 6.4
Fo () =2 by (O 6.5
Fg(r,) =M(n) [N (r —r)M(r)dr’, 6.6
Fex (1) = A(VM(1))?, 6.7
Faeeman (1) = Heye - M(1) , 6.8

where Fani, Fa, Fex and Fzeeman represent the magnetocrystalline uniaxial anisotropy, magnetostatic

energy, exchange energy, and Zeeman energy, respectively. Ms and K, can be extracted from the
magnetic hysteresis (M-H) loops, and A is the exchange constant. N (r —r’) is the magnetostatic
tensor. Similar to macrospin simulations, microspin simulations require an effective field, but the
microspin time-dependent magnetic field H  (r, t) varies in space and is given by:

oF(r,t)

. 6.9
oM(r, 1)

Heff (r:t) =-

Finally, the value of Gilbert damping parameter from prediction of a = 0.02is used [189], and »

is the gyromagnetic ratio fitted from TR-MOKE measurement data.

In order to accurately model the magnetization dynamics in the system with micromagnetic
simulations, it is important to choose the correct initial condition for the magnetization. This is
usually done by choosing an initial condition with a magnetization angle away from equilibrium

(an initial cone angle) in the simulation that allows the magnetization to precess. The TR-MOKE
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signal can be converted to a precessional cone angle through a straightforward three-step
conversion. First, the measured TR-MOKE signal (in uV) is converted to a Kerr angle (in degrees)
via the detector linear responsivity, based on which, 1 V of TR-MOKE signal in the differential
channel of the balanced detector corresponds to 10° of Kerr rotation (6«). Next, the change in 6«

with respect to the change in magnetization can be related to the saturation properties via

d6/dM, ~ 6, /M [187]. Using the literature value of 6 = 0.15" for [Co/Pd], [187], M, from

VSM measurements, and dfx converted from TR-MOKE signals, we can find dM,, the change in
M.. Finally, the cone angle is calculated based on the amplitude of dM, and the equilibrium direction
of magnetization (6). A typical TR-MOKE measurement with a few tens of puV in signal will lead
to a cone angle of less than 1°. For this reason, we choose a cone angle of 1° as the initial condition
for the magnetization to precess in our the micromagnetic simulations. With this initial cone angle
of 1°, we are able to achieve magneto-acoustic resonance with a strain of ~0.1%. This 0.1%
amplitude of strain is achievable for ultrafast-laser based dynamic measurements, as a result of
thermal expansion launched by laser heating. Considering the relatively small-amplitude strain
(0.1%) from optical excitation compared with mechanical strains, we do not anticipate any
hysteresis effect to occur in the sample system during TR-MOKE measurements. In addition, we

employ volume conservation in simulation, which does not include the hysteresis effect either.

As the energy simulation results show near magneto-acoustic resonance, when the strain
amplitude is 0.1% at the beginning 100 ps, the pumped energy dominates and wins over the
dissipated energy, exciting the spins to a non-equilibrium state. This energy pumping is efficient,
as the excited state is achieved in less than hundreds of picoseconds. For a realistic strain of 0.1%
estimated from experimental data, the amplitude of the magnetostrictive anisotropy is
3.9 x10* erg/cm’, a significant change in anisotropy when compared with the effective PMA of
9.2x10% erg/cm?. Considering the spin system is essentially a nonlinear system, the magnetostrictive
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anisotropy as a driving field can efficiently excite the spins from their equilibrium state and achieve
a large oscillation amplitude. The spins precess into a larger oscillation when the energy pumped
from strain enhances the system total energy level, overcoming the dissipated energy caused by the

damping effect. The theoretical rising time is influenced by the strain amplitude and 4.

The simulated rising time in Fig. 6.7b reproduces the TR-MOKE signal in Fig. 6.7a without
using fitting parameters for the materials. This confirms the accuracy of our theory. The spins
behave damped when the strain decays because the pumped energy, as proportional to the strain, is
not sufficient to compensate the dissipated energy. The oscillation amplitude of M, as a function of
Hey shows a peak around the mode-crossing field, and its intensity increases with the increase of

the strain, which well matches the experimental results shown in Fig. 6.4b.
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Figure 6.7. (a, b) The experimental and simulated TR-MOKE signal of the [Co(0.8 nm)/Pd(1.5 nm)]a1
multilayer with Heq = 21 kOe, respectively. ¢) The oscillation amplitude versus Hex: for different strain
amplitudes (0.1%, 0.2% and 0.5%). The time evolution of the out-of-plane magnetization vs. the time delay
when a square strain pulse is applied. The pulse amplitude is 0.5%, the time period is 2.0 ns and the pulse
length is 1.0 ns. (d - f) The simulated spin precession coupled with a 0.5% strain pulse under Hex: of 18 kOe,
21 kOe and 24 kOe, respectively. When the strain pulse is on, the system gets excited rapidly to an enhanced
large angle precession with a rise time of ~100 ps under Heq =21 kOe not 18 kOe and 24 kOe. When the
strain pulse is off, the system at all three Hex: values shows relaxation behavior.
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To prove ASWs can manipulate the magnetization and further assist the switching in an
ultrafast picosecond scale, a strain pulse is applied to the system at three H. values near the
resonance state, as depicted in Figs. 6.7d-f. When the strain pulse is on, the system gets excited
rapidly to an enhanced large angle precession with a rise time of ~100 ps. When the strain pulse is
off, the system at all three H., values shows relaxation behaviour and the magnetization is aligned
with Hey. This large angle precession caused by the resonance between ASWs and spin precession
is maintained steadily for non-decaying strain amplitude. In addition, as the spin dynamics is a
nonlinear system, the resonance can happen in a wide field range of several kOe: the required Hex
to cause resonance can deviate from H.y that makes the spin precession frequency exactly equal to
the strain frequency (Fig. 6.7¢c). For example, an external magnetic field of Hex =21 kOe has the
maximum precession amplitude, while fields of Hexe = 18 kOe or 24 kOe can also excite resonance

behavior with relatively smaller precession amplitudes.

6.5 Conclusion

We experimentally detected the ASWs with the response time down to the order of 10
picoseconds in perpendicular magnetic [Co/Pd], multilayers via a femtosecond laser pulse
excitation. Through direct measurements of coherent phonons and magnetization, we observed a
60-GHz magnetic resonance when the frequencies of ASWs and spin precession approach each
other. We revealed the physical mechanism of magnetic resonance from the strain-spin interaction
from an energy viewpoint. We have shown enhanced energy efficiency by manipulating the spins
using the strain. This shows that strain-assisted switching is possible in a perpendicular material.
These results could pave a pathway to manipulate the magnetization precession and/or switch the
magnetization at an extremely high frequency through strain-spin coupling by optimizing the

parameters of multilayer materials.
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6.6 Future Project: Harmonics of Strin-Spain Coupling

As part of our study into the thickness dependence of the magneto-acoustic resonance point in
these [Co/Pd]. multilayers, we attempted to understand if TR-MOKE signal could be found far
from resonance. We determined the primary strain mode by the interval between pulses (as shown
by the dotted lines in Fig. 6.6a), but the FFT of the TDTR signal showed the multiple harmonics
that were also in the signal. Figure 6.8 shows the TDTR signal (with and without background) and

the FFT of Sample 4. Multiple harmonics are seen in the FFT, especially the second harmonic

which has almost the same amplitude as the primary mode.
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Figure 6.8. TDTR signal showing the picosecond acoustics in Sample 4. (a) the time-domain signal showing
the raw TDTR signal as well as a signal where an exponential decay associated with the thermal background
has been removed. This allows for an FFT with more noticeable peaks showing the frequencies of the acoustic
impulse. (b) the FFT of the TDTR signal showing several peaks. There are two peaks with similar amplitudes:
a peak at ~34 GHz associated with the primary strain frequency and another peak at roughly double the

frequency, or the 2" harmonic.

For TR-MOKE measurements, for small values of Hey;, the frequencies seen corresponded to
the Kittel frequency (spin-like mode) and the primary strain mode (strain-like mode). As the field
was increased past this point, it became impossible to fit the signal to a two-frequency model
(EQ. 6.1). At Hext = 17 kOe, the FFT of the TR-MOKE data shows that this is due to the prevalence
of a third non-negligible frequency mode. This third mode corresponds to the second harmonic in

the TDTR signal. The TR-MOKE signal of this field and FFT are shown in Fig. 6.9.
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Figure 6.9. TR-MOKE signal showing the spin-strain coupling in Sample 4 at Hex: = 17 kOe. (a) the time-
domain signal showing the multiple overlapping oscillatory modes. (b) the FFT of the TR-MOKE signal that
shows three major peaks in the highlighted regions. The lowest mode is the first harmonic strain mode, the
second corresponds to the spin precession, and the third corresponds to the second harmonic.

This point where three modes are present exists in a transition between where the amplitude of
the first harmonic becomes negligible compared to the spin-like mode and the second harmonic.
At fields above this, when fitting to a two-frequency fit, the strain-like mode becomes the second
harmonic. A summary of the frequency fitting is included in Fig. 6.10. Understanding these higher
harmonics of strain-spin coupling could provide an efficient method of switching at multiple

controllable frequency and field conditions for applications by simply tuning the material stack.
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Figure 6.10. Frequency and amplitude fitting from TR-MOKE signals of the multiple frequency modes from
Sample 4 of the [Co/Pd], multilayers. For fields much lower than Hsr, there appears to be two frequencies
corresponding to the spin-like mode and a half harmonic, but it is unclear to us now what is causing this. At
17 kOe there is a transition from one strain-like mode to the second harmonic. The amplitude of the
oscillations increases over each magneto-acoustic resonance region.
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CHAPTER 7: TEMPERATURE DEPENDENT MAGNETIZATION DYNAMICS IN STT-
MRAM MATERIALS

Since the first publication of perpendicular CoFeB magnetic tunnel junctions [107], this
material has been the standard for STT-MRAM magnetic layers. This material is easy to grow due
to its amorphous nature and has a very low damping in bulk [190,191], but for very thin layers of
CoFeB (required for PMA), several issues begin to arise. The low damping that helps to reduce the
critical switching current in STT-MRAM begins to rapidly increase as the thickness is reduced due
to interfacial effects and spin pumping [55,191]. As an alternative to this material for the next
generation of STT-MRAM, L1o-FePd films have recently been shown to be a good alternative
because of their low damping and large PMA. As major device components, magnetic tunnel
junctions (MTJs) have yet to be proven viable and low in power consumption due to their high
switching current resulting from larger damping. Thus, understanding the spin dynamics of PMA

materials is critical to engineer and optimize the material properties for better STT-MRAM devices.

The current needed to switch STT-MRAM devices also can have the side-effect of Ohmic
heating (the electronic current generates heat due to the resistance of the device). As spintronic
devices such as STT-MRAM come closer to widespread adoption, it becomes important to
understand some of the additional issues that arise with this excess heat. As shown by studies in
HAMR, an increase in temperature can drastically change the magnetic properties of a material
[17,192]. For HAMR, this is critical to the function of the device, but in STT-MRAM, a large
temperature change will cause a large change in the switching trends. For example, the magnetic
damping is predicted to increase rapidly as the temperatures approach the Curie temperature (Tc)
of the magnetic material [193,194], which will cause an increase in the critical current. Thus, for
STT-RAM applications, it is particularly important to understand the damping mechanism of spin

precession as a function of operational temperature.
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Although critical, it is non-trivial to establish such an understanding of spin dynamics in PMA
materials from direct experimental studies. The major bottleneck stems for the lack of high-fidelity
experimental metrology that can directly probe the dynamics of spin precession at elevated
temperatures. There have previously been many measurements (both FMR and TR-MOKE) that
were conducted at cryogenic temperatures [99,195], which has followed the predicted behavior by
Kambersky [43]. Up to this point, the only high-temperature measurement of damping in magnetic
materials has been conducted with a chamber FMR (FMR conducted in a resonance chamber with
a single frequency) approach, but it was done near the Curie temperature [196]. Here, we aim to
measure the trend of damping for a technologically relevant temperature range (up to 150 °C) for

two PMA materials of importance: CoFeB and FePd.

7.1 Sample Characterization

For this study, we focus on two material systems. The first is a W-seeded CoFeB stack that was
post-annealed at 400 °C, similar to the sample studied previously published and discussed in
Chapter 5 [101]. The FePd thin-film sample studied here has a structure of
MgO(sub.)/Cr(15 nm)/Ru(4 nm)/FePd(7 nm)/Ta(5 nm) and was provided to us by our
collaborators Dr. Delin Zhang and Prof. Jian-Ping Wang and will be discussed more in a future
publication. These two material stacks provide a representative sample for two very different
magnetic systems. While both of CoFeB and FePd have PMA, this anisotropy comes from two
different mechanisms: interfacial anisotropy in the case of CoFeB [145] and magnetocyrstalline
anisotropy in the case of L1, FePd [197]. This leads to two noticeably different behaviors in the
VSM data (shown in Fig 7.1) even though the Hy.s for the two materials is comparable (10 kOe
and 6.5 kOe from VSM). For CoFeB, the interfacial anisotropy needs a reduced thickness and thus
the volume of material is small, so the VSM signal is slightly noisier (especially the in-plane

direction) compared to the FePd which has a much larger volume.
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Figure 7.1. VSM and stack diagrams for the two samples studied in this work. (a) The out-of-plane (black
curve) and in-plane (red curve) magnetic hysteresis loops for the W/CoFeB/MgO sample post-annealed at
400 °C. (b) The magnetic hysteresis loop for the FePd sample.

While the characterization of the W/CoFeB stack was able to be explained with a first order
uniaxial anisotropy, the noticeable in-plane remanence of the FePd sample indicated the possibility
of a tilted easy axis of magnetization. We decided to employ a combination of first and second
order uniaxial anisotropy (K1 and K, 2 respectively) to try to characterize the hysteresis loop over
the entire range. In order to do this, we begin with the assumption that the magnetic free energy of

the system is given by the function:
F=-M-Hg, —27MZ cos? (0) — (K1 + 2K, 5 )cos? (8) — K, cos* (6) - (7.1)

This free energy will allow for an equilibrium angle as a function of field that has been discussed

previously [48,106]:

2Ky, 4K 4K
Hextsin(HH—e)—%( Mu’l+M—”’2—47rMsjsin(20)+%[M—u’2Jcosz(9)5in(2¢9)=0. (7.2)
S S S
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This equilibrium (minimum energy condition) allows for an “easy cone” of magnetization, so called
because the low energy state without external field is uniform across azimuthal directions and tilted
from the z-axis [198,199]. This leads to the magnetization having a remanence in both out-of-plane

and in-plane directions, which was a possible explanation for the magnetic state in Figure 7.1b.

7.2 TR-MOKE Experimental Results

To conduct the TR-MOKE measurements at elevated temperatures, we needed to create a
home-built heating stage (the first of its kind). This heating stage needed to be able to provide heat
to the sample at a controlled temperature, be non-magnetic, and needed to fit between the
electromagnetic poles (a space of <10 mm). With the help of both Haidong Ma (visiting scholar in
our lab) and Daehyun Kim (undergraduate student in our lab), we settled on a basic design of using
a PID controlled heater equipped with a type-E thermocouple (non-magnetic). The heater was
attached to an insulated copper rod and the sample was placed on the end of an extended surface
with silver paint. Prior to a measurement, the temperature was set, and a steady state temperature
was reached and recorded. The measurements were conducted from high fields to low fields for
two reasons: 1) to avoid the possibility of the magnet overheating at high fields and 2) to alleviate
the impacts of the in-plane hysteresis by ensuring the magnet is saturated. For this setup, we kept
the magnetic samples exposed to ambient conditions due to the space limitations. The remaining

aspects of this experiment are very similar to those described in Chapters 3 and 5.
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Figure 7.2. Raw TR-MOKE data for the W/CoFeB at (a) 25 °C and (b) 150 °C (open symbols). The signals
are provided at multiple fields with 4 = 82°. The solid lines indicate the fitting of the signal to a decaying
sinusoid to extract the frequency and relaxation time.

The raw signal showed clear signs of oscillations even at high fields and high temperatures as
indicated by Fig. 7.2. For each temperature, many measurements were necessary to so that a fit of
relaxation time and frequency to extract Hers and a. A field scan was taken for each temperature

(25, 50, 75, 100, 125, and 150 °C). The measurements were conducted from low temperature to

high temperature on a single sample in a single continuous measurement.

7.3 Analysis of Temperature-Dependent Properties
After the extraction of the raw data, further analysis was needed in order to extract the

temperature dependent properties. The data is fit to a decaying sinusoid:

S(t)=A+Bexp(—t/C)+ Dsin(27 ft + p)exp(-t/7). (7.3)
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Once the frequency and relaxation time are extracted for a given temperature, the frequency and
relaxation rate can be fit. For the frequency fitting, only high-field (Hext > Hkeff) data is used and
we use equations similar to those described previously to account for the possibility of a 2" order

uniaxial anisotropy (Ky2) [48]:

f =2L«/H1H2 , (7.4)
T

Hy = Hey €0S(6 —0) + Hy o cos(20)—%Hk’2 (cos(260)+cos(40)), (7.5)
Hy = Hey; €OS(6y — ) + Hy 1 cos? (8) — Hy , cos* (), (7.6)
Hex: SIN (G4 —9)—%Hkylsin(20)+%Hkyzcosz(a)sin(ze)zo, (7.7)
Hyer = 2K —47zMg +Hy (7.8)

s
Heo = 4;”'2 . (7.9)

S

The fitting equation for relaxation rate is also expanded to incorporate an additional form of

inhomogeneous broadening (due to a distribution of easy axes in a small angle from the z-axis):

1 1 ow ow
—=—|ay(H;+H,)+—AH, +
2 7/( 1 2) oH k

—Aby |. (7.10)
T k,1 06y

The data of frequency and relaxation rate from measurements are fit to equations 7.4 and 7.10
in order to extract 4 key parameters: Hgefr, @, AHk 1, and A6n. A summary of these data is provided

in Fig. 7.3. The secondary anisotropy in this case is found to be negligible and is not plotted.
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Figure 7.3. Summary of the extracted magnetic properties from TR-MOKE measurements. (a) Hyer,
(b) intrinsic damping, (c) inhomogeneous broadening due to a distribution in Hyefr, and (d) inhomogeneous
broadening due to a distribution of easy axes. The square symbols show the results for FePd and the circles
show CoFeB. The FePd contribution in (c) and the CoFeB in (d) are negligible so appear along the x-axis.
The results for the two samples show very similar trends with increasing temperatures. As
expected, anisotropy should decrease with increasing temperature, but the decrease in anisotropy
for the CoFeB sample is much more noticeable (almost 50% over this temperature range). This
could be an indication that the Curie temperature is much lower for this material. While the Curie
temperature of bulk CoFeB is predicted to be higher than FePd (~1000 K compared to ~750 K)
[200,201], for thin film materials, the Curie temperature could be lower due to interdiffusion. This
is more in line with the large change we see in anisotropy that is measured for CoFeB here. Because
the FePd Tc is large compared to the measurement temperature, the change is small, but it is still

almost a 33% change. While a monotonically decreasing trend is apparent, it is unclear without

further measurements whether it should be a linearly decreasing trend.
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The temperature-dependent damping has the opposite trend. For increasing temperatures, the
damping trends to increase, which was expected based on predictions for damping for other
materials with high spin-orbit coupling [46]. Again here, the CoFeB shows a more drastic change
in damping over this temperature range (~50%) than FePd (~33%). This is another indication that
the Tc for this material is much lower than the FePd because the increase in damping should
accelerate as the temperatures continue to increase. For the inhomogeneous broadening
mechanisms, each material has a dominant for of inhomogeneity and the other is negligible. For
CoFeB, the dominant form is the distribution in Hyes, Which is most likely due to small thickness
differences throughout the sampling area. For FePd, the anisotropy is magnetocyrstalline, so it
doesn’t depend as much on the thickness, so Hkeff is more uniform, but the cubic ordering of the
atoms in the material could result in a preferential direction (a “cubic anisotropy”) that will be
averaged over many grains and result in a distribution of easy axes. While both cases show that the
relative impacts of inhomogeneous broadening do not change with temperature, further research is

required to determine if this trend continues to higher temperatures.

7.4 Conclusion

While STT-MRAM products are already being made into products, for widespread adoption,
the impact of environmental temperature on operation is crucial to understand. For the two products
CoFeB and FePd, these experiments show that the anisotropy and relaxation change dramatically
even over a relatively narrow temperature range of room temperature to 150 °C. While the
WI/CoFeB sample post-annealed at 400 °C has a higher anisotropy than the FePd sample, the
damping is larger, and the change of both anisotropy and damping is more drastic over this
temperature rise (a decrease in anisotropy of nearly 50% and an increase in damping of almost
50%). This seems to indicate a lower Curie temperature for W/CoFeB material. Further

measurements of Ms and Hies as a function of temperature with VSM measurements should be able
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to reveal the relationship. More temperatures approaching Tc with TR-MOKE would also be of
interest for future measurements. Additionally, a better understanding of the inhomogeneous
broadening mechanisms with temperature could help with understanding the relaxation in devices

at high operating temperatures.
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CHAPTER 8: HIGH TEMPERATURE MEASUREMENTS OF IRON-PALLADIUM

Over a decade since the initial concept was widely accepted as the future of recording [17,202],
heat-assisted magnetic recording (HAMR) is now on the verge of being released in the commercial
space. This technology represents the next generation of magnetic recording and could theoretically
reach densities on the order of 4 Thit/in? in the coming years [203,204]. One of the benefits to come
from this technology is the increased theoretical understanding of the temperature dependence of
magnetization dynamics for various materials. To understand the temperature dependence of
magnetic anisotropy and damping, micromagnetic simulations [193,205], stochastic simulations
[206], and the Landau-Lifshitz-Bloch (LLB) model [194,207-209] have all been utilized. While
temperature dependence of damping in low-temperatures has been shown to agree with theory
[195], experimental verification of these models at high temperatures is lacking. In this chapter,
TR-MOKE measurements of magnetic properties and magnetization dynamics of FePd thin films

will be discussed.

8.1 Initial Characterization Attempts on HAMR Media Materials

The initial motivation for this research was for the direct understanding of high temperature
damping in granular FePt samples meant for HAMR media. As such, we attempted to measure a
sample provided to us by collaborators at NIMS in Japan. The sample they provided had similar
properties to the sample that they had previously published [210,211]. This sample had a room
temperature coercivity of several tens of kOe, much higher than the Hex available in our TR-MOKE
setup. Because of this, the magnetization would be pointed almost completely out-of-plane even
with 23 kOe (the maximum available field at the time) at room temperature resulting in a negligible
TR-MOKE signal (AM,/Ms = 0). To capture a MOKE signal, we heated the material using a home-
built heating stage at temperatures up to 400 °C to reduce the anisotropy and thus create a MOKE

signal.
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The resulting signal showed very little sign of oscillation but provided us with enough data to
prove that we could measure a TR-MOKE signal in these materials and also extract an effective
damping. Our first indication that we were measuring a magnetic signal is shown in Fig 8.1a. The
TR-MOKE signal measured at or below 370 °C (just below the Curie temperature) showed a very
small sign of oscillation (shown by the initial peak at ~10 ps and subsequent valley at ~20 ps). At
temperatures above the Curie temperature (indicated by the blue curve fits and blue arrow in
Fig. 8.1a), this oscillation goes away. To further show that this is a ferromagnetic resonance feature,
we needed to show that the frequency would change with external field. In Fig. 8.1b, the
temperature was held constant and Hex was varied. While again the oscillations are weak, a
resonance frequency and damping (plotted in Figs. 8.1c and 8.1d respectively) show the correct

trend of a material with an Hyerr = 9.9 kOe.
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Figure 8.1. TR-MOKE results of an FePt sample from NIMS for (a) constant field changing temperature, (b)
constant temperature changing field. The summary of the measurement with constant temperature and
changing field is shown in (c) resonance frequency and (d) effective damping.

The lack of oscillations in the measurement results of this sample can be explained by the large
effective damping. Not only is the damping high at high temperatures [193], but the effective
damping largely increases as well in this patterned media. The inhomogeneous broadening in this

media by propagating the variation in the Tc (cTc) into a variation in the effective anisotropy field

(Hkefr). Assuming a 3% o Tc, we can estimate the standard deviation in Hyess at 370 °C to be 0.39 T.
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A visualization of this process is shown in Fig. 8.2 and a derivation is expressed as Eq. 8.1. This is

a simplification based on the assumption that the anisotropy depends linearly on temperature.
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Figure 8.2. The relationship between a variation in Tc and the Hgefr. At high temperature (370 °C), a 3% oTc
causes a cHyerf 0F £ 0.39 T.

Treating the distribution of Hyerr @s @ normal distribution with a center determined by the
measured resonance frequency of spin precession at 370 °C, the FWHM of the Hy.s distribution
can then be propagated into the relaxation time. Due to the distribution in resonance frequencies
caused by the variation in Hgfr, the measured curve appears to have a higher damping than it would
if the anisotropy was uniform. This inhomogeneous broadening is visualized by Fig. 2.7 by a set of
weighted precessions (2.7a, found through the LLG equation), which are then summed together to
produce the signal we would expect to see from measurements (2.7b). The weighting factor for
producing plots 2.7b is determined by calculating the amplitude of a normalized gaussian
distribution at the specified distance from the center Hy e with the variance found previously. By

holding the inhomogeneous broadening as a known constant (estimated from the LLG model with
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the Hyes distribution induced from the Tc variation), the damping can then be fit from the measured

relaxation time. This results in a damping of 0.17 at 370 °C.

Based on the discoveries from this sample, we attempted to push forward and measure a new
FePt sample at a larger temperature range. The properties of a similar sample were previously
published [196,212]. For this sample, the goal was not to extract damping (due to the large
inhomogeneous broadening), but to see if the temperature dependent anisotropy could be extracted
at multiple temperatures. A summary of the results is shown in Fig. 8.4. The frequency as a function
of field is shown for three temperatures in 8.3a. Fitting these curves to a Kittel dispersion results in
an extracted Hyerr. The extracted Hye is shown in Fig. 8.3b as filled symbols compared to the open

symbols which represent the published data (from AC Susceptibility measurements) [212].
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Figure 8.3. Results of an FePt sample measured with TR-MOKE. (a) The fitted frequency from TR-MOKE
measurements at several temperatures. (b) The extracted Hy.efr from fitting the frequency curves. The filled
symbols represent the TR-MOKE values while the open symbols show published values for this sample.

Figure 8.3b shows that the TR-MOKE values for Hyesr are significantly lower than other
measurements provide. While the decreasing trend appears to match published data, TR-MOKE
shows values that are ~30 kOe less than expected. Because of the working mechanism of TR-
MOKE (a pulse of light heats up the sample to begin precession) another way to understand this

result is that TR-MOKE data is actually ~200 K higher than published data (e.g., the real
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temperature of the 300 K data point is 500 K). This would be due to the thick metallic heat sink
layer (deposited underneath the magnetic layer) absorbing heat and thus causing the temperature to
be higher than predicted. With a published value of thermal conductivity [213,214], an
approximated sample stack (the exact materials and thicknesses were not provided), and laser
properties (power Piser and spot size Wo), the steady-state temperature rise can be estimated by
[215]:

R
AT = e | 8.2
ssh 2\/;W0A

This steady state temperature rise causes many complications in the accurate measurement of
temperature dependent damping. The combination of this temperature rise, the large intrinsic
damping, the large inhomogeneous broadening, and the extremely high anisotropy of this sample,
we determined that it would be difficult to extract noticeable precessions with our current setup at
a large range of temperatures. For our study of temperature dependent magnetization dynamics, we
decided to make a sample that had high anisotropy, was not a media sample (lower inhomogeneous
broadening), had lower intrinsic damping, had a similar Tc, and was grown directly on a dielectric

substrate (to avoid steady-state heating effects).

8.2 FePd Sample Characterization

Due to the high intrinsic damping and the large inhomogeneous broadening, we wanted to study
a material with a similar high spin-orbit coupling, high magnetic anisotropy, and L1, atomic order,
so we settled on FePd. The sample chosen for this study was an FePd sample grown directly on an
MgO (001) substrate with a modified Molecular Beam Epitaxy (MBE) sputtering system with an
ultra-high vacuum (<3x10 ® Torr). The sample stack is MgO(sub.)/FePd(7.5 nm)/Ta(3 nm) and
was grown by our collaborators Delin Zhang and Deyuan Lyu in Prof. Jian-Ping Wang’s lab. We

chose FePd because of the similar L1, structure to FePt [216], relatively large anisotropy [217],
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and its low damping [45,46,48]. We have an additional advantage in that it is a continuous film
sample, so the impact of a large inhomogeneous broadening due to the granular structure of our
FePt samples can be diminished. The single crystalline MgO substrate should also reduce the
impacts of the steady state temperature rise due to its dielectric optical properties and large thermal

conductivity [218].

The magnetic properties were characterized with the VSM attachment of a PPMS system. In
addition to the standard magnetic hysteresis characterization, we also measured the Tc¢ of this
sample by using an oven attachment to the VSM system. This allowed us to measure the magnetic
moment as a function of temperature (see Section 3.3.2 for more details). The hysteresis in Fig. 8.4a
shows an Hy.esr 0f ~15 kOe at room temperature with a noticeable in-plane remanence, which could
be due to some amount of disorder in the magnetic film. The temperature dependent magnetization
shows a Tc of approximately 740 K, similar to the measured FePt. We will use this knowledge to

better understand the temperature dependent trends of anisotropy and damping from TR-MOKE.
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Figure 8.4. Magnetic characterization of the FePd sample. (a) The magnetic hysteresis plot showing the
magnetization as a function of in-plane and out-of-plane external field. (b) The temperature dependent
magnetization plot showing a Curie temperature of ~740 K.
8.3 Temperature Dependent TR-MOKE Measurements

To characterize the magnetic properties of o and Hyesr as a function of temperature, we use a

home-built heating stage that is capable of heating the sample up to the Curie temperature. A

description of the heating stage is included in Chapter 7. Just like in the previous chapter, the
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measurements were conducted from low temperature to high temperature (to avoid the possibility
of sample degradation due to temperature) and high external field to low. The TR-MOKE signal
showed clear precession even at high fields and high temperatures as shown by Fig. 8.5a and 8.5b.
The extracted frequency as a function of field and temperature is given in Fig. 8.5c at temperatures
from near room temperature (299 K) to the highest temperature that provided a clean precessional
signal (594 K). For each temperature, the field was brought to 27 kOe and reduced to 3 kOe (the
lowest field with a still measurable precession signal at near room temperature). As temperature
increases, the anisotropy should decrease which should result in the minimum frequency for each
temperature moving to lower fields. In other words, the linear high branch portion should shift up

for increasing temperatures and the low branch should down for increasing temperatures.
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Figure 8.5. TR-MOKE results for the FePd sample. Raw TR-MOKE signal at an external field of 20 kOe
and 64 = 80° at an environmental temperature of (a) 299 K and (b) 594 K. (c) A summary of the frequency
extracted from the raw signal as a function of Hey and temperature.

To show the impact that temperature has on anisotropy for this sample, the TR-MOKE
frequency data is fit to a Smit-Suhl model to extract the Hwerr a5 sSummarized in Fig. 8.6a. As

expected, the anisotropy goes down with increasing temperature. The decreasing trend in effective

damping appears to go against the predicted trend of increased damping at higher temperatures, but
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because this is the effective damping, the impact of inhomogeneous broadening also needs to be
considered. This means that the damping will approach the real value as the external field becomes
much higher than Hyes. In other words, for a constant field, as the temperature goes up, the effective
damping is expected to go down (if the intrinsic damping does not overcome the inhomogeneous

relaxation effects).

The trends in Hyerr appears to be consistent until ~525 K. Similarly, the effective damping
shows a monotonically decreasing trend with temperature until this point in Fig. 8.6b. This could
be due to sample degradation or diffusion due to the prolonged exposure to open atmosphere at
high temperatures. Because of the high temperatures, this could also be due to a breakdown in the
assumptions made in the LLG equation that this analysis is based on. At this point in time, it
becomes critical to research the effects of temperature on magnetization dynamics without

assumptions of a constant saturation magnetization.
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Figure 8.6. Summary of TR-MOKE results for (a) Hk.efr and (b) the effective damping at Hex = 25 kOe.
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8.4 Landau-L.ifshitz-Bloch Equation

The Landau-Lifshitz-Gilbert equation is made with the assumption that the magnetization
remains constant throughout the entire dynamic process. The working mechanism behind TR-
MOKE requires a temperature rise to initiate magnetization dynamics, so the LLG is an imperfect
solution to describe the dynamics. Even so, this equation is often used to describe TR-MOKE
dynamics because the temperature rise only causes a small change in Ms during the measurement.
This causes the LLG to provide a good tool to analyze data far from Tc, but for this measurement,
the temperature is approaching Tc meaning that the change in Ms can no longer assumed to be
small. For future measurements of samples approaching Tc, | propose the application of the
Landau-Lifshitz-Bloch (LLB) equation for analysis. This equation (Eq. 8.3) incorporates two forms

of damping: transverse damping (typical LLB damping, «; ) and a longitudinal damping (due to a

changing M ¢;). While this will complicate the extraction of damping and anisotropy, it will

provide more accurate results.

. oy a
M =—yMx Hg +#(m-Heﬁ)m—m#2ymx(m><Heﬁ) 8.3

More information about this equation can be found in Appendix D, but one key result for
damping is that it predicts a temperature dependent damping. By assuming that the temperature
change during the measurement is small, the result transverse (or LLG) damping should be given
by:

I“IO I
Qmeas = —— 1-— |ap, 8.4
eas MS( 3ch 0

where the subscript “0” indicates the values at 0 K. This seems to indicate that the temperature

dependent damping should be able to be predicted by temperature if the magnetization and initial
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damping are known. This is at least a first order confirmation of the trends expected in

measurements.

If the assumption of a small temperature change is not made, the LLB equation requires
numerical simulation. For a test of this equation, the LLB prediction is compared to measured TR-
MOKE values for a CoFeB sample. As shown by Figure 8.7, the agreement between the two is
very good to the point where the LLB simulation even correctly predicts the thermal background
even without an accurate measurement of the thermal conductivity. The main difference is in the
relaxation. The LLB simulation is macrospin and cannot account for the relaxation caused by
inhomogeneous broadening. Based on these high-level applications of the LLB, this model should

be used to understand temperature dependent magnetization for further studies.
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Figure 8.7. Comparison of LLB simulation to TR-MOKE measurements for a CoFeB sample at room
temperature. The values used for the LLB simulation are K, = 10 Merg/cc, Mso = 1000 emu/cc 64 = 78°,
ap= 0.016, Tc = 600 K, and AT = 50 K using mean field theory, the anisotropy dependence published by
Myrasov et al. [219], and the temperature profile predicted by Cahill [215].
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8.5 Conclusion

Through this study, we have shown the first study of a large range of magnetization dynamics
as a function of temperature approaching the Curie temperature. Through initial measurements on
HAMR media samples with granular structures, we found that the large anisotropy and
inhomogeneous broadening led to a complex data reduction. The heat absorbing layers in one
sample also led to a large temperature rise in TR-MOKE measurements. To get around this, we
study a FePd sample grown directly on single crystalline MgO. It was found that, for this FePd
sample, the Hy.er has an almost linear decrease with increasing temperatures. This leads to a series
of frequency plots that shift to lower frequencies at lower fields and higher frequencies at higher
fields. We also find that this leads to a decreasing trend in effective damping for increasing
temperatures. As the project continues to develop, further research will have to look into data
reduction using the LLB equation to better understand the influence of the TR-MOKE pump

heating on high-temperature measurements.
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CHAPTER 9: PRELIMINARY STUDY OF ANTIFERROMAGNETIC COUPLING IN
SYNTHETIC ANTIFERROMAGNETS (SAF) FILMS

The critical switching current in STT-MRAM is dependent on many magnetic properties, such
as the damping (as previously discussed). Decreasing the damping, anisotropy, and saturation
magnetization are all helpful to reduce the critical switching current. This means that by using a
ferromagnetic free layer with a low Ms, the critical switching current can be greatly reduced. Along
this line, free layers made with synthetic antiferromagnets (SAF) films theoretically should have a
very small critical switching current [220-222]. Our collaborators have already shown the viability
of devices made with SAF free layers [222], and others have shown the dynamics in similar
antiferromagnetically-coupled stacks [223,224], but little is known about the damping process in
these devices. Recently, we have attempted to measure the magnetization dynamics of a SAF
structure, and we can see two simultaneous precessional modes corresponding to the coupled

magnetic system.

The concept of a coupled system of two or more magnetic volumes was originally used to
predict the resonance behavior of nearby domains. Building from this theory, discussions of
ferromagnetic resonance in coupled films have focused primarily on the frequency of in-plane films
or a system of a perpendicular film coupled to a film with no anisotropy. These coupled systems
add additional complexity to extracting damping from resonance data. Our focus here will be on
perpendicular-SAF structures which should be able to be easily integrated into existing
perpendicular STT-RAM structures. Because the damping in STT-RAM is also crucial in
determining the critical switching current, we would need to expand existing ferromagnetic
resonance models to also provide a value of the relaxation rate of the two modes (and thus the

damping in both films) simultaneously.
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9.1 Sample Deposition and Magnetic Characterization

The sample of interest in this chapter is similar to the SAF free layer that has been published
by Zhang et. al [222]. The sample is made via molecular beam epitaxy (MBE) of the SAF structure
(FePd and Ru layers) followed by a sputtering of the top Ta layer for an overall structure of
MgO(sub.)/Cr(15 nm)/Pt(3 nm)/FePd(3 nm)/Ru (1.1 nm)/FePd(3 nm)/Ta (5 nm). The two FePd
magnetic layers are antiferromagnetically coupled through the Ruderman-Kittel-Kasuya-Yosida
(RKKY) effect where the coupling oscillates between negative coupling (antiferromagnetic, the
two magnetizations prefer to be anti-parallel) and positive coupling (ferromagnetic, the
magnetizations prefer to be parallel) [225-227]. The thin layer of Ru (a material that fascillitates
RKKY coupling) should lead to a strong negative coupling [228]. Through this antiferromagnetic
coupling, the net magnetization of the two layers should cancel without an external field in an ideal

situation. This can be tested through a VSM measurement, which is summarized in Fig. 9.1.
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Figure 9.1. The magnetization hysteresis plot for a FePd/Ru/FePd system that is studied in this chapter. This
sample is similar to a sample that has been previously published [222].
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From this figure, the sample is not perfectly antiferromagnetically coupled by the large out-of-
plane remanence. The partial antiferromagnetic coupling is still useful to reduce the energy required
for switching by providing an initial “tilted”” magnetization case for at least one of the layers in the
coupled system. Typically to determine the strength of the coupling from a hysteresis plot like this,
a “spin-flop” phenomena (a field where the magnetization makes a drastic change) would be
necessary [229]. While previous publications with similar samples use this to extract coupling
[222], the hysteresis plot seems to show a more complicated switching process taking place. More
research would need to be done on the magnetic properties of the individual layers to understand

this, or dynamic measurements could be used [230,231].

9.2 Understanding Magnetic Resonance in a Coupled System

Because the magnetization in the individual magnetic layers depends directly on the
magnetization of the other layer, the magnetization exhibits two precessional frequencies
[223,224]. Finding the resonance frequencies of this complex system can be accomplished by first
stating the magnetic free energy per unit area of this system (this is different from a single layer
where the energy per volume is important). The areal energy density of a two-layer system is shown
in Eg. 9.1 which accounts for uniaxial anisotropy, demagnetization (shape) anisotropy, Zeeman

energy (applied magnetic field), and bilinear (J1) and biquadratic (J2) exchange [232].
2 2 2 2 /a 2
F =—Jl(m1 . mz)—\]z (ml . mz) +Zdi |:_Ku,i (ui . mi ) — Ms’imi . Hext + 27[Ms,i (n . mi ) j| 9.1
i=1

Here m; is the normalized magnetization vector direction of a given layer, d; is the layer thickness,
Ky, is the uniaxial magnetic anisotropy, ui is the anisotropy direction (easy axis), Ms, is the
saturation magnetization, Hex, is the applied field vector, and n is surface normal direction.

Prior to determining the magnetization dynamics, it is important to determine the equilibrium

magnetization directions for the two layers. The equilibrium directions for the two layers can be
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found by taking the derivative of the energy with respect to the magnetization directions (in polar
coordinates: 6, the angle from the z-axis, and ¢, the angle from the x-axis). For the scenario of a
sample with perpendicular magnetic anisotropy (u||2) in both layers and external field applied only
in the x-z plane, the equilibrium direction is always in the x-z plane (1 = ¢» = 0), so the energy is
only dependent on 6; and &.. Taking the derivative of the energy with respect to these variables,
setting it equal to 0, and solving for 81 and &, will provide the equilibrium direction. When coupling

is included, solving for the minimum energy will result in a pair of coupled equations:

2H 2H
—sin(291)+hsin(9H —6)=—"%sin(g - 6,)+—>2sin[2(6,- 6,)], 9.2
k,eff, Hy ef, Hy eff,
2H 2H
sin(2€2)—Msin(€H —6y)=—>2sin(6 - )+ —%sin[2(6, - 6,) ], 9.3
Hy eff, K.eff, Hy eff,

where Hex is the magnitude of external field Hy o =2K, /Mg —47Mg , and the so-called

“exchange fields” are given by:

H, = S 9.4
H, =2 95
2 dlMsl
H, =L 9.6
: d2|\/|32
ex, = 2 9.7
dZMs

The values of both 6; and 6, can be found simultaneously through numerical methods for a given
external field and coupling strength. From Eqgs. 9.2 and 9.3, the equilibrium directions depend only

on dimensionless fields (such as He, / Hyefr, ), not the magnetic properties of individual layers.

With these dimensionless fields, a bi-layer system can be described with only five variables (of the
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six dimensionless fields in Egs. 9.2 and 9.3, only five are unique). This implies that equilibrium
states are not unique for a given set of magnetic parameters, unique magnetization configurations
only exist when the dimensionless fields are adjusted.

For a given system, calculating the minimum energy directions for a range external fields can
estimate the magnetic hysteresis loop. For a two-layer system, the normalized magnetization can

be calculated with Eq. 9.8 [232].

Mot~ _ Mg, cos(6) — 6 )+ Ms, cos(6, —6)
M31+MS2 M51+MSZ

9.8

The in-plane magnetization curve is given by setting 6, =z /2in Eq. 9.8 (for through-plane
magnetization, 6, =0). Comparing the magnetization curve generated by Eq. 9.8 to a real sample

can provide insight into the magnitude of J; and J; (provided the magnetic properties of at least one
layer are known). This is already used to explain the spin-flop phenomena and has also been used
to describe ferromagnetically coupled systems as well [231]. To this end, we plan on characterizing
a single layer sample of FePd and using the extracted material properties of this single layer as
inputs to determine J; and J.

As part of the study of magnetization dynamics, we will be studying a perpendicular SAF
sample (FePd/Ru/FePd) to determine the magnitude of coupling (both bilinear and biquadratic)
from frequency and static measurements. Once the magnitude of the coupling in this system is well
understood, the next step would be to apply our knowledge of coupling into the magnetic damping
within the bilayer system. Similar to the resonance frequencies, it is possible that the exchange
coupling causes a modification of the damping between single layer FePd and SAF FePd systems.
This study of damping will require additional modeling to determine the impact of inhomogeneities

within both samples on the damping.
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9.3 Preliminary Measurement Results

Because these two FePd layers have high anisotropy and a relatively strong coupling, it is
difficult to initiate precession with the field applied in-plane. Tilting the applied field out of plane
by even 10° (6 = 80°) breaks the symmetry and allows the two layers to precess. Since the optical
penetration depth is larger than the thickness of the thin film, a single TR-MOKE measurement can
track the magnetization of both layers simultaneously. While initial results from this measurement
are promising, additional time is needed to both understand the magnetic configuration (including
the magnitude of J; and Jz) and predict the frequency vs. field relationship. A summary of the

preliminary results is shown in Fig. 9.2.
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Figure 9.2. (a) Measurement of a FePd/Ru/FePd SAF structure. A representative signal from Hex: = 10 kOe.
The summary of frequency of the damping for both precessional modes as well as the damping of each mode
are shown in (b) and (c) respectively.

The raw TR-MOKE data appears to be more erratic than a purely single mode precession,
but the two-frequency fitting is able to fit it extremely well as shown in Fig. 9.2a. This was a good
indication that two separated frequency modes were precessing simultaneously. The results of the
full field scan in Fig. 9.2b show how these two modes change with field. Near ~4 kOe, the two
modes are nearly the same frequency and below this field only one mode is detectable. At high
fields, the two modes appear to be parallel and increasing with field at the same rate. Initial

understanding of these two frequency modes was that one mode (Mode 1) behaves more like an in-

plane material (with nearly 0 GHz frequency without external field) while the other mode behaves
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like a standard PMA material with an Hyerf = 5 kOe. This would also explain the trends of effective
damping (Fig. 9.2c) where Mode 2 has a peak near 7 kOe and the peak of the damping in Mode 1
is near O field. While this seemed to be a good explanation, it is clear from the hysteresis plot
(Fig 9.1) that neither layer is completely in-plane. To understand these trends, further research must
be done on the theory of coupled resonance.
9.4 Dual Resonance Theory and a Preliminary Parametric Study of Resonance in Coupling
In addition to static measurements, interlayer coupling can also be determined through a study
of the magnetization dynamics, specifically the resonance frequency (f) as a function of Hex.. While
the end result for the case with negligible damping is well-known [6], here | will present the
generalized equations for coupled resonance with damping. This will be a specialized version of
the proof discussed in Appendix B, so many steps will be skipped. Start with the expanded LLG

equation:

dMi :_7iMiXHeff,i+ gi MiXdMi . 9.9

dt Mg dt
As shown in Appendix A, these individual equations can be stated in the Landau-Lifshitz form:

dM; a,
== My x Hegr — 7 UM (M x Heg, ) - 9.10
dt Ms;

Following a similar path as Appendix B, it is assumed that M is parallel to Hesr1 and M is parallel

'[0 Heffyz.
MixHegi =—MgiH,,i6 + MgiHp 6 9.11
M x (M x Hegr ) = =M&iHg,i6 —MZiH iy 9.12

dM;  dMg; | dé - _ dor . s .
T: dtSIr‘+Ms"d_t|9‘+Ms" Sln(ﬁoyi)d—t'(p, = My (eiai+sm(eoyi)¢,¢>,) 9.13
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This will result in the equation:
Mg, (éiéi +5in(90,i)¢’|¢|):7’i (Ms,iH('p,iéi —Mg;Hg,i )+ai7/i (Ms,iHé,iéi +MgiH, i ) , 914
which can also be stated in the form:

9i =7iH(Ip,i +0!i7iH:9,i, 9.15

. 1 . -
? =w(—7iHe,i +ai7iH¢>,i)' 9.16

The definitions for the angular fields need to be updated to incorporate the bilayer system. Start

by calculating the derivatives of the free energy:

o6, 08l, . j ’
oF OF + Py NG+ F, AGy+Fy A} +Fp ) A 9.18
6% a% goyi’%‘i 1% ] ]

This will lead to a complicated matrix that can be simplified assuming the angles are small. The
result is a determinant that must be equal to 0:

Ar A

=0, 9.19
Por Ay

where Aj; are each 2x2 matrices:

—nHa —agnHy —id —psin(6)Hay —agpsin(6)Hyy
Ar= nHi  anHay
sin(6) sin(&,)

, 9.20

7nHs —agnHy —id
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—nHax —aay1H11x

Ay = 7iHuy _ o y1H 41
sin(6,)  sin(6,)

—72H32x —@272H12x

Po1 = 7oH1ox  aoyaHzoy
sin(6,)  sin(6,)

—7aHgy —apy,Hyp —id  —y,8in(6;,)Hyy — gy, sin(6; ) Hgy

A= 72H1  aopoHsp

sin(6,)  sin(6,)

In order to simplify this equation to this point, seven new variables had to be defined.

—y1H21x8IN (91) — gy Hapisin (91)

71Hz1x — g Hoix

~y2H 25 SIN(6, ) — a2 H o 5IN (6, )

7oHaox —a72H 204

Y2Hsa —apyoHop —i4

1
Hii =~ Faa
S,
1
Hai : Fop
Mslismz(ei)
1
H.: =
3i Ms,sin(ﬁi) b
H i F0192
lix M.
S,1
Haiyx = F(pl(pz
M, sin®(4,)
H3' — F91¢’2
" Mg;sin(&)
0
H, = 291
Mg, sin(4)

9.21

9.22

9.23

9.24

9.25

9.26

9.27

9.28

9.29

9.30
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Solving for 1 will provide up to two meaningful values of resonance frequency for the entire
system. Fitting the two frequency modes from a real sample to theoretical results from Eq. 9.19
will provide the magnitude of coupling (provided the magnetic properties of at least one of the two
layers). Due to the complexity of the system, it is not possible to do this calculation analytically
unless the damping is assumed to be negligible. For the cases where this is not true (such as in our
system), everything must be done analytically. As a first attempt to understand frequency and
magnetization in coupled systems, a parametric study was conducted (without damping) as a first
stage in understanding how different amounts of damping will impact the results. Figure 9.3 shows
the results of changing the J; and J; values for two matching layers. The bilinear coupling acts to
open up a frequency gap between the two modes while the biquadratic coupling acts to change one
mode to act as an in-plane mode (similar to the measured situation). While J; explains the in-plane
mode, it also shifts the second mode to higher frequencies. More research is needed to understand
the exact balance of coupling parameters in the FePd/Ru/FePd SAF structure such as analyzing the

two films individually.
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Figure 9.3. A summary of the parametric study of coupled resonance in a bilayer system. The results are
shown in a grid where going from left to right is an increase in J; (0, -0.1, and -0.5 emu/cm?) and going from
top to bottom increases J; (0, -0.1, and -0.5 emu/cm?) starting at (a) no coupling and ending at (i) maximum
Ji and J,. Both layers have Hyeft = 3.4 kOe and thickness of 5 nm.
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9.5 Conclusion

For future magnetic free-layers in STT-MRAM devices, previous publications have shown the
possibility of using synthetic anitiferromagnets, such as the FePd/Ru/FePd structure studied here.
Here, we attempted to characterize the damping in the material to extract the strength and type of
coupling between the two layers as well as the damping. Through solving the LLG equation for a
coupled system, | have been able to provide an equation for the resonance and relaxation for a
coupled system. The complexity of this equation means that we need to know more about the
system (especially the magnetic properties of individual layers) to extract coupling strengths. For
this reason, | attempted to go through a parametric study of coupling strengths and it seems that a
single uniaxial anisotropy and both bilinear and biquadratic coupling are not able to completely
describe the system. Furthermore, further research is needed to determine how to calculate the
intrinsic damping in the system from inhomogeneous broadening. We still were able to show with
direct the coupled resonance of a perpendicular SAF structure in our initial study, which is a first

to my knowledge.
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CHAPTER 10: CONCLUSION AND OUTLOOK

As technology continues to shrink in scale and technological advancements such as the field
of spintronics come to life, it becomes increasingly important to study materials’ transport
behaviors on the ultrafast time scale. In this chapter, we have discussed a number of applications
for TR-MOKE measurements including measurements of thermal properties, magnetization
dynamics, and the coupling between the two. As we have shown, TR-MOKE has been applied to
understand complex materials with high anisotropy, and to increase the measurement sensitivity to
the thermal transport within materials and across interfaces.

With the results of my research, | have been able to advance the understanding of the
magnetization dynamics in perpendicular magnetic materials with the use of TR-MOKE. Through
a numerical understanding, | was able to provide an understanding of how to increase the signal for
TR-MOKE measurements which enabled me to do the rest of my research. One such advancement
was with the W/CoFeB/MgO stack that was shown to have a comparable damping to the existing
technologies but was also able to maintain its magnetic properties to 400 °C, which is compatible
with back end of the line semiconductor processing. With this research, | hope that W-seeded
technologies become to be more widely applied in STT-MRAM. Building off of this research, |
also explored three new measurements to reveal new physics: magneto-acoustic coupling,
temperature dependent magnetization dynamics, and resonance in coupled structures. The
magneto-acoustic coupling shown in Co/Pd samples could be used for lower energy switching
technologies that make use of high frequency strain to assist switching. High-temperature
experiments reveal how materials (such as CoFeB and FePd) behave under high temperature
operating conditions for STT-MRAM. This could act to provide additional details to assist in the
design of STT-MRAM and could provide information about failure conditions as well. As the
temperature continues to increase and the temperature approaches the Curie temperature, the results

of my research could help improve technologies such as HAMR as it approaches a widespread
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release to consumers. Lastly, the FePd SAF structure measured could also act to reduce the power
in STT-MRAM, but it requires additional understanding. My research so far has provided a
framework for predicting hysteresis plots and frequency trends for the coupled system and shown
an initial set of results for a complex coupled system.

While the research shown has been crucial to understand magnetization in perpendicular
magnetic materials, there are many aspects that | believe deserve further study in the future. The
mechanism of inhomogeneous is not well understood and is often discarded in both FMR and TR-
MOKE measurements. In my initial foray into the LLB equation, | tried to understand if the
Gaussian heat spot could be the source of the large inhomogeneous broadening in TR-MOKE
(compared to FMR). As such, | started an initial numerical simulation that averaged the
magnetization dynamics over a large spot size (a pseudo-microspin model). Understanding this
inhomogeneous broadening could be extremely helpful for the laser-assisted HAMR and also for
the extraction of accurate damping results in TR-MOKE. Additionally, the multiple resonances in
Co/Pd materials could provide a lower energy method of switching materials and requires further
measurements. The SAF structure is also of great importance for reducing the large STT-MRAM
switching current and being able to extract inhomogeneous broadening from TR-MOKE results
from this material would require a large amount of processing power with my current methods.
Lastly, with my research in the temperature dependence on magnetization and exciting new
research into unique physics such as the coupling between energy carriers, the MNTTL is poised
to research more into the field of caloritronics to use magnets to generate current. The results of
these experimental studies can improve the design of future devices and interfaces for better

thermal management.
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APPENDIX A: CONVERTING THE LANDAU-LIFSHITZ-GILBERT EQUATION

This appendix will show how the Landau-Lifshitz equation and the Landau-Lifshitz-Gilbert
Equation can be equal as discussed by Ref. [105]. We start with the LLG equation:

dM——nyHﬁ+—M><d—M. Al
dt M, dt

Taking the cross product of both sides leaves:

Mxd—Mz—ny(MxHeﬁ)+iMx[de—Mj. A2
dt M, dt
Plugging Eqg. A2 into Eq. Al gives
dm o? dm
Y e M xHyg —ZL Mx(MxH +—M M x — A3
AL VY *(M>xHerr) M2 X( thj
From here, using the triple product identity, it can be shown:
Mx(de—szM(M-d—Mj—d—M(M M)= M(M d—M]—d—MMSZ Ad
dt dt dt dt dt
To further simplify Eq. A4, take the dot product of Eq. Al.
M-IM M (MxHg ) +-% M- [de—MJ A5
dt M, dt

Since the cross-product of two vectors is perpendicular to both vectors, M- (M xHgg )=0. We
can also use a scalar triple product identity to show that:

M-[M d'\"j M (MxM)=0. A6
dt ) dt
Using Egs. A5 and A6, Eq. A4 can be simplified:
Mx[de—Mj_ d—MMSZ. A7
dt dt
Plugging Eqg. A7 into Eq. A3 leaves
dM > dM
— =—yMxHgs ———Mx(MxHg . A8
dtyxeﬁMSX(X)adt

To get this into the form of the LLG, separate the time derivatives and cross products.

(1+052)dd—'\t"=—y|\/|xHeff —%Mx(MxHeﬁ) A9

S
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Finally, if we define a new reduced gyromagnetic ratio

' Y
}/ = y Alo
1+a?

then Eq. A9 simplifies to the Landau-Lifshitz equation.

dd—l\t/lz—}/'MxHeﬁ —T\ZA—ny(MxHeﬁ). All
S
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APPENDIX B: SMIT-SUHL APPROACH TO FERROMAGNETIC RESONANCE

As with most complex systems, it is often useful to make some simplifying assumptions to develop
a concept or simplified model of the behavior. Here, we consider the response of the magnetization
to a small perturbation away from equilibrium.

To determine the resonance condition for the LL equation (Eqg. 2.7), we begin by defining our
coordinate system as shown in Fig. B1. We can describe the magnetization in either a Cartesian
coordinate system (with the z-axis defined as parallel to the surface normal of the magnetic thin
film) or a spherical coordinate system using the inclination angle 6 (from the z-axis) and the
azimuthal angle ¢ (from the x-axis). The spherical coordinate system is often used for convenience
when deriving analytical solutions.

(W

Figure B1. Coordinate system for the magnetization in thin films.

At equilibrium, the two vectors M and Hes are aligned and are given by Egs. B1 and B1 in Cartesian
coordinates and B3 and B4 in spherical coordinates.

sin(fp)cos(g)) (M,
M = M| sin(6p)sin(gy) |=| M, B1
cos(6y) M,

oF

oM,
oF H

Heff = —67 - H
vy \H

oF ’

M,

B2

<
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M=| 6, B3
%0
_oF
H, sin (6 )cos(gp )+ Hy sin(6, )sin (@) +H, cos(6, ) ‘fMasF H, B4
Herr =| Hy c0os(6y)cos(gg)+ Hycos(eo)sin(goo)+ H,sin(6) |= YY) =| Hy
—H,sin(gp)+H, cos(¢y) L o H,

~ Mgsin(6,) o

The equilibrium angles are defined as 6o and ¢o, which is where the magnetic free energy density
F is minimized. If we move the magnetization vector out of equilibrium by some angle (A6 and
Ap), we see that the cross-product in the LLG equation is no longer zero. To solve for the dynamics,
it is beneficial to create a new spherical coordinate system such that the angles are defined with
respect to M, i.e. the vectors become:

MS
M=| 0 B5
0
He o | (M
Hert =| Holy a0 [=| Ho | B6
H
H¢‘¢0+A(ﬂ ?

The cross-product calculations now become trivial:
M x Hegr =—MH 0+ MH g B7
Mx(MxHeg ) =—MZH0 —MZH 6. B8
A derivative in spherical coordinates is necessary to calculate the left side of Eq. 2.7, assuming that

the saturation magnetization is not changing with time.

dM  dMm, do » : do . 0 +si 20
E:#r+M5E0+MSsm(90)d—(tpgo:MS(96?+sm(00)gogo) B9

This assumption will result in the limitation of the application of this equation and makes the
Landau-Lifshitz-Bloch (LLB) equation more applicable to TR-MOKE measurements (discussed in
Appendix D). Combining Egs. 2.7, B7, B8, and B9 results in two coupled differential equations of
motion.

H‘:]/IH;D-FQ}/'HIH B10
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1 . .
h— —y'H 'H B11
4 sin(eo)( y Rexay ‘/’)

The derivatives of the magnetic free energy can then be plugged into Egs. B10 and B11. With the
small angle assumption made earlier, we can approximate the free energy density using a Taylor
series expansion.

oF oF
— ~ + FpoAO+ Fy,Ap =F A0+ Fy,A B12
20 8990% 00 0P = Foo P
F L LR A0+F, Ap=FyA0+F, Ap B13
Op Op .20
where
_O°F B14
5 xox;

v R ey v R 'y
) : 00 - g
{9}_ M sin(6y) Mg Mg sin(6y) M {Ag} 815
¢l |7 _Feo _ar' Fe v Fop ay' Fy |lAe
Mssin(HO) Mssinz(eo) Mssin(eo) Mssinz(eo)
Because this is a first order differential equation, we will assume the solutions to be:
0 =Cyexp(iwt —nt)=Cyexp(iit) B16
@ =Cyexp(iot—nt)=C,exp(iit) B17

where the variable A contains a real and imaginary part corresponding to the resonance frequency
(w) and the inverse relaxation time (7) respectively.

This now becomes eigenvalue (1) and eigenvector (Ci, C;) problem. Plugging our assumed
solutions (Egs. B16 and B17) into Eq. B15 will result in:

R wte o P @',

Mg sin(6y) M 0 M; sin(6y) M %

s 0 s s 0 s {AH}:[O} B18
y' Fe ar' Fe Foo  ay' Fpp _ia Ap] |0

7 e
Mg sin(6p) M sin?(6,) Mssin(6p) Mg sin?(6,)

The meaningful solutions will occur when the determinant of this matrix is equal to 0. Calculating
the determinant and solving for A4 will result in:
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A=ing i\/(1+a2)a)g—77§ B19

where @y is the resonance frequency for the case without damping, which is given by Eq. B20 and
1o 1s the inverse relaxation time given by Eq. B21. Note, that only the positive solution provides a

physically meaningful result.
wp =y'\HiHy —H$ B20

Here we have adopted the use of commonly accepted symbols to simplify these equations, which
are defined as:

1
H.— —F B22
1 M, 00
1
H, = B23
? Msin®(6) *7
1
= B24
> Msin(6,) ¥
Based on this solution for A, we can see:
Re{} =w=\/(1+ az)wg —né B25
Im{/l}zn:no. B26

This solution will simplify to the resonance frequency for a system without damping if « = 0. In
fact, the resonance frequency will barely change as long as o << 1, which is the case for most
materials. To illustrate this, Figure B2 shows the calculated resonance frequency for an arbitrary
sample with perpendicular magnetic anisotropy (Hkert = 5 kOe) and a few different magnitudes of
damping (a =0, 0.01, 0.1, 1). Notice that if the damping becomes too high, there is a significant
field region near Hy.err Where Re (1) = 0 (i.e. there is no allowable precessional mode, w = 0) because
the system is over-damped.
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Figure B2. The Resonance frequency for a sample with Hyerr = 5 kOe and varying values of damping.
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APPENDIX C: TWO-MAGNON SCATTERING DERIVATION

Like most aspects of magnetism, start by defining the energy of the system. Because the existence
of magnons requires the existence of multiple magnetizations, uniform magnetization can no longer
be assumed. The total energy of this system is the sum of the Zeeman energy, the demagnetizing
energy, the exchange energy, and the anisotropy energy.

E=E; +E4 +E, +E, C1

\% sV S S

3,1 3., A 2743 M-z M-2[* 3. C2
E=—[M-Hgd r—EJM-Hdd r+Wmv-M\ Jd r—\J/' E [(Kuar 2Ky )= B Ky,

where r is a vector with origin at 0,0,0 that ends at a location in x,y,z space. Integrating over r
indicates integration over the volume.
We will begin by defining our coordinate system:

Z

F 3

The global coordinate system (X, y, z) is defined such that the z-axis is through plane. The local
coordinate system (X, Y, Z) is simply a transform of the global system such that the Z-axis is defined
as the equilibrium direction of the magnetization. By doing this, we can define the magnetization

in terms of two components that vary in time (Mx, My) and one that doesn’t (Mz) which simplifies
the derivations.

M(r)=Mgz (r)Z +my (r)Z +my (r)Y =M, (r)Z +m(r) C3
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We need to allow for a variation in these vectors as the spin waves propagate in space, but we must
also force the total magnetization to remain constant with a value of Ms.

M2 +m?=M2 C4

The m term will be made of small oscillations caused by the spin waves which will cause a change

in Mz, or in other words:
2
My = M2 —m? = M, /1—%. cs
S

This form is only going to complicate things, and because m should be small, we will use a Taylor
series expansion as an approximation:

2 2
Mz =M [l- - ~ Mg — o C6
M 2M,

We can now rewrite our magnetization vector M in terms that are uniform (0), linear (1), and
guadratic (2) in terms of our perturbations, m.

m?(r)
2M,

Z C7

M(r) =M@ 1)+ MO (r)+M® (r)=MZ +m(r)-

Now we need to start calculating the energy (Eg. 2), but in order to do this, we want our
magnetization to be in terms of the global coordinate system.

M(r)=(Mscos(8)2+Mgsin(8)%)+(my cos(8)%—my sin(9)2+m9)—[2n;S [cos(9)2+sin(9)>2]} C8

Start by finding the Zeeman energy:

Ez :_J. M- |_|extd$r :__[M(o) ’ Hextdgr __[M(l) ’ Hextdgr_IM(Z) ’ Hextd3r C9
\Y \Y \' \

MO Heyd3r = ~M H oo [sin(8)sin (64) +cos(6)cos (6 ) ] [ d%F = VM Hgyq cos(6 - 64) C10
\% \%

—IM(l) Heqd®r =—Hy [ cos(0)sin(6) —sin(0)cos(8y ) | [ myx d°r =—Hy sin (6 — 0) [my d’r C11

v v v

Hex €0S(G4 —6)
2M

Imz(r)d3r C12

2
(M) Hd®r =
\% S \%

Because the static energy (0 order) term has nothing to do with dynamics, we will not include it.
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H cos 9 0
E; == M- Heqd® =—Hgysin (6 — 0) [ my d¥r + = j C13
Vv M Vv
We will redefine the magnetization variables in terms of a Fourier series to rewrite the energy.

1 972

My v (r):a J' My v (1 dz_ZmXY Jexp(ik-r) C14
-d/2

cos 0 0 * *
E; =—Hey sin(6y - me Hex H Z(mX My +mYmY) C15
s k

The next part is the internal demagnetizing field. First, treat the field to be a static, linear, and
guadratic term, then:

M- Hg :[M(OMM@)+M(Z)J.[Hg°)+Hgl)+ng)J C16

M- H, =[|v|(°) +2m® +2M(2)} HO + MmO . 1Y +[2|v|(1) n M(Z)]- @ c1r
We will only use the 0" and 1% order demagnetizing field terms:
M-Hy z[M(O) +2m® +2|v|(2)] HO + MmO HY c18
We will use the definition:
Hgo) =—-47Mgcos(0)2 C19
Applying this and the above equation, we can get:

2
Eq =—%IM.Hdd3r=ZﬂMScos(e)J‘{Mscos(e)—me sin(e)—l\r:—cosw)}d%—%Im(l).Hgl)d3r C20
\ s \
Make a few simplifications:
2 2 . 3 2 m*> 3 1 1) 4043
Eq =27MV cos? () - 2zMjsin(20) [ my d3r — 2z cos (Q)IM—d r—sz HPd3r  c21
\VJ S

Use a Fourier transform to convert the terms “m” in space to “m” in terms of wavevector (k).

This is basically showing that the magnetization through plane is averaged through the thickness,
(i.e., the magnetization is uniform in plane). We can then change the demagnetizing energy
(ignoring the constant term) to:
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Ey =-27Mjsin(260) > my -2z cos? (G)Z(mx My +Mmymy )—%J' MO HPd3r C22
k k v
The derivation of the linear demagnetizing field is very long.
Start with Maxwell’s equations for magnetostatics:
VxH=0 Cc23
V-B=0 Cc24

The only way that the curl of a vector is always zero is if it is the gradient of a scalar potential (¢),
SO:

H(r)ec Vo(r) C25

We will use the standard understanding that the field will go against the gradient of the potential,
or:

H(r)=-Ve(r) C26
We know that the internal B field of a material is given by:
B=H+4zM c27
We will then plug this back into the 2" magnetostatic equation:
V-B=V-H+42V-M =0 c28
This gives the result:
V20 =47V -M C29

We can easily calculate the divergence of the magnetization vector based on previous results. We
will restrict this only to the terms linear to m.

477 -MY (r) = 47r[am2—x(r)cos(0) + amgy(r) - am(;(z(r)sin (6’)} C30

In the limits of a thin film, the magnetization does not vary through the depth of the material, so:

429 -M® =47{am—xcos(9)+aﬂ} c31
X oy

We now have to solve for the Laplacian of the potential. We will do this by assuming that the film
is an infinite plane with a finite thickness along the z-direction, and define it by:

(;)(r):;(pk(z)exp(ik-r) C32

Taking the Laplacian of this results in:
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Vip(r)=->K?p (z)exp(ik-r)+2i> k, a(pgz(z)exp(ik : r)+2%exp(ik -r) C33

We will again make a thin-film assumption and assume that the propagation of magnons is not in

the depth direction and is purely in plane. This means that k; = 0, resulting in:

Zkz z)exp(ik-r)+> o (2 )exp(lk r)

k aZ

We will also treat the magnetization here as a sum over all k vectors within the film.

ka Jexp(ik -r)

This results in:

42v - MY =47zi2[kxmx (k)cos(0)+kymy (k)]exp(ik-r)

Combining these terms leaves:

where:

f = 4zi| k,my (K)cos(8)+k,my (k)]

C34

C35

C36

C37

C38

Outside of the thin film, the magnetization goes to 0 and the potential must also go to zero at
positive and negative infinity. We will treat this film with thickness d where 0 is halfway between

the film and assume a solution where:

Aexp(—kz) z>d/2
o (2)= ae><|0(—k2)+beX|o(kz)—ki2 —d/2<z<d/2
Bexp(kz) 7<-d/2

We require that this term is continuous at the interfaces, which leads to:
kd kd kd f
Aexp| —— |=aexp| —— |+ Dbexp| — |-—
2 2 2) K2

A= a+bexp(kd)—kiexp(kdj

Solving for A gives:

C39

C40

C41

146



Repeating this process for the other limit gives:

f kd
B=aexp(kd)+b—-—exp| —
The B field must also be continuous at the interface. This means that:

—Veo+adzm,=-Ve*

C42

C43

where the +/- corresponds to the top and bottom of the film. Following this boundary condition:

kaexp(—%) - kbexp( kd ]— 4zmy sin(0) = kAexp(—%j

2
Solving for A gives:
A=a—bexp(kd)—4zmy sin(@)exp(%)/k
We will use define a variable g such that:
g=—4zmy sin(6)/k
Then A becomes:

A=a-bexp(kd)+g exp(%)

Repeating this process for the other limit gives:

kaexp (%) - kbexp(—%) —4zmy sin(60)=—kB exp(—%)

B=-aexp(kd)+b—g exp(%)

We can then solve for the two constants a and b by combining the equations above.

—aexp(kd)+b- gexp(%} = aexp(kd)+b—ki2exp(kd j

2
a—1 i—g exp(—ﬁ)
2| k2 2
kd

kd f
a—bexp(kd)+g exp[7J = a+bexp(kd)—k—2exp(7J

ca4

C45

C46

C47

C48

C49

C50

C51

C52
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1| f kd
b==|—+09 |exp| —— C53
Z[kz g} p( Zj
These constants can then be plugged back in to find an equation for the potential within the film:
1| f kd 1| f kd f
Z)==|——g |exp| —— |exp(—-kz)+=| —+ g |exp| —— |exp(kz)—— C54
()=3 - eo{ 7 Jootoir s on{ 5 Jowtie) 4

This can be simplified using the identities for hyperbolic sine and cosine.

kd

o (2) :{cosh(kz)exp(—%)—l}%ﬁ gsinh(kz)exp(—7j C55

While this provides the potential within the thickness in the film, it only works at a single location.
To extend this into the entire film, plug this equation back into the original definition:

Zgok Jexp(ik -r)= Z[cosh(kz)ekd/z—l]kizexp(ik.r)Jr gsinh(kz)e *¥Zexp(ik -r) C56
k

We can now find the demagnetizing field vector by taking the gradient:

HY

X

Z(f“'Z[COSh kz)e kd’2—1L<L2kxexp(ik.r)+gkxsinh(kz)e"‘o”zexp(ik.r) C57

0 - f . . - .
HSB: a(; —|Z[cosh kz)e 4’2 1}k—2kyexp(|k-r)+gkysmh(kz)e ‘472 exp(ik -r) C58

We can still use the thin film approximation and in this case, k is only made of kx and ky. In this
case, we can ignore the derivative of the exponential term.

Hgl - _aa_gzﬂ Z_Z{sinh(kz)e‘kd’zéJr gkcosh(kz)e‘kd/z}exp(ik r) C59

Remember from previously that the definition of M® is
MO =my cos(0)X+my y—my sin(6)2 C60

We can now integrate to solve for the integral. | used the symbolic integration function in MatLab
here.

——IM d r _—Z [2gk3mx sinh(kd / 2)sin (@) - 2ifk,my sinh(kd / 2)cos(8)

—2|fkme sinh (kd / 2) + idfkk,my exp(kd / 2) Cél
+idfkk,my exp(kd / 2)cos(@)lexp(—kd / 2)exp(ik -r)
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—le(l)-Hgl)df‘r: Sm( > gmy (1-€ )+
k

2
i o ce2
: f
5%[(kxmx cos(6)+k,my )(1—e )/ kd —kd (kymy +kemy cos(@))/kol}F
i  kd ¢
_%Jm(l).Hgl) _sin( Zk: ( ) ;Zk:(kxmx COS(6)+kymy)|:l I«e]| _1}k_z c63

Because my and my can be complex and the energy must be real, we have to change a few of these

components:

_%JM(Q HWgr - sin(( ;gmx (1-¢4)+ ;;(kxm’; cos(6) +kymy ){%—1}% C64
We will then reinsert the earlier definitions of g and f.

__IM M3 = 275in? me”& et C65

X o[ 1_ekd
_zngk—z(kxmxmx cos” (6) + Ky m +kyky cos(6)(mimy + mym ))[ d _1}

We can further simplify this by defining a new variable Ni:

_ —kd
Ny =128 C66
kd
We will also make use of the angle of the wavevector from the x-axis, such that:
I(X
cos(¢y ) = n C67
. ky
sin(oy )= M C68
——IM B3 = 275in? (0)>" N mymy
K
- ZEZ(mX my, cos? (¢, )cos? (6)+mymy sin® (g ))( Ny —1) C69
k

- Zﬁ%:(m; My + My my )sin((pk )cos (@ )cos(8)(Ny —1)

Now this can be plugged back into the demagnetizing energy (Eg. C22):
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Eq =—27Mgsin(26)> my

K
it > 27M (—2c052(9)+2Nk sin(6)-2(Ny —1)cos? (¢ )cos® (9))mX My
oM c70
b > 27M(~2¢0s? (6) - 2(Ny ~1)sin® (¢, ) Jmy my
sk
- 2|\1/| > 27Mg (N —l)sin(2¢k)cos(0)(mx my +my my )
sk
We will now move on to calculating the exchange energy:
Eox = | VoM r cr1
M¢ y

I’m not sure about this one, but Landeros et al. ([52]) just assume that it is actually expressed as:
A 2 27,3
Eexz_z_[ [Vmy |~ +|Vmy |~ d°r C72
Ms \

We will use the k-vector definitions of the magnetization components:

My y (r):%mxy(k)exp(ik-r) C73

Taking the gradient of these components gives:

Vimy v (r)=k> my y (K)exp(ik-r) C74
K
Plugging this into the energy expression gives:
A * *
EGX=WZk2(meX +mYmY) C75
s k

Transforming this into a form that is more consistent with other energy terms will give:

_ 1 2 * *
EeX_ZMS%Dk (mxmx +mYmY) C76
where
D_2A c77
MS

Finally, we will discuss the anisotropy terms:

2 4
M-z M-z
Ea_J'[[| |v|2| J(Kuyl—i—ZKu'z)—[' M4| JKuiz}dg’r C78
V S S
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Starting with the 2" order terms, we get:

2K,1 4K
Eap=— ! [ wly “’ijMfd3r=— L Hai[M2d%r C79
M Mg Mg g 2M

Using our previous definition of M,, we can see that the magnetization along the z-direction squared
is:

MZ =MZ cos? (8) - Mgmy sin(2¢9)—(m>2< + nﬁ)cosz(0)+ m sin ()

m2 +m2 ) C80
sin(20)+%cosz(0)
S

mx(mi +m$)
T o,

We will treat the 3 and 4™ order terms here to be negligible and will also not use the constant term
in our calculations, so:

Eao =—ﬁ Ha,l.[[—Msmx sin(29)—(m>2( + m\?)cos2 () +m% sin? (Q)Jd?’r cs1
sV

Following the process we have outlined before, this becomes:

1 : 1 1 ;
Eaz =NHaylesmx sm(26’)+NHavlcos(26’)zmx M + o0 Hyy cos”(6) > mymy C82
S K s K S k

We can now repeat the past few steps for the 4" order anisotropy (2" order uniaxial).

2K
Eos = — [ ”'zj [ M#d3r =2 H, ,— [M4d% cs3
M\ M, mZ) YRSV

As discussed previously, we only want the terms that are quadratic or lower order, so we can
approximate:

m +

2
M3 ~M¢ cos* (6)-4M3my cos3(6)sin(¢9)—4M53%cos“(@ﬁGMfmi sin?(9)cos® (9) C84
S

Plugging this in will give:
1
247 2M

+ﬁ Havz\J/'[—Z(mf( +my )cos4(€)+ 6m sin?(6)cos® (6)}d3r

E H, 2M32c054(0)'[d3r—iHazcos3(€)sin(9)J4Mszd3r
' v 2M; 7 v

C85

This then becomes:
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1 3 .
E,,=——4MH_ ,cos”(8)sin(& my ———
a,4 ZMS st a2 ( ) ( ); X 2|\/|S

1 *
—2Ha cos*(6)> mymy
k

S

Ha o[ cos(26)+cos(460) | > mymy
K C86

Now that all of the energy terms have been expressed in this way, we can sum up all of the different
terms. We will start by looking at all of the linear terms. They should (theoretically) cancel out.

Einear = —Z[Hext sin(6y — )+ 27rMgsin(26) —% H,1sin(260)+2H, , cos®(8)sin (9)}mx c87
K

We will now use the equilibrium condition to determine whether this indeed does cancel. For the
uniform mode, the energy density is:

F=—M-Hg —(Ky1 +2K,, )cos? (0) + 2zMZ cos® (0) + K, , cos* (0) C88

The equilibrium condition here (where the derivative is equal to 0) has been published by lihama
et al. and Beaujour et al. ([48] and [106]) to be:

1

2K,, 4K
Hex Sin (64 —9)——[ wl, u2

M; Mg

4K
> —4nMstin(20)+%( M”'z ]cosz (6)sin(20)=0 C89

S

Using the definitions for the anisotropy fields presented earlier in this document, rewrite this
equilibrium condition:

2K,, 4K
Hal _ u,1 4 u,2 C90
’ MS MS
2K
Hao = M“'z co1

These terms will leave you with:
Hex: Sin (64 —6) —% H,15in(260)+27Mgsin(20)+2H, , cos® (0)sin()=0  C92

This means that E}j,eor = 0, which is a promising result because only the quadratic or higher terms
should impact the dynamics.

Let’s now organize the energy to be in the form of:

1 * * * *
E :NZHXXvka My +Hyymymy +H, mymy +H, mymy . C93
s k

This form can only be achieved if:
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Hyk = Hext €0S(6 — )+ Hy1€05(20) — H, 5 (cos(26) +cos(46))

+47Mg [—(( Ny —1)cos? (¢ ) +1)0032 (6)+ N, sin? (0)} +Dk? co4
Hyyk = Hext €08(64 —0) + Hy; cos? () —2H, , cos* (0) cos
.2 2 2
—47rMS[(Nk —1)sin“ (¢ ) +cos (0)]+ Dk
Hyyk =Hyxk = —27M (N —1)sin(2¢y )cos(0) C96

I’m going to skip a few steps and just say that the frequency dispersion (with small damping) can
then be given by:

a)(k)=7\/Hxx,kHyy,k _H)%y,k C97

We can check that this is the correct result by trying to find the frequency of the uniform mode
(k = 0). Plugging k = 0 into Egs. C94 — C96 gives:

Hyx0 = Hext €OS(Oy —0) +(Hy 1 —47M; )cos(20) - H, 5 (cos(26) + cos(46)) C98

Hyy0 = Hext €0S(6y —0) +(Ha 1 — 47M; )cos® (8) — 2H, , cos” () C99

Hyyo=Hyxo=0 C100

This gives exactly the same frequency as the uniform mode in [48] (except the Hyx and Hyy are
backwards).

Sometimes we use a simplification that reduces the dispersion to the form:
21\ _ 2 2
o® (k)= — Ak + BDK*. C101

I will attempt to do that here. Start by rewriting Hyxx and Hyyx in terms of Hyo and Hyy,0.

Hueke = Hoogo +47M; (Ny ~1)[ sin? (6) - cos? (¢ )cos? () |+ Dk? C102
Hy o = Hyo +47Mg (N, —1)[sin2 (¢ )cos? (9)—cos(20)} + Dk? C103
Hyyk = Hyyo —47Mg (Ny —1)sin® (g )+ Dk? C104

This turns out to be the same result as that expressed in Beaujour et al. and Landeros et al. with the
two important assumptions/changes [106] and [52].

p="-0 C105
2

N, =1—% C106
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DAMPING CAUSED BY TWO-MAGNON SCATTERING

I will use the methods laid out by Krivosik et al. to determine the amount of increased damping
caused by a magnon dispersion [138]. This 2007 paper discusses the process of extracting the
complex resonance conditions using methods from quantum mechanics (starting from a
Hamiltonian and using the Primakoff transformations). The result is the expression:

C107

2 2
io+7i=1Y [Sox __ Fox :
k=0 | @0 — @k T @+ ay +1

For most situations of interest (near resonance), the second term is negligible, so we only need an
expression for the first term. Krivosik et al. also provide an expression for this term that is a function

of “inhomogeneous stiffness field tensor components” <ﬁijg> that represent a field associated with

some form of inhomogeneity. For most purposes, it is assumed that the inhomogeneity is a random
perturbation field (h ), which we will simplify the first term in Eq. C107.

2

2 -

Gox| =h2 5 1% ¢ 108
a” Wiy

In the ultrathin film limit, the correlation function C is given by:

C109

8z 52
Ck=—1 32

A L+ (k)

For the ease of fitting the data, | will incorporate this area term (A) into the perturbation field ( ﬁ)
which one will have to remember has the units of field per area. We now combine these equations
to determine the enhanced relaxation from two-magnon scattering:

2 2 2
z Mopey L M 3 c110

Mmag =5 32 -

a” @ k=0 Yk 77&—}-(0)0—04()2 |:1+(k(§)2:|

To compare this model to theory, one would use two fitting parameters: x which is the size of the
inhomogeneity, and h which is the amplitude of inhomogeneity. Because h is a constant coefficient,
it will not influence the trend of the relaxation rate, whereas & will greatly influence the results.
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APPENDIX D: LANDAU-LIFSHITZ-BLOCH EQUATIONS

As the research starts to look more into temperature dependence, | have started to incorporate the
Landau-Lifshitz-Bloch equation. In this section, | would like to list some of the equations that are
important to the macrospin simulations and understanding based on Garanin et al. [208]. First start
with the LLB equation:

oy yM M
dd_'\t"z_nyHeﬁ+—':\22°M(M.Heﬁ)—“ﬁ\;2OMX(MxHeﬁ) D1
S S

where

a, = ST D2
2T
— T> TC
3T
0.’” = 321_—T(Z0 D3
C

where the subscript “0” indicates the values when the temperature is 0 K.
ANALYTICAL RESULTS OF THE LLB
Following the steps laid out in Appendix B, the result is the matrix:

Y g oMo _r g _aurMo _r g _aMe
Mgsin(6) Op |\/|S2 00 Mgsin(6) #? MS2 o Mgsin(6) oM |\/|S2 oM D4

0 A0

o |= V4 o~ ayMg ’ V4 o — ayMg F V4 o — a,yMqy Fou |l Ap

M, Mgsin(6) MZsin?(6) 7 Mgsin(0) 0 MZsin?(6) ¥ Mgsin(0) MZsin?(6) * AM,
- yMoFug - yMoFp, —ayMoFum

This matrix is exactly like the matrix in B15 if two things are true: the system is at 0 K (indicated
by Mo = Ms) temperature and the saturation magnetization does not change in time. While the first
assumption could be valid if T << Tc, that is never the case for my measurement. Provided that the
change in T is small, the second assumption can be reasonable.

If it is assumed that Ms does not change in time and thus that AM;s is negligible, the result is that the
relaxation time and resonance frequency found in Appendix B holds as long as the damping is
redefined to be:

Ms 3TC

For values much lower than Tc, this should provide a reasonable trend for damping. In fact, initial
attempts to compare this equation to numerical results show that this is a very good assumption in
most cases. To show this, Dingbin Huang and | made a series of numerical simulations conducted
at various temperatures and with differing temperature rises on an arbitrary sample. We then
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resulting simulated TR-MOKE signal to our standard LLG fitting process to extract damping. The
result is shown in Fig. D1.

010 T L) T T T T T
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Figure D1. Comparison of the damping extracted from a macrospin LLB simulation with various temperature
rises (AT) and the damping predicted from theory shown in Eq. D3. The magnetic properties input into the
simulation are: Mo = 1000 emu/cc, Kyo = 10 Merg/cc, ap = 0.025, and Tc = 750 K. The determination of
temperature dependent properties of anisotropy and magnetization are determined through methods outlined
in the next section.

LLB SIMULATIONS

While we have shown that it is often safe to make the assumptions necessary to just use a simplified
expression for damping, having access to a macrospin LLB simulation allows to simulate more
cases. For all of the LLB simulations that | ran, I made use of a few simplifications or equations to
allow for testing these simulations.

The main difference between my simplified model and real macrospin simulations is in the
inclusion of the “restorative field” (an additional field that acts along the direction of magnetization
that acts to lengthen the magnetization when the current Ms does not equal the equilibrium Ms).
Including this field into the effective field provides:

Heff :Hext+Hani +HLLBm D4

where:

H LLB = D5
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In these equations, we make use of the value m which stands for the normalized magnetization at
the current time step, and also megq, the equilibrium normalized magnetization (i.e., meq is Ms at that
temperature normalized by Mo). The longitudinal susceptibility (y) is defined as:

om pL

SO — P D6
oH ST BU3kgT,

Al

where L’ is the derivative of the Langevin equation (shown in Eq. 3.6). The right equal sign is only
true with the application of the mean field theory (which is also discussed in section 3.3.2). For
temperature dependent anisotropy, we use the theoretical equation presented by Mryasov et al
[219]:

Ky (T)=| ax (:A"—T +(1—aK)(%J3 Kyo. D5

0 0

where I let ak = 0.91. In the future, it would be better to have real measurements for temperature
dependent magnetization and anisotropy.

The actual numerical algorithm used is a 4™ order Runge-Kutta. A 1% order Runge-Kutta (a forward
Euler approach) works fine, but we find it requires smaller time steps in order to converge.
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