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ABSTRACT OF THE DISSERTATION 

 

Control of Spin-Wave Damping Using Spin Currents from Topological Insulators 

by 

Aryan Navabi Shirazi 

 

Doctor of Philosophy in Electrical Engineering 

University of California, Los Angeles, 2018 

Professor Kang Lung Wang, Chair 

Spin-waves are coherent excitations of magnetic moments.  The frequency at which they oscillate 

can be tuned using an external magnetic field.  Materials such as Yttrium Iron Garnet (YIG) that 

have magnetic order can be used to realize miniature devices that can be used as tunable filters, 

phase shifters, or frequency selective limiters.  However, spin-waves suffer from damping that 

results in insertion loss.  High frequencies require large external magnetic fields which would 

require large power supplies with heat sinks making the use of spin-waves for high frequency 

application impractical.  Here, we present solutions to address both of these disadvantages that 

spin-waves have.  We demonstrate that by creating undulations in ferromagnetic materials, high 

frequency spin-waves can be excited.  We also show that by using topological insulators (TI) spin-

wave damping can be reduced through transfer of angular momentum from surface spin currents 

from TI to YIG.  The last solution that we demonstrate can be used to realize reduction of damping 

in RF components that utilize thin YIG films.  Our results show that using 4 mA of current, 

insertion loss can be reduced by 6 dB. 
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1. Introduction 
 

 

 

 

 

The field of electronics is probably best known for its consumer products such as cell phones, 

servers, and displays just to name a few categories.  Within all of these products exists a series of 

silicon chips in which the transistor has been the key component and driver of scaling electronics 

into smaller dimensions.  Some of these products use analog electronic chips that provide 

functionalities such as filters and mixers.  While scaling in logic and digital circuits has been going 

at a very rapid speed, the same fact does not apply to analog circuits.  This is mostly due to the 

fact that in passive analog circuits that operate at radio frequencies (RF), the circuit and device 

dimensions need to be comparable in size to a quarter of the wavelength at which they operate.  

This leads to large and bulky components such as filters shown in Figure 1.1.  Such components 

are widely used for communications in satellites and aircrafts.  Thus scaling these components to 

smaller dimensions and reducing their weights for satellites and aircrafts is of significant 

importance and benefit. 
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Figure 1.1. Photo of RF band pass filters and notch filters.  These passive components are fairly large in 

size since they have to be comparable to the wavelengths at which they operate. 

Perhaps the greatest leap towards scaling of RF filters came in the 1950s with the invention of a 

filter that used materials with magnetic order such as Yttrium Iron Garnet (YIG) which is a 

ferrimagnet1.  The first component was made of an YIG sphere of a few millimeters in diameter 

with two transmission lines on either side of it as shown in Figure 1.2. 

 

Figure 1.2. A schematic image of an YIG filter1.  The filter consists of two metallic strips separated with 

an YIG sphere of a few millimeters in diameter. 
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The component has two ports.  The signal enters in at one port and exits from the other, but only 

at a certain frequency range depending on the magnitude of an external magnetic field, 𝐻𝐷𝐶.  Under 

resonance conditions wavelengths are scaled down by several orders of magnitude in the YIG 

crystal.  This has lead into the emergence of a new field called YIG filters.  Figure 1.3 shows some 

images from two manufacturers of tunable YIG filter2,3. 

 

Figure 1.3. Images of tunable YIG filters from two major manufacturers.  a) Microlambda Wireless, b) 

Teledyne, c) The inside of a tunable YIG filter with its content. 

The images in Figure 1.3 show filters with two RF ports and several direct current (DC) ports 

(Figures 1.3.a and c).  The DC ports are mainly used to drive a current into a coil (see Figure 1.3.c) 

that provides and external magnetic field.  This magnetic field biases the YIG sphere and saturates 

the magnetization.  At a certain frequency range, called the passband, the YIG sphere can absorb 

the RF power on the metallic strip on the input and transfer it to the other microstrip on the output.  

By changing the magnitude of the magnetic field, the passband can be tuned as shown in Figure 

1.4.  The figure shows an S21 parameter from a Vector Network Analyzer (VNA), a common tool 

for characterizing RF components and circuits.  The S parameter on the y axis is in log (dB) scale 

and it shows how much power has been transmitted from port 1 to port 2.  The center frequency 

which is the frequency at which the transmission is maximum is at around 3.5 GHz for a magnetic 

field of 600 Oe, and it increases to just above 7 GHz for 1800 Oe.  Without getting into too much 
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detail, a reader familiar with the area of filters may notice the rejection (lowest signal level) is at 

around -40 dB which is not the best value for such a parameter.  This is because the measurement 

shown here is not for an optimized device and is only used for test purposes.  The details presented 

thus far are the most basic description of how a tunable YIG filter works and more details will be 

presented in chapter 2. 
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Figure 1.4. S parameter of a tunable YIG filter showing frequency tunability by changing the external 

magnetic field. 

Going back to the first point raised in this chapter, which was scaling, integrating a spherical object 

in a planar integrated circuit (IC) is neither trivial nor ideal.  Handling 3D objects such as a sphere 

in manufacturing requires special tools and precision and may cause low yield in high volume 

manufacturing.  It would have been ideal if the YIG was a 2D planar film where it could be 

deposited and integrated as a film with semiconductor-based chips and Radio Frequency Integrated 
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Circuits (RFIC).  There should be no surprise that this is exactly where the research community is 

headed and several significant achievements towards this goal has been made.   

However, going from spherical to planar YIG has one major drawback and that is the amount if 

transmitted power decreases significantly.  This is mainly due to a unit less parameter known as 

damping: the higher the damping, the greater the propagation loss in the YIG crystal.  To overcome 

this disadvantage of planar YIG films, several solution have been proposed and demonstrated.  

Some of these include using spin currents from heavy metals such as Pt to provide spin-waves 

with an extra boost in angular momentum4–15.  In this dissertation, we demonstrate one of these 

proposed solutions and then we show how and why by using a special class of materials called 

Topological Insulators (TI), this process can be achieved more efficiently.  We also uncover some 

interesting physics that has been observed in literature but has remained mostly unknown.  These 

include how the scattering of spin-waves contribute to their dynamics and reduction od loss. 

I have so far explained the motivation and the general goal of the research presented here in this 

dissertation, and I have done so without mentioning the main physical phenomena that enables the 

mentioned scaling factor and realizes the components presented.  The phenomena is called a spin-

wave and it is the collective oscillation of magnetic moments in materials with magnetic order.  It 

is these oscillations that are absorbing the power in a tunable YIG filter and it is the propagation 

of such waves that transfer the power from the input to the output.  And it is the propagation loss 

in spin-waves in thin films that is greater than that of bulk and spherical YIG.   

In the next chapter, we present the details of spin-waves: what is their origin, how are they 

generated, what are the important parameters that govern the physics of spin-waves, and how are 

they used.  We will also introduce mechanisms such as three magnon scattering, Spin Transfer 
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Torque (STT), Spin Seebeck Effect (SSE), Spin Hall Effect (SHE), Inverse Spin Hall Effect 

(ISHE), and Spin pimping and end with additional details on TI.  Chapter 3 will focus on 

measurement techniques and methods used to characterize spin-waves and some examples of 

experimental data will be provided.  It was mentioned that one drawback of spin-waves in thin 

films is the high loss.  One other drawback of not just spin-wave in planar films but also in bulk 

materials is that for higher frequencies, higher magnetic fields are required which means higher 

drive currents and thus cooling mechanisms.  This counteracts the advantage of spin-waves that 

cause scaling in RFICs.  In Chapter 4, we show how a class of spin-waves, called Perpendicular 

Standing Spin-Waves (PSSW), can enable high frequency excitations without increasing the 

magnetic field.  In Chapter 5, the main results on reducing the loss in spin-waves using TI is 

presented.  Finally, Chapter 6 will demonstrate how the findings of Chapter 5 can be used to realize 

damping recution in thin YIG films using SSE. 

All figures in this dissertation were created with one or a combination of the following tools: 

MatLab, Microsoft Visio, 3D Max, and Origin Pro. 
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2. Fundamental Theory 
 

 

 

 

 

In this chapter we shall introduce and discuss key theoretical phenomenon and models that are 

related to spin-wave in ferri- and ferromagnetic materials.  Specifically, we shall focus on materials 

such YIG which is an insulator.  In chapter 4 we shall use CoFeB which is a metallic ferromagnet.  

All ferri- and ferromagnetic materials that have a magnetic order can carry spin-waves.  But where 

does this magnetic order come from?  This chapter first presents how properties of materials can 

result in magnetism and then shows how these materials can carry spin-waves.  The dynamics of 

spin-waves can be modelled and quantified by several equations including the very powerful 

dispersion relation that connects the physics to experimental observations.  It also helps in 

understanding three magnon scattering and its influence on spin-wave interaction with a spin 

current (Chapter 5).  The final sections of this chapter focus on spin currents, how they are 

generated and why they are of significant importance in this thesis.  The concepts discussed in this 

chapter are critical in understanding the remaining chapters.  The reader can refer to reference [16] 

for complete details of the material presented in section 2.1.   

2.1. Magnetism and Magnetic Interactions 

2.1.1. Origin of Magnetism 



8 

 

Magnetic materials have magnetic properties because they have domains with a net magnetic 

moment.  The magnetic moment itself comes from the spin of unpaired electrons in the 𝑑 orbital.  

So to break down the original question of where magnetism comes from, we have to answer the 

question “why does an electron spin result in a magnetic moment?”  For that we have to look no 

further than a current loop which is a model that can model an electron orbiting around its nucleus 

shown in Figure 2.1. 

eI

R

 

Figure 2.1. An electron orbiting around the nucleus can be thought of as a current loop. 

The current 𝐼 that is generated by this electron is equal to −𝑒 𝑇⁄  where 𝑇 is the period during which 

the electron orbits around the nucleus which is equal to 2𝜋𝑅 𝜐⁄  where 𝑅 is the radius and 𝜐 is the 

electron velocity.  A current loop generates a magnetic moment 𝜇 equal to 𝐼𝐴 where 𝐴 is the area 

of the loop.  We can replace the current with the equation 2𝜋𝑅 𝜐⁄  and the area with 𝜋𝑅2 to obtain 

 2 ,
2 2 2

e e e
R m R L

r m m
  



  
     (2.1) 

where we replaced 𝑚𝜐𝑟 with angular momentum, 𝐿, which is perpendicular to the current loop as 

is the magnetic moment but in the opposite direction based on the right hand rule.  The term 

−𝑒 2𝑚⁄  is called the gyromagnetic ratio.  The expression for Equation 2.1 was derived classically 

for the orbital angular momentum.  The results would have been the same if we used quantum 

mechanics to derive the orbital angular momentum.  This cannot be said for the case of angular 

momentum that originates from the spin of the electron which once calculated, will be different by 



9 

 

a factor of 2.  For spin 1 2⁄  systems where the spin has a value of ±ℏ 2⁄ , the unit of magnetization 

is 
±𝑒ℏ

2𝑚
 which is called the Bohr magneton and it is equal to 9.24×10-27 𝐴𝑚2.  Similar to a current 

loop, when the system in Figure 2.1 is placed in a magnetic field 𝐵, it obtains an energy that is 

given by 

 . ,BE B    (2.2) 

and the torque applied on the magnetic moment is given by 

 B B     (2.3) 

Now that we have established the origin of magnetic moments, we will now analyze how a material 

of volume 𝑉 can obtain a net magnetization.  Assume we have two states |𝛼⟩ and |𝛽⟩ for spins up 

and down.  We can show that the fraction of population of each state is given by 

 
,

,

1
exp ,

E
N

kT Z

 

 

 
  

 
  (2.4) 

where 𝐸𝛼,𝛽 is the energy of each state and it is given by Equation 2.2.  𝑘 is the Boltzmann constant 

and 𝑇 is the temperature.  𝑍 is the partition function and equal to 

 exp exp 2cosh B
EE B

Z
kT kT kT

     
      

    
  (2.5) 

Thus the net magnetization 𝑀 which can be defined as the difference between the populations of 

the two different states per unit volume 

   tanh ,B B
B B B

N BN N N
M N N N N

V V V V kT
   

 
  

 
      

 
  (2.6) 
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where 𝑁 is the total number of magnetic moments in the material of volume 𝑉 and we used 

Equation 2.3 and a trigonometric identity 16.  If we now define the maximum magnetization that a 

material can have as 𝑀𝑆 which is called saturation magnetization, Equation 2.6 can be simplified 

as 

 tanh B

S

BM

M kT

 
  

 
  (2.7) 

The figure below shows the normalized magnetization of a material as a function of the external 

magnetic field.  We can also show that for a constant external magnetic field, as temperature rises, 

net magnetization decreases in a material.  The temperature at which total net magnetization 

becomes zero is called the Curie temperature. 

0

-1

0

1

 

 

M
/M

S

B (T)  

Figure 2.2. Total magnetization normalized by saturation magnetization as a function of the external 

magnetic field. 

2.1.2. Exchange and Dipolar Energy 
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Within materials, magnetic moments interact with one another mainly through two main types of 

energy.  One of these interactions is the dipole energy, where a magnetic moment 𝜇𝑓 at point 𝑓 

can generate a magnetic field at a point 𝑓′ with a distance of 𝑟𝑓𝑓′ equal to 
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  (2.8) 

With another magnetic moment 𝜇𝑓′ at location 𝑓′, the interaction energy of the two magnetic 

moments is given by 
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       (2.9) 

The total energy of dipole interaction is the sum of Equation 2.8 over all 𝑓 and 𝑓′, except when 

𝑓 = 𝑓′.  It turns out that this energy is very small and cannot be the sole reason behind the magnetic 

order in magnetic materials. 

The main energy that governs the interaction between neighboring spins in ferromagnetic materials 

is the exchange energy.  This has its origin in the Pauli exclusion principle and for a system of two 

spins, it is the energy difference between parallel and anti-parallel configuration of the two spins.  

The exchange energy between nearest neighbors (NN) is  

 2 2

22 2
,

NN NN NN
ex ex ex exi
i ij i j i ij j ij j

j j jB

E J S S S J S J S
g




           (2.10) 
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where 𝐽𝑖𝑗
𝑒𝑥 is the exchange integral describing the coupling between the two spins 𝑆𝑖 and 𝑆𝑗.  If 

𝐽𝑖𝑗
𝑒𝑥 > 0 then a parallel alignment is preferred and a 𝐽𝑖𝑗

𝑒𝑥 < 0 an antiparallel alignment of the spins 

is preferred.  Equation 2.10 can also be written as  

  2

2

2
cos ,ex ex

i ij ij

i j

E J S 


     (2.11) 

where 𝜃𝑖𝑗 is the angle between neighboring spins.  If this angle is small, Equation 2.10 can be 

expanded with a Taylor series to be approximated as 

  
2

2ex

S

A
E M

M
    (2.12) 

The term (∇.𝑀)2 can be interpreted as the curvature of the wavelength that envelopes the spins of 

the magnetic moments.  It can also be expressed as the 𝑘2, where 𝑘 is the wavenumber of the wave 

that defines the distribution of 𝜃 in real space. 

2.1.3. Classification of Magnetic Materials 

In general, magnetism in materials can be expressed using the magnetic susceptibility 𝜒 defined 

as 

 0 ,M M H     (2.13) 

where 𝑀 is determined by Equation 2.6, 𝑀0 is the spontaneous magnetization when no magnetic 

field is applied, and 𝐻 is the externally applied magnetic field.  The magnetic susceptibility can be 

expressed as a 3×3 matrix but for isotropic materials, this parameter is a scalar.   
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Materials that do not have permanent magnetic moments within them respond to an applied 

magnetic field by generating one that opposes the external field.  Such materials are diamagnetic.  

This can be explained by Lenz’s law which states that microscopically, the bound electrons 

generate a magnetic field to oppose the external field.  Thus the scalar susceptibility in such 

materials is negative.  All materials have a diamagnetic response to an applied magnetic field.  

However, for those with permanent magnetic moments, the diamagnetic response is overshadowed 

by that from those magnetic moments.  Materials that contain magnetic moments but do not show 

any spontaneous magnetization are paramagnetic.  This is because in the absence of a magnetic 

field, all the magnetic moments are pointing in random directions which results in a net zero 

magnetization.  With an external magnetic field, partial alignment generates a net magnetic 

moment.  Paramagnets have a positive scalar susceptibility.    

Ferromagnets are materials that show a spontaneous magnetic moment where the moments are 

aligned below a certain temperature.  The energy that gives rise to this alignment is the exchange 

energy which is much larger than the dipolar energy.  Ferromagnetic materials consist of small 

domains where the magnetic moments within each domain are parallel.  Upon application of an 

external field, all the domains will become parallel.  Therefore, an isotropic ferromagnetic material 

has a positive scalar susceptibility.   

Two other classes of materials are ferrimagnets and antiferromagnets.  In these two classes, there 

exist two sub-lattices of opposing magnetic moments.  If the magnetic moments of the two sub-

lattices are equal in magnitude, then there is no net magnetization and the material is 

antiferromagnetic.  If one sub-lattice has a larger magnetic moment than the other, there exists a 

net magnetization and the material is called a ferrimagnet.  YIG is an example of a ferrimagnet 
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which is used in practical applications and is the focus of the experiments detailed in chapters 5 

and 6.  Figure 2.3 shows a summary of the material classification. 

 

Figure 2.3. Summary of classification of magnetic materials 

2.2. Magnetization Dynamics 

2.2.1. The Dynamic Equation 

The dynamics of magnetic moments are governed by a key equation which we will introduce here.  

This dynamic equation is of great importance since it mainly provides us the frequency at which 

the magnetic moments oscillate under resonance conditions.  Oscillations of magnetic moments 

are very similar to the mechanical analogue of a spinning top16.  A top with mass 𝑚 will experience 

a gravitational force 𝐹𝑔 in terms of the gravitational field 𝐺, where 𝐹𝑔 = 𝑚𝐺.  The torque applied 

on the top by gravity at location 𝑑 is then given by 𝜏 = 𝑑 × 𝐹𝑔.  From the Newtonian law that 𝐹 =

𝑑𝑝 𝑑𝑡⁄ , the torque is also equal to the rate of change in angular momentum 𝐽 which itself is equal 

to 𝐼𝜔 where 𝐼 is the mass moment of inertia and 𝜔0 is the angular velocity of the top around the 

symmetry axis of the top.  Thus we can write the expression 𝑑𝐽 𝑑𝑡⁄ = 𝑑 × 𝐹𝑔.   

Paramagnetism Ferromagnetism Ferrimagnetism AntiFerromagnetism
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Figure 2.4. The dynamics of a magnetic moment can be understood from its mechanical analog, the 

spinning top. 

After time ∆𝑡 the angular momentum will change by ∆𝐽 and from Figure 2.4 we have 

 ,
sin

J

J





    (2.14) 

where 𝜃 is the angle between the 𝑧 axis and the top.  By dividing both sides by ∆𝑡 and taking the 

limit to zero, we get 
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    (2.15) 

where 𝜔𝑝 is the angular procession frequency and it is the frequency at which the top spins around 

the 𝑧 axis.  With the equations above we can show that 𝜔𝑃 =
𝑚𝐺𝑑

𝐼𝜔0
.  Since 𝑑 and 𝐽 are either parallel 

or antiparallel, we can write the following equation 
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where Ω = 𝜔𝑝𝑠𝑔𝑛(𝑑 ∙ 𝐽)�̂�. 

From Equation 2.1 where we defined the magnetic moment 𝜇 in terms of angular momentum 𝐿 

 ,L    (2.17) 

where we have used the symbol 𝛾 for the gyromagnetic ratio, using Equation 2.3, we can write the 

equation of motion as 

 ,
dL

L B L
dt

      (2.18) 

where Ω = −𝛾𝐵.  Multiplying both sides of Equation 2.18 by 𝛾𝑁 with 𝑁 being the total number 

of magnetic moments that give rise to an angular momentum, and noting that 𝑀 =  𝛾𝑁𝐽 we can 

write 

  0 ,eff

dM
M H

dt
    (2.19) 

where we have used the relationship 𝐵 = 𝜇0𝐻𝑒𝑓𝑓.  𝐻𝑒𝑓𝑓 is the sum of all torque-producing 

magnetic fields such as the field that rises from the exchange energy or anisotropies due to the 

crystal or shape of the material.  When damping is introduced to the system, which can originate 

from energy dissipation of magnetic oscillations to phonons (lattice) or electrons, the oscillation 

will be driven toward an equilibrium parallel to the magnetic field 𝐻.  A possible method to include 

this damping into the equation of motion (Equation 2.19) was proposed by Landau and Lifshitz17 

and it takes the form 
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  (2.20) 

The above equation is called the Landau-Lifshitz-Gilbert (LLG) equation.  Figure 2.5 shows the 

dynamics of a magnetic moment under the influence of torques due to an external field and 

damping that is quantified by a unit-less parameter 𝛼.  The damping term is also referred to as 

Gilbert damping.  In comparison to the spinning top model presented earlier, this damping is 

analogous to the viscous damping the top would experience in a fluid system. 
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Figure 2.5. Schematic of magnetic moment dynamics illustrating the torques due to an external 

magnetic field and damping. 

2.2.2. Polder Susceptibility 

Let us divide the magnetization into static and time-varying components in the presence of a static 

magnetic field also with a time-varying component16. 
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By putting the relations in Equation 2.21 in 2.20, we obtain 

  0 0 0 0 0 .
dm

M H M h m H m h
dt

          (2.22) 

In the case of small time-varying components, the magnetization 𝑀0 will be mostly parallel to the 

field 𝐻0.  Therefore we can neglect the first term on the right hand side.  Also, the last term can be 

removed since both 𝑚 and ℎ are small.  For small deviations, we can approximate 𝑀0 ≈ 𝑀𝑆 and 

by taking the time dependency to be 𝑒𝑥𝑝(−𝑖𝜔𝑡), Equation 2.22 simplifies to16 

  0
ˆ ,Mi m z h m         (2.23) 

where 𝜔𝑀 = −𝛾𝜇0𝑀𝑆 and 𝜔0 = −𝛾𝜇0𝐻0.  In order to obtain a relation between magnetization 

and the external field, 𝑚 = �̅� ∙ ℎ, we solve Equation 2.23 for ℎ: 
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By inverting the equation above we can determine the Polder susceptibility tensor16  
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𝜔0 is called the ferromagnetic resonance (FMR).  As Equation 2.26 implies, 𝜒 becomes infinitely 

large as the frequency approaches FMR frequency.  For real systems where damping or energy 

dissipation is present, this singularity will be removed and will not change the frequency itself.  To 

account for the Gilbert damping in this derivation, one needs to replace 𝜔0 with 𝜔0 − 𝑖𝜔𝛼 in 

Equations 2.26 and 2.27. 

2.2.3. Spin-wave 

We are now in a position to introduce spin-waves and also present the governing equations.  Spin-

waves are the collective excitation of magnetic moments in a magnetically ordered material.  They 

are the magnetic analogue of acoustic waves generated by phonons which are lattice vibrations.  

Magnon, which is the quanta of spin-waves, is also used to refer to spin-waves.  Spin-waves are 

excited by applying a static external magnetic field to a magnetic material, on top of which there 

has to be a small AC magnetic field as a perturbation.  This AC component facilitates the ℎ(𝑡) in 

Equation 2.21 and 2.22.  For a given magnetic field and frequency for ℎ(𝑡), the system will be in 

resonance based on Equation 2.26.  Under such conditions, the amplitude of the spin-wave, defined 

as the dynamic oscillation range which is the angle between 𝐻 and 𝑚 in Figure 2.5, will increase.   

Figure 2.6 illustrates a qualitative description of how spin-waves are excited.  To excite spin-

waves, one starts with a material that has a magnetic order, in this case YIG, which is a 

ferrimagnetic material.  When a static external magnetic field, 𝐻𝐷𝐶 is applied, the magnetic 

moments will align with the external field.  If we now take a metallic wire that is connected to an 

AC current source at one end, and grounded at the other, the AC current through the metallic wire 

will create an Oersted field.  This will cause the magnetic moments underneath the wire to oscillate 

based on the LLG equation.  Given the right frequency and magnetic field, the amplitude of the 
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oscillation can be very large.  The oscillating magnetic moments can transfer their energy to 

neighboring magnetic moments through dipolar coupling.  This initiates a chain of oscillations, 

the amplitude of which decays with distance since dipolar coupling which also decays with 

distance.  This chain of oscillations leads to a propagation of a wave that consists of spins and it is 

thus called a spin-wave.  The spin-wave can be detected on the other side of the device by using a 

similar metallic wire.  The oscillating magnetic moments induce an AC electric field in the wire 

that can be detected and measured. 

hrf
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Figure 2.6. Illustration of how a spin-wave is excited and detected.   

Like any other wave, spin-waves have a wavenumber, 𝑘.  For a spin-wave of low wavenumber 

and high wavelength, the difference in angle between the neighboring magnetic moments is small 

thus the exchange coupling is insignificant and only the dipolar coupling is important.  In the case 

of high wavenumber and short wavelength, since the angle between neighboring moments is large, 
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exchange coupling becomes the governing energy and based on section 2.1.2 and equation 2.12, 

the frequency will depend on 𝑘2.   

A key tool to understand spin-waves is the dispersion relationship.  The dispersion relationship of 

spin-waves can be derived using the Polder susceptibility and the magnetostatic Maxwell equation 

which is given by 

 0,h    (2.28) 

 0,b    (2.29) 

with  

  0 1b h     (2.30) 

𝑏 and ℎ are dynamic fields.  Equation 2.28 will allow us to define a scalar potential such that ℎ =

−∇Ψ.  Assuming the static magnetic field in Figure 2.6 is pointing along the 𝑧-direction, we can 

write16 
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  (2.31) 

The equation above is called Walker’s equation.  If 𝜒 = −1, Ψ(𝑥, 𝑦) can take any arbitrary form 

and will be independent of 𝑧.  This solution is called the Kittle equation which describes the FMR 

response of an in-plane magnetized film: 

  0 0FMR M       (2.32) 
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If 𝜒 ≠ −1, the equation describes spin-waves with a finite wavenumber, 𝑘.  By solving Equation 

2.31 and considering the boundary conditions, the general dispersion relation can be obtained.  Let 

us assume the FM film is extended in the 𝑦𝑧-plane and has thickness 𝑑 in the 𝑥-direction.  The 

potential Ψ can be chosen as a product of plane waves with in-plane wavenumber 𝑘 =

(0, 𝑘𝑠𝑖𝑛(𝜙), 𝑘𝑐𝑜𝑠(𝜙)), where 𝜙 is the angle between 𝑀 and the wavenumber 𝑘.  Thus we have 

Ψ𝑖 = 𝑋𝑖(𝑥) exp(−𝑖𝑘𝑦𝑦) exp(−𝑘𝑧𝑧) = 𝑋𝑖(𝑥) exp(−𝑖𝑦𝑘𝑠𝑖𝑛𝜙) exp(−𝑖𝑧𝑘𝑐𝑜𝑠𝜙) and Ψ𝑒 =

𝑋𝑒(𝑥) exp(−𝑖𝑘𝑦𝑦) exp(−𝑘𝑧𝑧) = 𝑋𝑒(𝑥) exp(−𝑖𝑦𝑘𝑠𝑖𝑛𝜙) exp(−𝑖𝑧𝑘𝑐𝑜𝑠𝜙).  The indices 𝑖 and 𝑒 

denote whether the function is defined in the interior or exterior.  The wavefunction inside the FM 

layer satisfies the Walker equation with boundary conditions at ±𝑑 2⁄  where the tangential and 

normal components of ℎ and 𝑏, respectively, must be continuous.  The magnetization outside the 

FM layer vanishes and has a value of zero.  If we substitute the equations for the interior and 

exterior wavefunctions in the Walker equation including the Laplace equation ∆Ψ = 0, and also 

include the boundary conditions, we obtain the the general dispersion relation for dipolar spin-

wave with in-plane magnetization: 

        
22 2 2 21 sin 2 1 cot 0,k k k qk k d            (2.33) 

where 𝜙 is the angle between the spin-wave propagation direction and the external magnetic field 

and 𝑘⊥ is the out-of-plane wavenumber and is defined as 
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k k

 





 


  (2.34) 

2.2.4. Spin-wave Modes 
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Depending on the orientation of the static magnetic field and the film orientation, different spin-

wave modes can be excited.  Figure 2.7 shows three different modes that can exist in a magnetic 

film.  If the external field is in the film plane (in-plane) and the spin-waves propagate in a direction 

perpendicular to the external magnetic field, Magnetostatic Surface Spin-Waves (MSSW) are 

excited.  They are called surface spin-waves because the profile of the dynamic oscillation decays 

exponentially as 𝑒𝑥𝑝(𝑘𝑥) where 𝑥 is along the normal of the plane.  The dispersion relation of this 

spin-wave mode can be approximated from Equation 2.33 to be 

    
2

2 1 exp 2
4

M
H H M kd


            (2.35) 

Here, 𝑘 is the in-plane wavenumber.   
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Figure 2.7. Dispersion relation for the main three spin-wave modes.  Depending on the orientation 

between the magnetic field and the spin-wave propagation direction, different dispersion relations are 

obtained. 

Another mode of spin-waves is the volume waves which itself is divided in to two sub-modes.  

The name volume waves is meant to refer to the fact that, unlike surface waves, these waves are 

more concentrated in the middle and the bulk of the material.  One type of volume mode is the 

Magnetostatic Backward Volume spin-Waves (MBVW).  The dispersion relation for these spin-

wave modes is given by 
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  (2.36) 

A general term for the two spin-wave modes mentioned thus far (MSSW and MBVW) is: 
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Here, 𝐴 is the exchange constant in units of 𝐽 𝑚⁄ , 𝑃𝑛 is a parameter that is given by  
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  (2.38) 

𝛿0𝑛 is the number of nodes in the wavenumber perpendicular to the film which is equal to 0 in this 

case.  However, 𝛿0𝑛 is not always 0 as we shall see in the next section.   𝜃𝑘 is the angle between 

the external magnetic field and the spin-wave propagation direction.  A third type of spin-wave is 

realized when the magnetic field is perpendicular to the film.  These spin-waves are called 

Magnetostatic Forward Volume spin-Waves (MFVW).   

Of all these spin-waves, the surface spin-waves (MSSW) have attracted more interest.  This is 

mostly due to the fact that they are concentrated at the surface and so the coupling to a metallic 

wire or strip is much stronger.  In other words, MSSWs are excited more efficiently since the 

exciting magnetic field decays as we go deeper into the magnetic material.  Also, from the three 

spin-wave modes, MSSW has a higher frequency with a positive group velocity.  In chapters 3 and 

5, we shall only focus on MSSW.  There is another class of spin-waves that has even a higher 

resonance frequency for a given material at a given magnetic field.  In chapter 4 we shall focus 

primarily on this specific class of spin-waves. 
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In equation 2.37, by varying 𝜃𝑘, the angle between the magnetic field and the spin-wave 

propagation angle, from 0° to 90°, we can change the spin-wave mode from MBVW to MSSW, 

respectively.  This also changes the resonance frequency.  Therefore, if the excitation frequency is 

kept at a constant value, we will lose the resonance condition based on Figure 2.7 unless the 

wavenumber is zero.  Figure 2.8 shows the dispersion relations of spin-waves that propagate 90° 

(MSSW) and those that propagate at 0° (MBVW) and spin-wave modes in between which are 

referred to as hybrid modes.  With an increase in the magnetic field, all the curves will shift to 

higher frequency, following the simple square root relation between frequency and field as shown 

in Equation 2.32 where 𝜔0 = −𝛾𝜇0𝐻0. 

90° 

0° 

 

Figure 2.8. Dispersion relation for MSSW, MFVW, and hybrid modes in between.  MSSWs propagate at 

90° with respect to the external magnetic field and MFVW propagate at 0°.  The dispersion curves were 

calculated for YIG with an 𝑀𝑆 of 1750 𝐺 with a thickness of 2.3 𝜇𝑚 at 500 𝑂𝑒. 
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2.2.5. Perpendicular Standing Spin-Waves (PSSW) 

PSSWs are spin-waves that are defined by the thickness of the magnetic material.  Figure 2.9 

illustrates how PSSWs are different from MSSW.  In the case of MSSWs, the dynamic oscillation 

radius, the spin-wave amplitude, decays exponentially as a function of the material thickness and 

the oscillations are in phase across the thickness.  Whereas in PSSWs, the amplitude is constant 

but the oscillations are not in phase.  The phase of the oscillations are defined by eigenmodes such 

that the wavenumber from these eigenmodes follows 𝑘⊥ =
𝑛𝜋

𝑑
, where 𝑛 is the number of nodes, 

and 𝑑 is the magnetic layer thickness.  In the case of the PPSW mode shown in Figure 2.9, the 

mode number is 1. 

m

d

MSSW PSSW

 

Figure 2.9. Illustration of difference between MSSW and PSSW.  The oscillations in MSSW have a 

uniform phase across the thickness, whereas in PSSW, the phase varies and defines the modes. 

To excite these modes, the exciting field profile should overlap with the mode profile.  Thus, one 

would require an excitation that is non-uniform across the thickness of the material.  We will 

introduce a unique method in Chapter 4 where we show our method is an efficient way to couple 

and excite such modes.  Since the out-of-plane wavenumber 𝑘⊥ is inversely proportional to the 

thickness, the wavenumber increases for thin materials.  As mentioned before, for high 

wavenumbers, the exchange interaction becomes very large.  We can see this from Equation 2.37 
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where the term that depends on 𝑘2 also has the exchange coefficient, 𝐴.  Thus for high 

wavenumbers, the dependence of frequency on wavenumber becomes parabolic.  For PSSWs, this 

means that the frequency can become very large for thin film as shown in Figure 2.10.  These 

modes can be used to extract the parameter 𝐴 of certain materials which is useful for applications 

such as magnetic based memories18.  Measuring the exchange coefficient is not trivial and current 

methods are very inefficient.  Our method that is demonstrated in Chapter 4 will enable an efficient 

PSSW excitation.  It will also demonstrate how using small magnetic fields, high frequency spin-

waves can be excited.   
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Figure 2.10. PSSW and MSSW calculated for a ferromagnetic material with 𝑀𝑆 of 10000 G and 100 nm 

thick with an external magnetic field of 500 Oe. 

2.2.6. Three Magnon Scattering 

Now that we have covered the basics of spin-waves, we will discuss a phenomena that will play 

a key role in our findings presented in Chapter 5.  When spin-waves are excited in a material, 

they can scatter to two or more other spin-waves.  They can also loose energy to the lattice by 
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interacting with phonons.  Figure 2.11 demonstrates the channels by which spin-waves can lose 

their energy.  The uniformly excited spin-waves can scatter to the lattice through process 1.  

They can also scatter to other spin-waves and then scatter to the lattice through processes 2 and 

3, respectively.  However, as indicated by the arrow of process 2, the latter scattering mechanism 

can be reversed19,20.  We shall see in Chapter 5 how this process reversal can be enhanced using 

spin currents.   

Spin-waves

Uniform motion Dissipation to lattice

1

2 3

 

Figure 2.11. Scattering mechanism channels for uniformly excited spin-waves. Channel 1 is the loss of 

the uniform motion, the excited spin-wave, to the lattice through magnon-phonon coupling.  The excited 

spin-wave can also loose energy to other modes through channel 2, then to the lattice. 

There are three types of scattering process that are of interest.  They are called parallel pumping, 

1st and 2nd order perpendicular pumping and they are schematically shown in Figure 2.12.  The 

term “pumping” comes from the RF field where the system is pumped with RF power at a certain 

frequency.  Figure 2.12.a shows the parallel pumping mechanism, where a magnon at very small 

wavenumbers can scatter into two other magnons at half the frequency to satisfy energy 

conservation.  The two magnons have equal and opposite wavenumbers to satisfy the momentum 
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conservation.  Figure 2.12.b is similar to the previous mechanism but the two magnons that are the 

result of the scattering process are hybrid modes.  These two scattering processes are also called 

three magnon scattering because there are three magnons involved in the process.  Figure 2.12.c 

shows 2nd order perpendicular pumping which is a four magnon scattering process.  Since more 

particles are involved in this process, four magnon scattering has a lower probability to occur.  The 

perpendicular scattering processes are also referred to as the Suhl instability21,22.     
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Figure 2.12. Magnon scattering mechanisms.  a) Parallel pumping where a spin-wave at 𝜔𝑝 = 10 𝐺𝐻𝑧 

scatters to two other magnons at half the frequency and with wavenumbers of the same magnitude but at 

opposing directions.  b) 1st order perpendicular pumping or 1st order Suhl instability where the spin-wave 

scatters to two hybrid modes at half the frequency.  c) 2nd order perpendicular pumping or 2nd order Suhl 

instability where two magnons scatter to two other magnons at finite and opposing wavenumbers.  The 

dispersion curves were calculated for a spin-waves in YIG with an 𝑀𝑆 of 1750 𝐺 with a thickness of 2.3 

𝜇𝑚 at 500 𝑂𝑒. 
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Three magnon scattering plays a key role in spin-wave systems that are driven in the nonlinear 

regime.  A spin-wave system is said to be non-linear when the driving RF field is at relatively high 

power levels.  In such cases the angle between the magnetic moment �⃗⃗�  and the axis of symmetry 

which is along the external magnetic field 𝐻 is very large (see Figure 2.5).  Therefore, in Equation 

2.22 we can no longer use small angle approximations.  Another outcome of high driving power 

for the RF magnetic field, is the larger number of magnons that we will be excited.  A higher 

number of uniformly excited magnons results in more scattering to other magnons which 

correspond to process 2 in Figure 2.11.  Since magnons are bosons, many magnons can occupy a 

single state.  This makes some of the states more favorable which increases their lifetime.  This 

process is called Bose-Einstein condensation (BEC)19,23,24.  Therefore, beyond a certain input 

power, most of the absorbed power goes to these BEC states which are not at the resonant 

frequency.  The power above which this non-linear behavior occurs is the called the threshold 

power, 𝑃𝑡ℎ.  Figure 2.13 schematically shows the concept behind the threshold power.  Such 

behavior is used in devices such as frequency selective limiters (FSL) and signal to noise enhancers 

(SNE) 25.   



32 

 

Pout

Pin

non-linear

Pth
 

Figure 2.13. At input power levels below 𝑃𝑡ℎ, the system is linear and the output power is only limited by 

the amount of power lost through spin-wave propagation in the magnetic system. 

2.3. Spin Currents 

A spin polarized current, or simply spin current, is an electrical current where the electrons are 

spin polarized.  In a regular charge current, electrons have random spin polarizations and thus the 

net spin polarization is zero.  Charge currents rely on the physical transfer of the electron charge 

and in dissipative systems, this results in heat and inefficiency.  Spin currents, however, rely on 

the transfer of angular momentum and spin instead.  This is quite suitable for lowering the energy 

cost in systems and devices where spin can be used to achieve the task in mind.  In this section we 

shall provide scenarios where spin currents can be used to manipulate or be influenced by magnetic 

moments.  We shall also discuss methods by which spin current are generated. 

2.3.1. Spin Transfer Torque (STT) 

In section 2.2.1 we presented the LLG equation and in Figure 2.2 we demonstrated how various 

torques act on the magnetic moment.  Figure 2.14 shows Figure 2.2 but with an additional vector 

𝜏 which represents a torque acting on the oscillating magnetic moment 𝑚 that counteracts the 
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damping torque.  Such a torque is also referred to as the anti-damping torque.  We also show the 

RF magnetic field ℎ𝑟𝑓 that excites the spin-wave.  The anti-damping torque can be provided by an 

equivalent of a magnetic field which, similar to 𝐻, provides the damping term 
𝛼

𝑀𝑆
(�̂� ×

𝑑�̂�

𝑑𝑡
) but in 

the opposite direction if the “magnetic field equivalent” is pointing in the opposite direction.  The 

torque can be in the same direction of the damping torque if the “magnetic field equivalent” is in 

the same direction as the magnetic field.   
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Figure 2.14. The torques applying on a spinning magnetic moments in the presence of a spin current. 

The source for such anti-damping and damping torque can be an electron that carries an angular 

momentum of ℏ 2⁄ .  In fact, a spin current that has electrons with a spin polarization as shown in 

Figure 2.14 can continuously provide the anti-damping torque 𝜏26.  For spin-waves, this results in 

an increase of the dynamic oscillation range which increases the angle between the oscillating 

magnetic moment �̂� and the magnetic field 𝐻. 

2.3.2. Spin Seebeck Effect (SSE) 
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One method to create such spin currents is the spin Seebeck effect (SSE)13,27–31.  It is the analogue 

of the Seebeck effect discovered in 1821 that describes the generation of a voltage due to a 

temperature gradient in conductors32.  In heavy metals such as Pt, W, and Ta, a temperature 

gradient can cause the accumulation of a spin currents on the surfaces.  This phenomena is 

schematically shown in Figure 2.15.  With a temperature gradient where the top surface is at a 

higher temperature that the bottom, different spin polarizations accumulate at the bottom surfaces 

for Pt and W.  SSE arises from the fact that the Seebeck coefficients for the two spin channels are 

different.  SSE has been explained theoretically by scattering33 and by linear-response theory34,35, 

both of which arrive at a similar conclusion, which is the accumulation of spins at the surfaces.   

Pt W

 

Figure 2.15. In heavy metals such as Pt and W, a temperature gradient cases spin accumulation at the 

surfaces. 

The coupling strength between phonons and electrons is stronger than that between phonons and 

spin.  Therefore, the electron and phonon temperatures are equal.  In the presence of a temperature 

gradient, spin currents generated by the Johnson-Nyquist noise which depends on the electron 

temperature will diffuse to a neighboring layer that has a smaller net magnetic moment.  The 

magnitude of the spin current generated by SSE is33,36,37: 
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where V is the coherence volume and ∇𝑇 is the temperature gradient.  𝑔↑↓ is the spin mixing 

conductance that describes the transport of spins at the interface. 

2.3.3. Spin Hall Effect (SHE)  

Another mechanism that is used to generate spin currents is the spin Hall effect (SHE).  In SHE, a 

charge current through heavy metals and high spin-orbit coupling (SOC) materials results in spin 

accumulation at the interfaces.  SHE is similar to the ordinary Hall effect discovered in 187938 

which established that a voltage transverse to an electrical current is generated in a conductor when 

it is exposed to a magnetic field that is perpendicular to the conductor.  In SHE, a charge current 

flowing through heavy metals will have electrons that carry spin.  Mechanisms such as skew 

scattering39,40 or side jump scattering41 are responsible for an asymmetric scattering of electrons in 

such heavy metals.  Electrons with spin down will scatter preferably to one direction perpendicular 

to the flow, while electrons with spin up will scatter to the opposite direction.  This results in a 

transverse spin current that is perpendicular to the charge current.  SHE is schematically shown in 

Figure 2.16.  By having a ferromagnetic layer adjacent to this heavy metal layer that provides the 

spin current, an anti-damping torque can be provided that will act on the spin-wave that exists in 

the ferromagnetic layer.  The charge and spin currents in SHE are related by the following 

equation42: 

 ,
2

s SHE cj j
e

     (2.40) 

where 𝜃𝑆𝐻𝐸  is the spin Hall angle and is usually a value between 0 and 1 for heavy metals.  The 

higher the spin Hall angle, the larger spin current is generated by the material.  Aluminum has a 

very small spin Hall angle (~0) and tungsten has a very large spin angle of near 0.343.   
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Figure 2.16. SHE occurs when a charge current, 𝑗𝑐, is driven through a heavy metal layer.  The effect 

results in a transverse spin current 𝑗𝑠. 

The reciprocal process, inverse spin Hall effect (ISHE), can also occur.  That is, when a spin 

current flows through a heavy metal, a transverse voltage is created.  ISHE is used in spin pumping 

where the angular momentum of an oscillating magnetic moment “pumps” spin current into a 

heavy metal by transferring angular momentum44–46.  This phenomena has been experimentally 

observed by analyzing the change of damping in ferromagnet/heavy metal bilayers. 

2.3.4. Topological Insulator (TI) 

Finally, another source for spin currents are topological insulators (TI).  TI is a special class of 

materials where the spin of the surface currents is locked to the momentum of the electrons.  TI 

materials have a bulk that is insulating but have metallic states at the surfaces that are topologically 

protected when it is in contact with an insulator or vacuum47.  This unique property of TI originated 

from its inverted band structure in the bulk which is caused by strong spin orbit coupling (SOC).  

The strong SOC in the bulk pushes the 𝑝 orbital above the 𝑠 orbital which places the valence band 

above the conduction band.  When TI is in contact with another material where the band structure 

is not inverted, the continuity of the band structure dictates that the bands have to cross at the 

interfaces.  This causes the formation of massless Dirac fermions at the surfaces.  It also causes 

the currents at each interface to be spin polarized.  For a given direction of the current, the spin 

current at one surface is in the up state, while the spin current on the other surface is in the down 
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state.  Essentially, just like heavy metals they will have spin currents at the interfaces with another 

material, but unlike heavy metals, this spin current does not depend on some internal scattering 

mechanism.  The spin current at TI interfaces thus are entirely spin polarized throughout the 

surface, thus making them a better candidate to provide an anti-damping torque for spin-waves.  

In chapter 5 we shall see how spin currents in TI can be used to reduce damping of spin-waves 

propagating in an YIG/TI bilayer. 

2.4. Conclusion 

In this chapter, we presented the fundamental theory behind magnetism, spin-waves, and related 

phenomenon.  The key take-away message in this part of the dissertation is that spin-wave have 

different modes and each has its own dispersion relation.  The dispersion relation is key to 

understand experimental observations.  Also, spin-wave amplitude can be enhanced using spin 

currents.  In the next chapter we shall present experimental methods used to measure and 

characterize spin-waves. 
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3. Experimental Methods 
 

 

 

 

 

Having covered the theoretical background required for understanding the physics of spin-waves 

and the relating phenomenon, this chapter discusses different methods and characterization 

techniques used to analyze spin-waves.  In Section 2.1 we saw where magnetization comes from.  

In Section 3.1 we shall see how a superconducting quantum interference device (SQUID) can be 

used to measure that magnetization.  The remaining sections of Chapter 3 will discuss methods 

that characterize the dynamics of magnetization and spin-waves.  These methods can be 

categorized in to two classes: electrical (section 3.2 and 3.3) and optical (section 3.4).  Section 3.2 

shows how ferromagnetic resonance (FMR) is used to determine parameters such as damping.  

Section 3.3 is the key section of this chapter where propagating spin-wave spectroscopy (PSWS) 

is discussed.  In PSWS a vector network analyzer (VNA) is used to excite and detect spin-waves.  

Alternatively, a combination of a signal generator and an oscilloscope or spectrum analyzer is 

used.  The last section presents Brillouin light scattering (BLS) which utilizes a laser to excite and 

detect spin-waves.  BLS is not used in this dissertation, however, it has become a key tool in 

studying spin-waves and a significant number of the references used in this dissertation present 

their results from BLS measurements. 
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3.1. Superconducting Quantum Interference Device (SQUID)  

SQUID is the most sensitive device to measure the magnetic moment in a material.  It measures 

the magnetization of a material indirectly by moving the sample up and down in a series of 

detection coils.  The detection coils are connected to the SQUID.  As the sample moves through 

the coil, the change of the flux generates a current in the coil.  Since SQUID is a linear current to 

voltage converter, the change in current is converted into a change in voltage.  The system can 

then be calibrated using a sample with a known mass and magnetic susceptibility.   

 

Figure 3.1. Example of a SQUID measurement from a 2.3 𝜇𝑚 thick YIG sample. 

Figure 3.1 shows an example of a SQUID measurement from a 2.3 𝜇𝑚 thick YIG sample.  The 

raw data of the measurement has a linear offset which originates from the paramagnetic 

(Gadolinium Gallium Garnet) GGG substrate.  The linear offset has been removed from the data 

shown in Figure 3.1.  The measured parameter is in 𝑒𝑚𝑢 units.  By knowing the sample area and 

-500 0 500
-150

-100

-50

0

50

100

150

H (Oe)

M
S
 (

e
m

u
/c

c
)

 

 

300K



40 

 

thickness, the data can be converted into 𝑒𝑚𝑢 𝑐𝑐⁄ .  As expected from Equation 2.7, the data shown 

in Figure 3.1 resembles the curve from Figure 2.1. 

Further material parameters can be obtained from SQUID, including the Curie temperature which 

can be found by16 

  
3 2

0 1 ,T

S S
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T
M T M

T


  
    
   

  (3.1) 

where 𝑀𝑆
𝑇=0 is the magnetization at zero Kelvin, and 𝑇𝐶 is the Curie temperature.  Figure 3.2 shows 

the measured saturation magnetization of an YIG sample at five different temperatures.  The data 

points were fitted using Equation 2.41 and 𝑀𝑆
𝑇=0 and 𝑇𝐶 were determined to be 3088 𝐺 or 246 

𝑒𝑚𝑢 𝑐𝑐⁄  and 664 𝐾, respectively. 
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Figure 3.2. Saturation magnetization of an YIG sample measured versus temperature and fitted using 

Equation 2.41. 
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3.2. Ferromagnetic Resonance (FMR) 

As discussed in Chapter 2, spin-waves can have either zero or finite wavenumbers.  An excited 

spin-wave mode with a zero wavenumber is commonly referred to as FMR. Under FMR 

conditions, the magnetic moments of a bulk or thin film material are oscillating in phase across 

the entire volume of the sample.  To excite the FMR mode, a sample is placed inside a cavity.  A 

microwave signal of specific power and fixed frequency is fed to the cavity.  The cavity is placed 

between two large electromagnets that generate a uniform magnetic field.  The setup for FMR, 

also referred to as electron paramagnetic resonance (EPR), is shown in Figure 3.3.   

Cavity

Sample

Magnet

Magnetic field 

controller

 

Figure 3.3. FMR setup.  The photo on the left shows the magnetic field controller that runs a current 

through the electromagnets on the right.  The right photo shows the cavity with the sample holder which 

is inserted in the cavity.  A waveguide which is located in the back of the cavity and not visible in this 

photo feed the RF power to the cavity. 

Once the system is tuned, a measurement can be performed where the magnetic field is swept in a 

given range.  Based on the Kittel equation (Equation 2.32), when conditions for resonance is met, 
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the magnetic moments of the sample resonate and thus FMR is observed.  An example of FMR 

measurement from an YIG sample is shown in Figure 3.4. 
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Figure 3.4. FMR data from an YIG sample.  The frequency was set to 9.6 GHz.  The damping parameter 

was calculated to be 0.0032. 

The peak to peak gap, ∆𝐻 in units of 𝑂𝑒, can be used to determine the damping parameter 𝛼 

through the equation 

 
2

,H



    (3.2) 

where 𝜔 is the cavity frequency, in this case, around 9.6 GHz.  This gives a damping parameter of 

approximately 0.0032.  In addition, using the Kittel equation, the saturation magnetization of the 

material can also be determined, where in Equation 2.32, the center of the peaks will be chosen as 

the value for 𝐻, leaving 𝑀𝑆 to be the only unknown. 
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3.3. Propagating Spin-wave Spectroscopy (PSWS) 

PSWS is the most powerful method that is used to characterize spin-waves.  The key tool of this 

measurement technique is a VNA where the transmission and absorption of RF power by spin-

waves is measured in the form of scattering (S-) parameters.  VNA is often used in RF and 

microwave electronics to characterize components and RF/microwave circuits.  In order to excite 

spin-waves using a VNA in ferromagnetic materials, a transducer in the form of a metallic strip or 

a coplanar waveguide (CPW) is usually deposited on the material.  Figure 3.5 shows the PSWS 

probe station (left) and an optical image of such a structure (bottom right) with the RF probes 

landed on the contact pads (top right).   

250 µm

Cu
AuYIG

Pt/TI

 

Figure 3.5. PSWS setup.  The probe station on the left shows the electromagnet on which the device is 

placed (top right). Several test tools including a VNA is used to probe spin-waves in the device (bottom 

right) while the electric field is set to different values.  The device on the bottom right shows two 

transducers between which are contacts for a Pt or TI layer which is used to control spin-wave damping 

(Chapter 5). 
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 The VNA sends an RF signal to the transducer that creates an AC current which generates an AC 

Oersted field which in turn excites the spin-wave in the underlying ferromagnetic material.  Figure 

3.6 shows a schematic of how the CPW excites the spin-wave.  The Oersted field will have a spatial 

profile with components in the 𝑥 and 𝑧 directions.  In Figure 3.6, the cross section under the black 

solid line in the top view is shown on the right.  The magnetic field is aligned along the CPW.  

This geometry, as explained in Chapter 2, will excite MSSW modes.  Thus the components of the 

RF Oersted field that are perpendicular to the external magnetic field, both 𝑥 and 𝑧, contribute the 

spin-wave excitation.   

 

Figure 3.6. Schematic diagram of how a metallic strip generates Oersted fields that excite spin-waves.  

Left, top view image of the microstrip on a ferromagnetic layer with an in-plane DC magnetic field 

applied.  Right, side view of the figure on right at the solid line location.  The color scale represents the 

magnitude of the AC magnetic field generated by the microstrip (Oersted field). 

The design of the transducer also plays an important role.  Figure 3.7 shows three different 

configurations for transducers that are widely used in literature and in this dissertation.  The most 

common and basic one is a metallic strip of a specific width (Figure 3.7.a).  This geometry is easy 
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to implement, requires a fabrication process that is straightforward, especially if the width of the 

transducer is above one or two 𝜇𝑚.  The geometry of the transducer determines which spin-wave 

wavenumbers are most efficiently excited.  By taking the Fourier transform of the Oersted field 

spatial profile generated underneath the transducer in the ferromagnetic plane (Figure 3.7.b), we 

derive a series of peaks (Figure 3.7.c).  These peaks are the wavenumbers that the transducer 

efficiently couples to.   

 

Figure 3.7. Three different configurations for on-chip transducers.  The first type (a) is comprised of a 

microstrip and the spatial profile of the AC magnetic field and its Fourier transform is shown in b and c.  

The other two types are CPW (d and g) and their AC magnetic field distribution (e and h) and their 

Fourier transform (f anf i) are also shown in the above figure. 
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The spatial profile and the Fourier transform of the Oersted field for each transducer configuration 

is also shown in Figure 3.7.  The single metallic strip is often used to excite spin-waves of low 

wavenumbers.  The other two configurations are CPWs where the ground line is coplanar to the 

signal line (Figure 3.7.d and g).  The wavenumbers excited for each of these two CPW 

configurations are shown in Figure 3.7.e, f, h, and i.  They show that the first CPW (Figure 3.7.a) 

can excite low wavenumbers whereas the second CPW excites higher wavenumbers.  The cut-off 

wavenumber is the wavenumber at which the intensity of the excited wavenumbers drops to nearly 

zero.  A rule of thumb for determining this value is 𝜋 𝑤⁄  where 𝑤 is the width of the signal line.  

By overlaying the peaks in Figure 3.7.c, f, and i on the dispersion relation, we can determine which 

frequencies are most efficiently excited and have an estimate of how the spin-wave spectrum looks 

like. 

We detect the generated spin-wave by placing another similar transducer at some distance from 

the first transducer which excites the spin-wave.  If the transducer is too close, the EM coupling 

might increase the noise floor of our detection.  On the other hand, if the receiving transducer is 

too far, the spin-wave signal might be too small to detect.  For metallic ferromagnets which have 

a large damping constant and a spin-wave propagating length of a few 𝜇𝑚, the transducers are 

placed in close proximity.  Special methods such as time-gating can be used to avoid EM coupling 

detection by the receiving transducer.  For YIG, since the damping is very low and the propagation 

lengths are very high, the transducers can be placed a few millimeters apart.  Figure 3.8 shows the 

S parameters for a spin-wave device with transducers placed 2 mm apart with the schematic design 

also shown in Figure 3.9.   
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Figure 3.8. S parameters for an YIG device with the distance of 2 mm between the transducers.  The 

measurement was done at -86 Oe. 

 

Figure 3.9. Schematic of the spin-wave device with S parameters shown in Figure 3.8. 

The S11 and S22 parameters are identical since the two transducers in the shape of CPWs are 

identical.  The S21 and S12 however have different characteristics.  In this example, the S21 has a 
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larger insertion loss.  This is due to the key property of MSSWs which is to say they are non-

reciprocal16.  For a given magnetic field direction, the MSSW is concentrated at one of the surfaces 

and can only propagate in one direction at the top surface.  MSSWs propagating in the opposite 

direction is attenuated.  Figure 3.10 shows how the external magnetic field and the spin-wave 

propagation directions are oriented with respected to the depth profile of the MSSW.  The right 

hand rule that gives the direction 𝑘 × 𝐻 provides direction which the  

MSSW amplitude is the largest. 

d k H -k

 

Figure 3.10. Orientation of external field and MSSW propagation direction with respect to the 

accumulation at the surfaces. 

 

Figure 3.11.a shows the top view schematic design of a spin-wave device.  As previously 

mentioned, spin-wave frequency is tunable and Figure 3.11.b shows the range of tunability of a 

spin-wave device.  One figure that is often used to characterize spin-waves is a color plot such as 

the one shown in Figure 3.11.c.  In this plot, the color scale is the S parameter in dB.  A vertical 

cross section of the plot is a curve in Figure 3.11.b.  The red line in Figure 3.11.c shows how the 

spin-wave frequency changes with the external field and it follows the square root behavior 

discussed in chapter 2 (Equation 2.35). 
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Figure 3.11. a) Top view of the schematic design of a spin-wave device.  b) S21 for an YIG spin-wave 

device.  The center frequency can be tuned from around 3 GHz to just above 7 GHz for external magnetic 

fields ranging from 600 Oe to 1800 Oe.  c) Color plot of the S21 parameter in dB scale. 

In these measurements, we have used a VNA where the two ports are used to make contact with 

the CPWs using RF probes.  Another method of measuring spin-wave transmission is to use a 

signal generator to launch the spin-wave and a spectrum analyzer or oscilloscope as the detector.  

Figure 3.12 shows an example of measurement from a spin-wave device using such a setup.  The 

main advantage is that this method brings the ability to incorporate other test equipment as we 

shall demonstrate in chapter 5. 
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Figure 3.12. Spin-wave transmission spectrum measured using a signal generator and an oscilloscope 

that was used a spectrum analyzer. 

3.4. Brillouin Light Scattering (BLS) Spectroscopy 

In this last short section, we present an optical method that can also characterize spin-waves.  In 

the electrical detection methods explained above, the measurement is done over a relatively large 

area.  Also, once the device is fabricated, the wavenumbers that are excited are fixed.  BLS uses a 

laser to interact with spin-waves and thus the area that is probed is confined to the laser beam.  It 

also provides the ability to probe a large range of wavenumbers spin-waves48.   

The spectroscopy is based on the inelastic scattering of photons and magnons.  In this process, a 

magnon is either created (Stokes) or annihilated (anti-Stokes).  Figure 3.13 shows the scattering 

processes.  The momentum and energy of the scattered photon is given by 

 
,

,

s i

s ik k k

   

 
  (2.41) 
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where ℏ𝜔𝑠 and ℏ𝑘𝑠 are the energy and momentum of the scattered light, and ℏ𝜔𝑖 and ℏ𝑘𝑖 are the 

energy and momentum of the incident light.  ℏ𝜔 and ℏ𝑘 are the energy and momentum of the 

magnon.  The shift in frequency of the scattered light is what the BLS system detects.  By changing 

the angle of incidence, the spin-wave wavenumber which the photon interacts with can be varied.  

Therefore, the dispersion relation of spin-waves can be experimentally measured.  The reader can 

refer to [47] for further details on BLS. 

Created spin-wave

ω , k

Incident light

ωi , ki

Scattered light

ωs , ks

Annihilated spin-wave

ω , k

Incident light

ωi , ki

Scattered light

ωs , ks

 

Figure 3.13. In BLS, magnon is either created (left) or annihilated (right)49.  The interaction between 

photons and magnons can be used to probe spin-waves by detecting the inelastically scattered magnons. 
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4. Efficient Excitation of Perpendicular Standing 

Spin-Waves 
 

 

 

 

Spin waves are of great interest as an emerging solution for computing beyond the limitations of 

scaled transistor technology.  In such applications, the frequency of the spin waves is important as 

it affects the overall frequency performance of the resulting devices.  In conventional 

ferromagnetic thin films, the magnetization dynamics in ferromagnetic resonance (FMR) and spin-

waves are limited by the saturation magnetization of the ferromagnetic (FM) material and the 

external bias field.  High-frequency applications would require high external magnetic fields which 

limit the practicality in a realistic device.  One solution is to couple microwave excitations to 

perpendicular standing spin-waves (PSSWs) which can enable higher oscillation frequencies.  

However, efficient coupling to these modes remains a challenge since it requires an excitation that 

is non-uniform across the FM material thickness and current methods have proven to be inefficient, 

resulting in weak excitations.  Here, we show that by creating periodic undulations in a 100 nm 

thick Co40Fe40B20 layer, high-frequency PSSWs (>20 GHz) can be efficiently excited using 

micrometer sized transducers at bias fields below 100 Oe which absorb nearly 10% of the input 

RF power.  Efficient excitation of such spin-waves at low fields may enable high-frequency 

spintronic applications using exchange-dominated magnetic oscillations using very low external 

magnetic fields and, with design optimizations, can bring about new possibilities in the field. 
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4.1. Introduction 

Spin-waves in FM materials have many applications such as carrying spin currents48,50, in logic 

devices51–53, and information propagating busses54 among others55.  Spin-waves in FM materials 

are typically excited using a DC bias, Hbias, and an RF, hrf, magnetic field, with hrf having a 

component perpendicular to Hbias.  The excited spin-wave mode is determined by the angle 

between Hbias and the spin-wave propagation direction, as well as their orientation with respect to 

the FM layer16.  These modes differ in their dispersion relation, i.e. the relation between the spin-

wave oscillation frequency and its wavenumber k for a given Hbias in an FM material of saturation 

magnetization MS
16.  Of particular interest are magnetostatic surface spin-waves (MSSWs) due to 

their surface nature and comparatively higher frequency and group velocity.  However, the 

frequency is still limited by the MS value of the FM material and for higher frequencies, higher 

magnetic fields are required which limits the realization of RF applications using spin-waves, e.g. 

bias fields of above 1000 Oe for frequencies above 12 GHz for CoFeB.  It has been shown that by 

separating two FM layers with a thin non-magnetic layer, a resonant frequency of 27 GHz at a bias 

field of 60 Oe can be achieved56, however this method requires sub-nanometer accuracy of thin 

film deposition. 

Another spin-wave mode that has been less utilized is PSSW57.  Compared to MSSWs, PSSWs 

can be excited at higher frequencies.  This is due to the fact that PSSWs are confined by the FM 

material and can have large wavenumbers and thus highly exchange-dominated.  Thus, PSSWs 

have mainly been used to study and measure exchange interactions58,59, exchange stiffness60–62, 

and damping63 in FM materials.  Recently, PSSWs have been used in switching field reduction of 

highly coercive magnets64.  However, excitation of such spin-waves requires a non-uniform 

dynamic field across the thickness of the FM layer 57 such as using high power lasers48,65,66.  Other 
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methods include using a microstrip63,67, but these have proven to be highly inefficient since there 

is little coupling between the RF magnetic field created by the microstrip and the PSSW 

modes57,67,68.  PSSW can also be excited by an out of plane magnetic field, however, in the case of 

FM materials such as Permalloy or CoFeB, they require bias fields above 104 Oe63 which 

significantly limits their practical applications.  Efficient excitation of such exchange-dominated 

spin-wave modes could potentially have implications for novel high-frequency spintronic 

application. 

Here, we demonstrate efficient excitation of high-frequency PSSW resonances by creating a 

periodic undulation in a 100 nm thick CoFeB layer using micrometer scale coplanar waveguides 

(CPWs) as transducers.  Spin-waves were excited at two resonant frequencies for low bias fields, 

with the lower frequency at the MSSW mode and the higher one at PSSW mode.  High-frequency 

oscillations above 20 GHz were excited at fields even below 100 Oe.  To achieve the same 

oscillation frequency using MSSW, a bias field above 2500 Oe is required.  More importantly, the 

periodic undulation results in efficient coupling of microwave excitations to these non-uniform 

modes.  Same measurements were performed on flat and undulating YIG structures and the same 

effects were also observed proving that the undulation of the FM layer leads to the observation of 

the second higher frequency mode.  A finite difference time domain (FDTD) Micromagnetic 

simulation was used to confirm the excitation of PSSW modes.   Good agreement was found 

between both experimentally and simulated observed absorption peaks for CoFeB and YIG 

samples.  The simulation results also provided an insight into the dynamics of these standing spin-

waves. 
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4.2. Experimental Details 

We created a one dimensional undulating SiO2 layer on a lightly doped Si substrate.  The pattern 

will be transferred to any material deposited on top of such substrate and no further patterning is 

required.  100 nm thick layers of CoFeB and YIG where deposited separately using a high-vacuum 

magnetron sputtering system and by pulsed laser deposition, respectively. 

4.2.1. Undulating substrate fabrication 

Figure 4.1 shows SEM cross section images of the process.  First, a thin thermal oxide layer was 

thermally grown on a silicon substrate.  A stepper was used to pattern the photoresist on top of the 

oxide into 1D array of resist, 250 nm wide and 250 nm apart.  The stepper allowed us to make 

highly uniform patterns.  Next, the exposed thermal oxide was dry etched using plasma (Figure 

4.1.a), and then it was wet etched using KOH into V-shaped trenches (Figure 4.1.b).  A smooth 

undulating SiO2 substrate was grown by a thermal oxidation step (Figure 4.1.c), followed by a wet 

oxide etch (Figure 4.1.d), and then a second thermal oxidation step of the Si substrate (Figure 

4.1.e).  A 100 nm Co40Fe40B20 layer was then sputter deposited on the as-prepared substrate which 

inherited the undulation of the oxide (Figure 4.1.f). 
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Figure 4.1. Fabrication steps of the periodically undulating oxide substrate with a periodicity of 500 nm.  

a. One dimensional (1D) array of oxide mask is created using a stepper and oxide etching by plasma.  b. 

KOH is used to etch V shape trenches in the exposed silicon substrate.  c. An initial thermal oxidation, 

followed by a (d) complete wet etching of the oxide, and a (e) second thermal oxidation of the silicon is 

used to create a smooth sinusoidal substrate.  A thin layer of Au is deposited in a-e for better SEM image 

contrast.  f. The 100 nm thick CoFeB layer deposited on the undulating substrate inherits the topography 

of the substrate.  All scale bars are 250 nm. 

Cross sectional SEM image of the 100 nm CoFeB film deposited on the undulating SiO2 substrate 

is shown in Figure 4.2.a.   
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Figure 4.2. S11 parameters of measured flat and undulating CoFeB layers.  a. Cross sectional SEM image 

shows that the 100 nm thick CoFeB layer deposited on the undulating substrate inherits the topography of 

the substrate.  b. Schematic of the spin-wave device.  An external magnetic field, Hbias, with a dynamic 
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magnetic field originating from an RF current in the CPW is used to excite spin waves.  c. Measured S11 

parameter of 100 nm thick flat CoFeB layer.  d. Measured data for the MSSW mode (circles) along with 

fitted curve (solid line) using the MSSW dispersion relation (Eq. 1).  e. Measured S11 parameter of 100 nm 

thick undulating CoFeB layer with topography shown in Figure 4.2.a.  f. Measured data for the MSSW and 

PSSW modes, circles and squares, respectively, along with fitted curves using the MSSW dispersion 

relation, bottom solid line, and PSSW dispersion relation, top dashed line. 

After the deposition, the CoFeB layer was etched into an area of 500 μm by 100 μm.  A 500 nm 

thick SiO2 was deposited and used as an insulation between the transducers and CoFeB layer.  Flat 

FM layer samples were also prepared for control experiments by using the non-patterned areas of 

the samples.  Next, CPW structures were deposited and used as transducers to excite spin-waves.  

A copper layer 1.2 µm thick with a 90 nm thick chrome layer as adhesion was used as CPW.  The 

width of the signal line (S) is 8 µm.  The ground line (G) is twice as wide as the signal line of each 

sample.  The separation between the ground and signal lines is equal to the width of the signal line.  

Prior to measurements, a vector network analyzer (VNA) was calibrated up to 30 GHz using a 

standard calibration kit.  The schematic of the spin-wave device is shown in Figure 4.2(b).  

Magneto static surface waves (MSSW) were excited and S-parameters were measured by means 

of VNA-ferromagnetic resonance, and by aligning Hbias along the z direction (see Figure 4.2.b)69,70.  

Hbias was swept from -2000 to 2000 Oe and S-parameters were measured and recorded.  

Background electromagnetic coupling was eliminated by comparing S-parameters at resonant and 

non-resonant conditions70. 
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4.2.2. Results and Discussion 

CoFeB 

We first analyzed spin-waves in our flat CoFeB control sample.  Figure 4.2(c) shows the S11 

parameter measured after removing the background electromagnetic coupling.  The color map 

represents the magnitude of the power absorbed by the spin-waves excited in the FM layer under 

the signal line.  The curved line observed in the S-parameters is the MSSW mode, also called the 

Damon-Eshbach mode, and the dispersion relation is given by Equation 2.35.  The curve in Figure 

4.2(c) was used and fitted to the above equation (Figure 4.2.d).  Values of 28 𝐺𝐻𝑧 ∙ 𝑇−1 for γ and 

1408 𝑒𝑚𝑢
𝑐𝑐⁄  for MS were determined which are typical values for CoFeB62.  Using Eq. 2.37 we 

estimated the wavenumber k to be 1.47x105 m-1 which is close to values determined by numerical 

methods63,71,72.  Next we performed the same measurement process with our undulating CoFeB 

sample.  Fig 1(e) shows the S11 parameter where a second resonance was observed at higher 

frequencies.  By fitting the second resonance with the dispersion relation for PSSW mode 

(Equation 2.37) in Figure 4.2.f, we determined that the second mode is indeed PSSW and thus a 

consequence of non-uniform excitation of magnons across the FM layer thickness.  In the equation 

above, Hk is the field created by the shape anisotropy, which we found to be negligible in 

magnitude, A is the exchange stiffness in units of 𝐽 ∙ 𝑚−1 and was estimated to have a value of 

approximately 28.4 𝑝𝐽 ∙ 𝑚−1 which is similar to other values determined for CoFeB films62.  k|| is 

the in-plane wavenumber, and p is the PSSW mode number that corresponds to the number of 

nodes in the mode profile across the thickness of the CoFeB layer, and Fp is a constant that depends 

on the pinning parameter73,74.  The total wavenumber k is given by √𝑘||
2 + (

𝑝𝜋
𝑑⁄ )

2

.  By fitting 

the first mode (MSSW) in Figure 4.2.e with Equation 2.35 and using the values of γ and MS derived 

from measuring the control flat CoFeB sample, k was estimated to be 2.56x105 m-1.  For the PSSW 
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mode, the value of k for the MSSW mode was used as k||.  However, as will be shown, k|| is much 

smaller than the out-of-plane wavenumber and does not change the fitting significantly.  The same 

values of MS and γ form MSSW mode were also used for the PSSW.  We determined that the out 

of plane wavenumber, 
𝑝𝜋

𝑑⁄ , is equal to 9.94x107 m-1.  Using the cross section SEM image shown 

in Fig 1.a, we estimated the thickness of the FM layer on the sloped regions to be around 70 nm.  

This means that p is just over 2.2.  The second fitting parameter in the PSSW mode is Fp, the 

pinning parameter, which was estimated to be 0.6.  Determining the exact values of such 

parameters is a long standing problem74, therefore we performed simulation of our structure to 

examine the validity of some of these parameters and the results are presented in the later sections. 

YIG 

In addition to a flat CoFeB as a control experiment and to further analyze and confirm the effect 

of the undulating substrate on FM materials, we performed the same measurements and analysis 

on a 100 nm YIG film deposited on flat and undulating substrates.  A separate sample was used to 

deposit a 100 nm YIG on the prepared substrate.  Before pulsed laser deposition (PLD) of YIG 

films, 5 mm × 5 mm amorphous SiO2/Si substrates were rinsed sequentially in acetone, isopropyl 

alcohol, and DI water, and then placed in the deposition chamber with the base pressure of 4 × 10-

7 Torr.  The substrates were held at 450 °C under 1.5 mTorr oxygen pressure with 12 wt% of ozone 

during deposition.  A KrF Coherent excimer laser (λ = 248 nm, 165 mJ/pulses at 1 Hz pulse rate) 

was used and a growth rate of 0.16 nm/min was kept with a target to substrate distance of 6 cm.  

After deposition, the YIG films were ex situ annealed at 850 °C for 300 seconds using rapid thermal 

annealing (RTA) under a steady flow of pure oxygen.  After RTA the 100 nm thick YIG films 

crystallize.  Due to the lack of crystalline order in the substrate, the YIG films are polycrystalline 

and show well-defined in-plane magnetic anisotropy, indicating dominance of the shape 
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anisotropy.  Typical magnetic hysteresis loops are shown in Figure 4.3. The out-of-plane saturation 

field is ∼1850 Oe, which corresponds well to 4πMs = 1780 G for YIG.  For surface morphology, 

atomic force microscopy (AFM) was used.  Figure 4.3.b shows flat YIG surface with root-mean-

square (RMS) roughness of ~ 0.2 over a scanned region of 2µm x 2µm. 
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Figure 4.3. Magnetic characterization and surface morphology of 100 nm polycrystalline YIG thin films 

grown on amorphous SiO2/Si substrates.  a. Room temperature normalized magnetic hysteresis loops with 

magnetic field applied in-plane and out-of-plane.  b. AFM image of a representative YIG thin film over 

scanned area of (2 µm x 2 µm). 

Figure 4.4.a shows the measured S11 parameter for the flat YIG sample.  For our YIG samples, the 

width of the signal and ground lines are 24 and 48 μm, respectively.  The gap between the signal 

and ground line is equal to the width of the signal line.  We performed the same fitting process for 

the S11 parameter (Figure 4.4(b)).  γ, MS, and the wavenumber obtained for the flat YIG sample 

are 29.9 𝐺𝐻𝑧 ∙ 𝑇−1, 87.5 𝑒𝑚𝑢
𝑐𝑐⁄ , and 5x105 m-1, respectively.  The quality of the YIG is not as 

good as those deposited on gadolinium gallium garnet (GGG) substrates which could be the reason 

behind the low value of MS
72.  The MS value was also confirmed by SQUID measurements.  Figure 

4.4(c) shows the S11 parameter for the undulating YIG sample.   
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Figure 4.4. S11 parameters of measured flat and undulating YIG layers.  a. Measured S11 parameter of 

100 nm thick flat YIG layer.  b. Measured data for the MSSW mode (circles) along with fitted curve (solid 

line) using the MSSW dispersion relation (Eq. 1).  c. Measured S11 parameter of 100 nm thick undulating 

YIG layer with topography shown in Figure 4.2(f).  d. Measured data for the MSSW and PSSW modes, 

circles and squares, respectively, along with fitted curves using the MSSW dispersion relation (Eq. 1), 

bottom solid line, and PSSW dispersion relation (Eq. 2), top dashed line. 

Compared to the flat control sample, a second mode less than a GHz above the main mode was 

observed.  The first mode was fitted with the MSSW dispersion relation (Eq. 1) and a smaller MS 

value of 71.6 𝑒𝑚𝑢
𝑐𝑐⁄  was obtained which was also confirmed by SQUID measurements.  The 

difference in saturation magnetization between flat and undulating YIG could be due to the strong 

dependence of YIG quality on substrate.  Not only the oxide substrate is not suitable for high 
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quality YIG, the undulating substrate could also affect magnetic properties of the grown YIG 

film75.  The second mode was also fitted to the PSSW dispersion relation (Figure 4.4.d) and by 

using the same analysis that was performed with undulating CoFeB layer, an out-of-plane 

wavenumber of 9.98 E7 m-1 and an exchange stiffness of 3.7x10-2 𝑝𝐽 ∙ 𝑚−1 was obtained.  The 

exchange stiffness for the YIG used in these experiments is 2 orders of magnitude smaller than 

YIG grown on GGG, which is around 3.7 𝑝𝐽 ∙ 𝑚−1 61.  This could be again due to the choice of 

substrate, undulating SiO2, which can alter the material properties of the deposited YIG. 

4.3. Simulation and Results 

4.3.1. Micromagnetic Simulation Setup 

To confirm the dominance of the PSSW mode’s contribution to the undulating FM’s resonant 

behavior, an FDTD micromagnetic simulation was created using MuMax376.  The simulated 

magnetic state was time evolved in accordance with the Landau-Lifshitz-Gilbert equation, taking 

into account the Zeeman, exchange, and demagnetizing effective fields.  

The finite difference code MuMax3 was used to simulate the time evolvement of magnetization 

directional vector m when there is an effective magnetic field 𝐵𝑒𝑓𝑓.  MuMax3 solves phenomenal 

micromagnetic relation known as Landau-Liftshitz equation.  In our model, 𝐵𝑒𝑓𝑓 consists of 

Zeeman field 𝐵𝑍𝑒𝑒𝑚𝑎𝑛, exchange field 𝐵𝑒𝑥𝑐ℎ, demagnetization field 𝐵𝑑𝑒𝑚𝑎𝑔.  Zeeman field 

𝐵𝑍𝑒𝑒𝑚𝑎𝑛 is the externally applied field.  Exchange field 𝐵𝑒𝑥𝑐ℎ can be expressed as 𝐵𝑒𝑥𝑐ℎ =

2𝐴𝑒𝑥

𝑀𝑆
∇2𝑚, where 𝐴𝑒𝑥 and 𝑀𝑆 are exchange stiffness constant and saturation magnetization.  

Demagnetization field 𝐵𝑑𝑒𝑚𝑎𝑔.  is calculated as 𝐵𝑑𝑒𝑚𝑎𝑔 = 𝑀𝑆𝐾𝑑𝑒𝑚𝑎𝑔𝑚 where 𝐾𝑑𝑒𝑚𝑎𝑔 is the 

demagnetizing kernel matrix76.  
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Our model used periodic boundary conditions (BCs) to simulate the undulating CoFeB.  However, 

there is no need to simulate the whole geometry as the experiments to save running time.  The 

periodic BCs are in x and z directions.  The repeated structures will have some influence on 

𝐵𝑑𝑒𝑚𝑎𝑔, and thus resonance frequencies may change due to different periodic BCs.  Convergent 

tests were conducted to make sure that our model can capture all the physics. 

First, the periodic BC in 𝑥 direction was chosen to be three and the repeated structures in 𝑧 

direction swept from 40 to 70.  There is always a 1000 Oe bias field in z direction.  The input 

Gaussian pulse is 𝐻𝑖𝑛𝑝𝑢𝑡 = 𝐻0. 𝑒𝑥𝑝 [−
(𝑡−𝜇)2

2𝜎2 ], where H0 = 50 Oe, μ = 2 ns and σ = 2 ps.  The FFT 

of the Gaussian pulse indicates that the amplitude difference is less than 10 % in the 0 to 50 GHz 

frequency range.  This means that the Gaussian pulse is a broad band input in the frequency range 

as the experiments. 

The FFT of the susceptibility was calculated for different periodic BCs in z direction.  The two 

peaks in the spectrum are the two resonance modes in the undulating CoFeB.  From 50 periodic 

BCs, the increase in repeated structures only changes the resonance frequency by less than 1%.  

Therefore, it is concluded that 50 periodic BCs are considered convergent in our model.  The 

similar tests are conducted for periodic BCs in x direction.  It is found that only three repeated 

structures can make the resonance frequency convergent.  In summary, three and 50 repeated 

structures in x and z directions can make the model convergent to the real geometry.   

To model the undulating FM geometry (Figure 4.5.a), a 50 nm wide cross-sectional slice of one 

period was approximated by a trapezoidal arch (Figure 4.5.b).  The space in this element was 

discretized using 2×2×2 nm3 cuboidal finite difference cells, whose sizes were picked because 

they are smaller than the exchange lengths of CoFeB and YIG61,62,77.  To capture the effects of 
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long range coupling in large area films, periodic boundary conditions were applied on the magnetic 

state in the x and z-directions.  These periodic conditions enforced 1) that the magnetization m at 

the two opposing boundaries (red dashed lines in Figure 4.5.b) were held equal and 2) that a 

number of repeated images of the magnetic state are added to the ends of the geometry when 

calculating the magnetostatic field.  Consequently, a separate parametric study was done to find 

the number of periodic images that were required to ensure convergence of the dynamic 

micromagnetic behavior.  Convergent behavior was reached with 50 images in both ±z directions, 

as the model approached a large aspect ratio limit, but periodic images in ±x did not strongly affect 

the result since the PSSW modes of interest exist along y.  Three images in both ±x directions were 

kept to allow any dipolar coupling between neighboring arch elements. 

To probe the structure’s resonant modes the following protocol was used: 1) a bias field Hbias was 

applied in the z direction to ensure a single domain configuration; then, 2) a broadband Gaussian 

magnetic field pulse with 50 Oe magnitude was applied in the x-direction.  .  The time-domain 

response of magnetization was recorded by taking the mx, my, and mz components averaged over 

the volume every 0.5 ps.  The time response was then Fourier transformed to yield the frequency 

dependent susceptibility.  This process was then repeated while sweeping Hbias from 500 to 1500 

Oe in 100 Oe steps to recover the full field-frequency dependent absorption. 
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Figure 4.5. Micromagnetic model geometry and simulated S11 parameters for the undulating and flat 

CoFeB and YIG FM’s. (a) SEM image detailing the as-fabricated undulating FM structure which was 

approximated for the model geometry. (b) The FDTD model approximation to the structure in (a), most 

importantly showing matching out-of-plane thickness dimensions (where the PSSWs form). (c) A 

comparison is made between the frequency dependent susceptibility of flat and undulating CoFeB for a z-

directed 1000 Oe bias field. (d) The same comparison made in (c) for CoFeB is made for YIG. Note the 
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comparatively smaller gap between resonances for YIG. (e) The absorption spectrum is shown for flat 

CoFeB. Grey lin indicate peaks in experimentally measured absorption whereas blue circle markers 

indicate the corresponding simulated peaks. (f) The measured (solid and dashed lines) and simulated (red 

circle and square markers) absorption spectrum for undulating CoFeB. (g) The comparison between 

experimental and simulated absorption is made for flat YIG. (h) The same comparison is made as in (f-g), 

but for undulating YIG. 

This protocol was used to create simulated absorption spectra for all four of the fabricated samples, 

which include both undulating and flat control samples, made from both CoFeB and YIG, as 

described in Section 1.  Table 1 shows key materials parameters used in the protocol.  The flat 

sample model geometry was 500×100×50 nm3.  The periodic conditions, the bias field, and the 

excitation protocols were matched with those previously mentioned.   

Once the absorption spectrum was determined, additional simulations were carried on the 

undulating CoFeB sample.  The structure was harmonically driven at both resonant frequencies 

for a bias field of 1000 Oe.  This allowed for analysis of the time-domain magnetic responses 

which were plotted into x-y plane cross section animations to spatially locate the dominant 

standing modes which shall be discussed later in this work.  

Table 1. Key materials parameters used for Micromagnetics simulations. 

 CoFeB YIG 

MS (𝒆𝒎𝒖
𝒄𝒄⁄ ) 1408 87.5a 

Aex (
𝒑𝑱

𝒎⁄ ) 28.4 0.037 

α 0.035 0.01b 
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aAn Ms value of 71 𝑒𝑚𝑢
𝑐𝑐⁄  was used for undulating YIG, which was based on SQUID 

measurements. 

bThe Gilbert damping for thin film YIG grown on SiO2 substrate was taken to be orders of 

magnitude higher than that for bulk YIG based on propagating spin-wave spectroscopy. 

 

4.3.2. Micromagnetic Simulation Results 

Figure 4.5.c and d show absorption plots for a fixed bias field of 1000 Oe for flat (blue lines) and 

undulating (red lines) films for both CoFeB and YIG samples.  The amplitudes are normalized by 

the maximum absorption of the corresponding flat samples.  The full field-frequency dependent 

absorption for the flat and undulating CoFeB and YIG, shown in Figure 4.5.e and h, were obtained 

by taking the local maxima of the normalized absorption plots for fields ranging from 500 to 1500 

Oe.  When contrasted with those for the flat CoFeB and YIG (Figure 4.5.e and g), and the blue 

lines in Figure 4.5.c and d), it is clear that the dual resonances are unique to the undulating 

geometries.  One of these modes forms at low frequencies (MSSW) and one at high frequencies 

(PSSW).   

The PSSW was mostly dominated in the structure’s sloped regions which was confirmed using 

animations of the magnetic time response to analyze where the standing modes appear when the 

structure is resonantly driven.  Several snap shots from the animations are shown in Figure 4.6. 

Figure 4.6.a, b, and c show the normalized y-component of dynamic magnetization, 𝑚�̃�, for the 

whole structure where red is 𝑚�̃� = +1, and blue is 𝑚�̃� = -1, at 160, 180, and 200 ps, while the 

structure is being driven in a 1000 Oe z-directed bias field by a 50 Oe resonant 12.4 GHz uniform 

external field.  These images show a uniform mode in the structure’s sloped regions.  At 24 GHz 

(Figure 4.6.d, e, and f)), the mode becomes non-uniform as indicated by the inset in Figure 4.6.f 
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which shows the y-component of the magnetization in the left sloped region indicated by the black 

dashed line (at 171, 181, 192 ps).  The inset shows two nodes in the standing spin-wave which 

confirms the value determined for p in the PSSW dispersion relation (Eq. 2) by fitting to the 

experimental data.  This demonstrates that the higher frequency mode must be from non-uniform 

excitation across the thickness of the FM layer, which we attribute to the angle of the sloped 

regions. 

Since we are reporting good agreement between simulation and experiment for all four structures 

(flat and undulating, for both CoFeB and YIG), we take the simulated dynamics to accurately 

reflect the dynamics of the fabricated structures.  The simulations also support the exchange 

stiffness values determined by fitting the experimental data with values of ACoFeB=28.4 𝑝𝐽 ∙ 𝑚−1 

and AYIG=3.7x10-2 𝑝𝐽 ∙ 𝑚−1. 
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Figure 4.6. The my component is plotted structure-wide while being driven at resonant frequencies in a z-

directed 1000 Oe bias field.  The coordinates are in the inset of (a). (a-c) A uniform mode excitation is 

generated at 12.4 GHz in the structure’s left sloped region. In (a) the left sloped region is red, indicating 

𝒎�̃� = 𝟏, in (b) it averages to 0, so 𝒎�̃� ≈ 𝟎, and in (c) it is red, so 𝒎�̃� = 𝟏 again. Since each sloped 
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region has a constant color, the oscillations are in phase, and thus showing the dynamics of the 

fundamental mode. (d-f) The PSSW mode is excited in the left sloped region by driving it externally at 24 

GHz. (d) shows a red-blue-red profile through the thickness of the left sloped region, whereas (f) shows a 

blue-red-blue profile. The inlay in (f) indicates that this profile (cross section at solid line) corresponds to 

a sinusoidally shaped PSSW mode. 

4.4. Damping 

Next we show the effect of the undulation on the damping by measuring the frequency dependence 

of the linewidth in these two samples.  One might expect that the change in topography would 

have negative effects such as enhancing damping in such FM layers.  However, our measurements 

from three different samples of both flat and undulating CoFeB layer show a reduction in the 

linewidth.  Figure 4.7 shows the measured linewidth for a flat and undulating CoFeB. 
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Figure 4.7. Frequency dependent linewidth of the flat (squares) and undulating (circles) CoFeB layer.  

Equation 3 was used to fit the data (solid lines).  The measurements show a smaller offset, and thus a 

lower extrinsic damping, for undulating samples, in this case, 60.1 Oe, while for the flat sample it was 

determined to be 96.3 Oe.  The fitted line for the undulating sample is also smaller and it corresponds to 

a Gilbert damping value of 0.0246, whereas the Gilbert damping for the flat sample was estimated to be 

0.0319 

We used the relation  

 
2

3
extH H




      (Eq. 3) 

to determine the damping 78, where ∆𝐻 is the total linewidth in Oe and ∆𝐻𝑒𝑥𝑡 is the linewidth 

caused by damping from extrinsic effects and 𝛼 is the Gilbert damping, intrinsic to the FM 

material.  𝜔 is the oscillation frequency in radians.  As shown in Figure 4.7, the undulating sample 
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has both a smaller offset and a smaller slope which correspond to a smaller extrinsic and intrinsic 

damping, respectively.   Table 2 summarizes measurements from three samples of each kind. 

Table 2.  Summary of measured intrinsic and extrinsic damping from three flat and three undulating 

samples.  Resuls show the undulating sample has a smaller intrinsic and extrinsic damping.  The same 

numbers were used in the simulation. 

 Flat Undulating 

𝛂 

0.036 ± 

0.019 

0.024 ± 

0.015 

∆𝑯𝒆𝒙𝒕 (𝑶𝒆) 93 ± 8 64 ± 10 

 

We speculate the change in damping originates from the change in CoFeB film resistance.  The 

undulation of the metallic film results in an increase in resistance which in turn decreases the eddy 

currents.  However, a more quantitative analysis would be needed to fully understand this effect. 

4.5. Excitation Efficiency  

Finally, we address the excitation efficiency of the PSSW mode.  Figure 4.8 shows percentage of 

the absorbed RF power by the undulating CoFeB for bias fields of 80 and 500 Oe determined by 

analyzing the S11 data.  These are cross section of figure 4.c but with the units converted from dB 

to percentage.  The orange squares in Figure 4.8 show the power absorbed at the center frequency 

of the PSSW mode for fields ranging from 80 Oe to 1990 Oe.  The results show a maximum 

absorption of almost 10% by these modes for our device structure and dimensions.  This absorption 

can be improved by changing the device length.  Hence, we define the term relative excitation 

efficiency as the power absorbed by the PSSW mode normalized by the power absorbed by the 
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MSSW mode.  The blue circles in Figure 4.8 show the relative excitation which ranges from 20% 

to just above 30%.  Compared to other methods of exciting PSSW using CPWs, where these modes 

are observed as only minor resonances [13], the method presented here shows great promise for 

efficient excitation of these exchange-dominated modes.  A key limiting factor in realizing 

practical spin-waves applications is the requirement for a strong external magnetic field especially 

for high-frequency applications.  These external fields come from a permanent magnet which 

provides fields in the order of 10s of Oe or by the Oersted field created by a current through a loop 

where larger currents are required for larger fields which also require a cooling system.  With 

undulating CoFeB, high-frequency oscillations can be excited at low fields thus enabling the 

realization of miniaturized, light weight, and portable microwave components in the K-band (18 

to 27 GHz).   
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Figure 4.8. Efficiency of PSSW excitation.  a) RF power absorbed by undulating CoFeB derived from S11 

parameters at bias fields of 80 Oe (blue dashed line) and 500 Oe (red solid line) show the absorption of 

MSSW and PSSW modes.  b) The orange squares show the amount of RF power absorbed by the PSSW 

mode at bias fields ranging from 80 to 1990 Oe.  The data represents the local maximum of the PSSW 

mode (center frequency) and shows a maximum absorption of nearly 10% at bias fields below 100 Oe.  

Relative excitation efficiency, shown by blue circles, is defined as the ratio of the peak power absorbed by 

at the PSSW center frequency normalized by the peak power absorbed at the MSSW center frequency.  

The CoFeB layer shows excitation efficiency of 20% at low bias fields. 
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4.6. Conclusion 

In summary, we have demonstrated that high-frequency magnetic oscillations can be efficiently 

excited at low fields (even below 100 Oe) in the form of PSSW in undulating CoFeB films.  Using 

the periodically undulating silicon oxide substrate that we have fabricated, other FM materials can 

also be used and studied.  PSSW modes have mostly been used for determining FM material 

parameters such as exchange stiffness whereas other spin-wave modes have been utilized in other 

practical applications as well.  With the possibility of efficient excitation of high-frequency 

exchange-dominated modes such as PSSW, new possibilities in spintronic applications are now 

feasible. 
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5. Control of Spin-Wave Damping Using Spin 

Currents from TI 

 

 

 

 

Spin-waves in insulating materials such as YIG can be used for signal propagation and processing 

using the spin of the electron rather than transport of their charge.  Planar YIG films can be 

integrated with silicon technology to realize devices such as tunable filters, frequency selective 

limiters, and signal to noise enhancer.  However, such films suffer from spin-wave damping which 

limits their use in such applications.  Here, we show for the first time that spin currents in 

topological insulators (TI) can be used to reduce spin-wave damping.  TI supports spin-polarized 

currents localized at its surfaces, potentially making it an efficient source of anti-damping torque.  

We show that in an YIG/Bi2Se3 bilayer, the spin-wave damping rate can be reduced by 60% at a 

current density of 8×105 𝐀 𝐜𝐦𝟐⁄ .  Furthermore, we show that the damping reduction has strong 

dependence on spin-wave frequency, and we demonstrate that this dependence arises from 

nonlinear magnons scattering. 



77 

 

5.1. Introduction 

Spin-waves are coherent oscillations of spin in magnetic materials and have been used in tunable 

radio frequency (RF) filters that are based on YIG1,79–81.  Spin-waves have also been used for 

frequency selective limiters, signal to noise enhancers, phase shifters, as well as logic 

operations80,82–84.  However, damping remains a key factor in RF electronics that are based on thin 

YIG films.  For practical RF applications where power handling is critical, thick YIG films (>1 

𝜇m) grown using liquid phase epitaxy (LPE) are preferred.  A great deal of effort has been put into 

growing thick YIG films of ultra-low damping85,86, yet finite amount of damping in these films 

still hinders practical spin-wave applications.  One method to compensate the spin-wave damping 

is to transfer angular momentum of spin-polarized electrons to spin-waves6,7,11,12,14,15.  In these 

spin-wave devices, a ferro- or ferrimagnetic (FM) layer that carries the spin-wave is placed 

adjacent to a source of spin current, typically generated through SHE in heavy metals such as Pt 

or W.  In spin-wave devices based on YIG, spin orbit torque (SOT) takes place at the surface, 

where electrons scatter and experience magnetic exchange.  Several groups have achieved 

reduction of spin-wave damping rate in pulsed laser deposition (PLD)6,11 and LPE7,13,15 grown 

YIG, using spin currents from Pt.  Here, we utilize a TI layer on a 2.3 µm thick LPE grown YIG 

to reduce the damping rate of magnetostatic surface spin-waves (MSSW). 

5.2. Experiment and Results 

5.2.1. YIG Growth 

For our device, the growth of YIG contains several steps: 
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1. Preparation of the melt. In a platinum crucible, mix together the required oxide in a specific 

proportion, such as yttrium oxide, ferric oxide, lead dioxide, transmit the crucible into the 

furnace. 

2. Heat the crucible up to 1000℃, then cool down to the growth temperature (953℃). 

3. Clean the GGG substrate. 

4. Use the platinum wire to tie the GGG substrate with a platinum substrate holder. 

5. Transmit the holder down into the melt. 

6. Growth. 

7. Transmit the holder out of the furnace. 

8. Clean the YIG film. 

The orientation of our GGG substrate is (111), thickness is 500±50um. 

Figure 5.1.a shows the X-Ray Diffraction (XRD) data. Which shows the crystallinity of the grown 

YIG.  Figure 5.1.b and c show the Vibrating-Sample Magnetometer data for in-plane and out-of-

plane magnetization. 

 

 

Figure 5.1. (a) XRD data of the LPE grown YIG crystal.  (b) In-plane and (c) out-of-plane magnetization 

of the YIG sample 
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5.2.2. TI Growth 

General introduction of importance about the quality of YIG for proximity effect 

It has been reported that the interfacial proximity coupling in YIG/Pt bilayered heterostucture 

enhances by achieving a well-ordered interface87.  The theoretical study reveals the Fe vacancies 

in YIG layer reduces the proximity induced magnetic moment in Pt layer88.  Furthermore, an 

experimental result of the YIG/Bi2Se3 bilayered heterostructure suggests the increase of Feδ+ 

reduces the proximity coupling89, since Fe3+ is a major component of the magnetic moments of 

YIG layer. 

Details of MBE growth for the Bi2Se3 layer used in the experiment 

A 15 nm-thick Bi2Se3 thin film was grown on a 3 µm-thick LPE-grown YIG (Yttrium Iron Garnet) 

film, itself grown on a GGG (Gadolinium Gallium Garnet) substrate.  The Bi2Se3 deposition was 

performed in an ultrahigh vacuum using a Perking Elmer molecular beam epitaxy (MBE) system.  

High-purity Bi (99.9999 %) was evaporated from a conventional effusion cell at 470 °C, while Se 

(99.99 %) flux was created from a cracking cell (SVTA). The Reflection High-Energy Electron 

Diffraction (RHEED) pattern was monitored by kSA 400 (k-Space Associates, Inc.).  Prior to the 

growth, the YIG (3 µm × 1 cm × 1 cm) surface was pre-annealed at 650 °C in a vacuum chamber. 

The RHEED pattern of the YIG(111) surface was shown in Figure 5.2.a, which is similar to 

previous reports87,90.  Initially a 3 QL-thick Bi2Se3 layer was grown at 200 °C followed by post-

annealing at 300 ℃ under Se flux. The RHEED pattern changed rapidly to of Bi2Se3 from of 

YIG(111) during the initial growth because of nature of van der Waals epitaxy.  Finally a 12 QL-

thick layer was grown at 250 °C and the RHEED pattern of Bi2Se3 layer is shown in Figure 5.2.b.  
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Figure 5.2. RHEED patterns of (a) YIG(111) (b)Bi2Se3 

5.2.3. Device Fabrication 

The TI layer grown on the YIG substrate was patterned using a photoresist layer as a mask and dry 

etching the exposed TI regions using a CHF3 based plasma.  Cr (10 nm)/Au (100 nm) metal 

contacts for the TI layer were deposited using standard photolithography methods and e-beam 

evaporation.  We used a thick photoresist (7 µm) to develop patterns for the transducers for which 

Cr (90 nm)/Cu (1.2 µm) was used.  We used a thick transducer to reduce the radiation loss caused 

by the relatively large skin depths on the RF signal at the operating frequencies. 

5.2.4. Measurements 

TI is a special class of material where, in accord with the time-reversal symmetry (TRS), the spin 

of the Dirac-like surface states is locked to their momentum47,91–97.  This results in spin polarized 

currents at the surfaces whereas the bulk remains semiconducting and, arguably, less spin 

polarized.  Depending on the location of the Fermi level, the electrical current can be 

predominantly carried either by the surface states or by the bulk.  In our experiments, we chose 

Bi2Se3 as the TI material, with a thickness of 15 nm to avoid the electronic hybridization between 

the two surfaces.  Although there have been several studies on SOT in TI and ferromagnetic metal 
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layers 98–101, there have been fewer studies that have demonstrated interface effects in an YIG/TI 

system102,103.  This could be mostly due to the challenges of growing a high quality TI layer on an 

YIG substrate.   

An optical image of the device showing the dimensions is shown in Figure 5.3.a.  The transducers 

were shaped in a ground-signal type coplanar waveguide (CPW) where both ground and signal 

(GS) lines, as well as the gap between them, have a width of 20 𝜇m.  The gap between the 

transducers and the gold metal contact (Lg) and the width of the gold contact (Lc) are both 40 𝜇m.  

The length of the TI layer (LTI) is 60 𝜇m and its width is 320 𝜇m.   

 

Figure 5.3. Amplification of spin-waves. a, Optical image of the spin-wave device.  b, S parameters of the 

spin-wave device measured using a VNA.  c, A Signal Generator (SG) launches a spin-wave while a current 

pulse drives a spin-polarized current in the TI that enhances the spin-wave signal.  d, The surface spin 

currents (�̂�) transfer angular momentum to the spin-wave with wavenumber 𝑘.  Damping is compensated 
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at a critical current density, 𝐽𝐶.  e, Spin-wave amplitude is controlled by surface spin currents from TI 

measured at 500 Oe and 3.39 GHz.  The data is fitted (red solid line) using Equation 5.1 (Inset: amplitude 

of the spin-wave before and after the current pulse is applied). 

Figure 5.3.b shows the Scattering (S-) parameters of the device obtained using a Vector Network 

Analyzer (VNA) with the magnetic field oriented along the –x direction and set to 500 Oe.  The 

S11 parameter, which was observed to be the same as the S22 parameter, is shown with the dotted 

blue line and it is indicative of the power absorbed by the YIG.  The S21 is shown with the solid 

black line and indicates the transmitted power.  In our measurements, due to the geometry of our 

device, we observe both bulk spin-waves and surface spin-waves, also known as Damon-Eshbach 

(DE) modes104.  The S12 (red dot-dashed line) shows a higher insertion loss due to the non-

reciprocity of surface spin-waves16,48,105.   

Next, we drive a current through the TI layer as spin-waves with frequency 3.39 GHz at 𝐻 = 500 

Oe were being continuously excited using a Signal Generator (SG) with an output power of 4 dBm.  

Figure 5.3.c shows the schematic of the measurement setup.  The amplitude of the propagating 

spin-wave was measured using an oscilloscope which we also used as a spectrum analyzer106.  We 

used a 1 𝜇s current pulse with a repetition period of 50 milliseconds to reduce the Joule heating.  

The Oersted field generated by the conductive TI layer was calculated to be between 1 to 2 Oe at 

the highest current densities which causes insignificant change in the resonant frequency.  Figure 

5.3.d illustrates the concept of using TI for transferring angular momentum from surface spin 

currents to spin-waves in YIG.  As spin-waves propagate and decay due to the damping torque 

(𝜏𝛼), for a given direction of current, the anti-damping torque (𝜏𝐴𝐷) caused by the surface spin 

currents (�̂�) acts on the magnetization, preventing the spin-wave amplitude from further decay 

until it reaches the other end of the TI layer.  Due to spin-momentum locking, the spin-wave 
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amplitude attenuates for a current of opposite direction.  The results are shown in Figure 4.2e.  The 

gain is defined as the ratio of the spin-wave amplitude when a 1 μs current pulse is applied, 𝐴𝐽, 

over the amplitude before the current pulse is applied, 𝐴0.  Figure 5.3.e shows gain for positive 

currents of up to 32% for a current density of 8×105 A cm2⁄  and an attenuation of nearly 90% for 

negative currents of the same magnitude.  The measured amplitudes of the spin-wave before and 

after the current pulse, are shown in the inset in Fig 1e using the black square and red circle 

markers, respectively.  To analyze the gain of the spin-wave amplitude, we adopt the method used 

by E. Padrón-Hernández et al.13,15 where the amplitude is expressed as: 

     
0 ,k k kJ ti t

kA J c e e
        (5.1) 

where 𝑐𝑘(0) is the initial spin-wave amplitude with wavenumber 𝑘, 𝜔 is the spin-wave angular 

frequency, 𝜂𝑘 is the spin-wave damping rate, 𝛼𝑘 is the parameter related to SOT, and 𝐽 is the 

current density that is driven through the TI layer.  𝛽𝑘 is the parameter proportional to Spin Seebeck 

Effect (SSE) and ∇𝑇 is the longitudinal temperature gradient across the film13 and is proportional 

to 𝐽2 which is considered to be small in our experiment since the pulse duration and duty cycle are 

very low.  The figure below shows the measured peak of the resonant frequency for different 

current densities at which the spin-wave amplitude was measured. 
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Figure 5.4. Shift in resonant frequency for different current densities at which spin-wave amplitude was 

measured. 

The data shows that the Joule heating is insignificant and does not change the 𝑀𝑆 of YIG 

significantly. 

The gain 𝐺 can be determined by 
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    (5.2) 

where the prefactor 𝑎 is equal to 𝜂𝑘 𝐿𝑇𝐼 𝜈𝑔⁄  with 𝜈𝑔 being the group velocity.  𝐽𝐶  is the critical 

current density and equal to 𝜂𝑘 𝛼𝑘⁄ .  Based on this formulation, 𝐽𝐶  is essentially an extrapolated 

parameter and it is the current density at which the damping of the spin-waves is entirely 

compensated6,8,13,15,100,107–110.  Similarly, ∇𝑇𝐶 is also an extrapolated parameter and is defined as 

the temperature gradient at which the damping is compensated13.  It should be noted that since 

there are gaps between the two transducers and the TI contact, equal to 2 × (𝐿𝑔 + 𝐿𝑐), the spin 
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current from the TI does not exert any torque on the spin-waves within this gap (see Figure 4.2b 

and d).  Even if we use current densities equal to 𝐽𝐶 , there will still be losses in this gap that we 

can’t compensate for due to our device geometry.  The losses under the gold contact region are 

even more significant because of the changes in the surface conductance and boundary 

conditions16,111.  To be able to estimate 𝐽𝐶 , the group velocity needs to be determined for which an 

accurate estimation of the wavenumber 𝑘 at the operating frequency is required, and we will return 

to evaluating 𝐽𝐶  later in this paper.   

We repeat the measurements done in Figure 5.3.e for frequencies ranging from 3.15 GHz to around 

3.4 GHz.  Figure 5.4.a shows the spin-wave spectrum when no current is applied to the TI layer, 

i.e. 𝐽 = 0 A cm2⁄ .  In Figure 5.4.b, we show examples of the gain obtained at different frequencies.  

The figure clearly shows that the gain at the highest current density changes with frequency.  To 

further illustrate this frequency dependence, we plot the maximum gain in dB, obtained at the 

extreme current density values, ±8×105 A cm2⁄ , versus frequency in Figure 5.4c.  The red curve 

with the upward triangle data points shows the gain for +8×105 A cm2⁄ , and the blue curve with 

the downward triangle data points shows the gain for -8×105 A cm2⁄ .  At frequencies close to 3.38 

GHz, we observe a peak in the gain.  The total gain is comprised of two component; one is due to 

SOT, the other due to SSE which is an even function with respect to the current.  To separate the 

SOT and the SSE contributions in the gain, we fit the data points in Figure 5.4.b for all frequencies 

to the exponential term in the gain equation (Equation 2).  We remove the term in the exponent 

that depends on 𝐽2, which corresponds to Joule heating that results in SSE, and only plot the gain 

in dB that is linearly dependent on 𝐽 in Figure 5.4.d; We call this component of the gain Godd.  Godd 

is maximized at 3.38 GHz, roughly 100 MHz above the frequency of maximum spin-wave 

transmission, and the gain is almost zero elsewhere within the pass band.   
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Figure 5.5. Dependence of the gain on spin-wave frequency.  a, Spin-wave amplitude measured using an 

oscilloscope/spectrum analyzer with the external magnetic field set to 500 Oe.  b, Different spin-wave 

frequencies show different amount of gain.  The markers show experimental data and the solid lines are 

the fit to Equation 2.  c, The dependence of total gain on spin-wave frequency is illustrated by plotting the 

maximum total gain, in dB.  The figure shows that the gain is more significant for a narrow range of 

frequencies above the center frequency.  d, The gain due to SOT versus the spin-wave passband.   

In Figure 5.5, we plot the total gain that was measured for 𝐻 = 450 Oe, 550 Oe, and 900 Oe.  We 

see that in the case of 450 Oe, 500 Oe, and 550 Oe, the gain is maximized for a narrow frequency 

range above the center of the pass band, while in the case of 900 Oe, no significant gain is observed 

even at frequencies 400 MHz above the center frequency.  To understand the dependence of gain 
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on spin-wave frequency and the external magnetic field, we use the VNA to measure the S21 

parameter for magnetic fields ranging from 400 Oe to 600 Oe with steps of 2 Oe (Figure 5.6a).  

The color scale represents the magnitude of the S21 parameter in dB.  Therefore, a vertical cut of 

this color plot such as the one along the solid black line at 500 Oe is a single measurement by the 

VNA shown in Figure 5.3b.  One main feature in this figure is the red triangle that starts at 450 Oe 

and ~3GHz.  This region of the plot is indicative of high spin-wave transmission.  Another set of 

features are the streaks that are parallel to the white dashed and the black dotted lines.  These 

streaks are spin-waves with unique wavenumbers that couple most efficiently to the transducers71.  

Therefore by fitting the dispersion relation to these lines and using the thickness of YIG and an 

estimate value of MS from SQUID, we can find the wavenumber for each individual frequency at 

a given magnetic field.  Using the wavenumber, we can determine the group velocities and the 

critical current densities. 
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Figure 5.6. Dependence of the gain enhancement on external magnetic field.  Spin-wave pass band 

spectrum (black circles) and total gain of spin-wave amplitude in dB (red triangles) with a current 

density of 8×105 𝐴 𝑐𝑚2⁄  at 450 Oe (a), 500 Oe (b), 550 Oe (c), and 900 Oe (d).  The data shown in (b) is 

the same as that in Figure 5.5a and d (red upward triangles) for comparison.  The total gain has a peak 

at some frequency above the center frequency (a-c), whereas the total gain in (d) does not show any 

enhancement of gain for frequencies 400 MHz above the center frequency. 

5.2.5. Analysis 
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Figure 5.7. Three magnons scattering in YIG. a, Experimental data showing the S21 parameter for 500 

Oe.  The white dashed line is a spin-wave with a wavenumber that crosses 𝐹𝑡ℎ ≈ 3.38 GHz.  The four 

black arrows highlight a line that separates the linear and non-linear regions.  For the spin-wave with 

wavenumber corresponding to the white dashed line, beyond the magnetic field 𝐻𝑡ℎ (solid black square), 

three magnon scattering is suppressed and spin-wave transmission increases.  b, The dispersion curves 

for spin-waves propagating at angles ranging from 0° to 90° with respect to 𝐻.  The inset shows the 

scenario when a spin-wave propagating at 90° (green rectangle) scatters to two other spin-waves (blue 

circle).   

As was mentioned, the red triangular feature in Figure 5.6.a represents high spin-wave 

transmission.  For a spin-wave of a unique wavenumber, such as the one represented with the white 

dashed line, the spin-wave transmission increases once a threshold magnetic field and frequency, 

𝐻𝑡ℎ and 𝐹𝑡ℎ, respectively, are reached, in this case 500 Oe and about 3.38 GHz.  This threshold 

magnetic field increases for higher wavenumbers and it always lies along the line marked with the 

four black arrows.  This behavior allows for the assumption that three magnon scattering112–116 is 
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being suppressed above the threshold field, thus enhancing the spin-wave transmission.  This can 

be understood using Figure 5.6.b which shows the dispersion curves for spin-waves excited at 500 

Oe and propagating at angles 𝜃 ranging from just above 0 to 90 degrees with respect to the external 

magnetic field H.  For spin-waves that are excited at a frequency and a wavenumber represented 

with the green square, they propagate at 90° at low but finite 𝑘 values.  For such spin-waves with 

frequency 𝑓, there exists states at wavenumber 𝑘’ with a frequency of approximately 𝑓 2⁄  (blue 

circle) to which they can scatter to.  For the energy and momentum to be conserved, the spin-wave 

also scatters to another state also with a frequency close to 𝑓 2⁄  with a negative wavenumber 𝑘”, 

not shown in Figure 5.6.b, where �⃗� = 𝑘′⃗⃗  ⃗ + 𝑘"⃗⃗  ⃗.  In the scenario shown in Figure 5.6.b, the only 

states the spin-waves can scatter to are the ones at the very bottom of the dispersion curve of spin-

waves propagating almost parallel to the magnetic field.  For magnetic fields higher than 𝐻𝑡ℎ, this 

scattering process is suppressed since there will be a frequency offset in all the curves along the 

positive direction, and the condition for energy conservation is no longer satisfied.  Since three 

magnon scattering is a non-linear process, it can be identified by comparing the measured insertion 

losses at different input powers.  The power dependence of the S21 parameter was measured and is 

shown below.  The figures show the same color plot for different VNA excitation powers.  It is 

clear that at low powers the triangular feature disappears which we correlate to the fact that at 

lower powers a lower magnon population is present which reduces the possibility of scattering.  

These results further support the hypothesis that the feature indicated with the four black arrows 

in Figure 5.4.a is caused by three magnon scattering. 
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Figure 5.8. S21 parameter of spin-waves in YIG for different VNA input powers.  The data is for magnetic 

fields ranging from 300 Oe to 600 Oe (left to right for each subplot) and 2.3 to 3.7 GHz (bottom to top for 

each subplot).  The figures show that at low input powers, the red triangular feature that we observe at -5 

dBm disappears.  This indicates that this particular feature is a result of three magnon scattering. 

To further confirm that this feature stems from three magnon scattering, we used the dispersion 

relation to estimate the frequencies and magnetic fields at which three magnon scattering occurs.  

Figure 5.8.a shows the VNA measurement shown in Figure 5.6.a.  We use the dispersion relation 

to calculate the {𝐹𝑟𝑒𝑞, 𝐻} combinations at which three magnon scattering occurs.  The result is 

shown in Figure 5.8.b, where each dot represents a {𝐹𝑟𝑒𝑞, 𝐻} combination where three magnon 

scattering can occur.  We see that in Figure 5.8.b, the lower boundary of the solutions marked with 

the four black arrows is at the same location as the region marked with the four black arrows in 

Fig. S5a.  As Figure 5.8.b indicates, for {𝐹𝑟𝑒𝑞, 𝐻} combinations that lie between the dotted line 

and the four black arrows in Figures 5.8.a and b, three magnon scattering does not occur.   
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Figure 5.9. Comparison of experimental data and analytical calculation for frequency and magnetic field 

values at which three magnon scattering occurs. 

To obtain the plot shown in Figure 5.8.b, we first use the dispersion relationship equation 

(Equation 2.37).  By solving for 𝑘 and only considering the values equal and greater than zero, we 

obtain the plot shown in Figure 5.9 below where every point in the color plot is a spin-wave with 

a unique {𝐹𝑟𝑒𝑞𝑛, 𝐻𝑛} combination with a specific wavenumber 𝑘𝑛. 
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Figure 5.10. Wavenumbers calculated for a range of magnetic field and frequency values. 

We then loop through all the {𝐹𝑟𝑒𝑞𝑛, 𝐻𝑛, 𝑘𝑛} combinations and calculate the dispersion curves at 

𝐻𝑛 for m number of angles 𝜑𝑚 ranging from 0° to 90°.  For each dispersion curve at angle 𝜑𝑚, we 

look for states {𝐹𝑟𝑒𝑞𝑛, 𝐻𝑛, 𝑘𝑛} that match the following criteria for energy and momentum 

conservation: 

1. 𝐹𝑟𝑒𝑞𝑛 = 2 × 𝐹𝑟𝑒𝑞′
𝑛
+ Δ𝐹𝑟𝑒𝑞 

2. 𝑘𝑛 =  2 × 𝑘′𝑛 × 𝑐𝑜𝑠(𝜑𝑛) + 𝛿𝑘  

Δ𝐹𝑟𝑒𝑞 is to account for some energy difference since the momenta to which the spin-waves scatter 

to are not exactly the same and differ by 𝛿𝑘.  Once a match is found, we store the angle φm and 

display the angle with respect to Frequency and magnetic field H as shown in Fig. 5.9b.  Based on 

k (m
-1

) 
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these results we can conclude that the line marked by the four black arrows is the boundary 

between linear and nonlinear dynamics. 

The important finding of this study is that the maximum gain measured at different magnetic fields 

occurred at their corresponding 𝐹𝑡ℎ and on the boundary between linear and non-linear dynamics.  

Thus three magnon scattering is the reason behind the frequency dependence of the gain.  Spin-

waves at a frequency 𝐹𝑟𝑒𝑞𝑡ℎ scatter to a very small phase space located at the bottom of the ~0° 

propagation angle dispersion curve in Figure 5.6.b.  Due to a high population of magnons at the 

onset of Bose-Einstein Condensation induced by parametric pumping, SOT can assist the reversal 

of the scattering process20,112,117,118.   

Finally we determined the critical current density, 𝐽𝐶 , for the three magnetic fields where we 

measured maximum gain.  As mentioned before, we used the parallel streaks in Figure 4.6a and 

the dispersion relation to determine the wavenumber at the frequencies showing maximum gain as 

accurately as possible.  As explained our goal is to calculate the critical current density, 𝐽𝐶 , for the 

frequencies at which we observe maximum gain for different magnetic fields at which the 

measurements were carried out.  In our measurements, the experimental data for the gain was fitted 

with the gain equation below: 
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    (5.3) 

 

We use the dispersion relation equation shown in section S5 to find a fit to the parallel streaks in 

Figure 5.9.a.  From the equation and knowing the values for MS, H, and d, we can find the k value 

that matches the frequency 𝐹𝑟𝑒𝑞𝑡ℎ.  Figure 5.11 shows an example where by testing a range of k 
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values, we can find the wavenumber value corresponding to the frequency 3.19 GHz and magnetic 

field H = 500 Oe, which is 100E3 m-1.  Once the wavenumber is determined, we can also determine 

the group velocity using the equation16:  

1

𝜈𝑔
=

4𝜔

𝜔𝑀
2 𝑒𝑥𝑝(2𝑘𝑑) 

 

, where 𝑎 is equal to 𝜂𝑘 𝐿𝑇𝐼 𝜈𝑔⁄  where 𝜂𝑘 is the spin-wave damping rate, 𝐿𝑇𝐼 is the length at which 

STT occurs and  𝜈𝑔 is the group velocity.  We can determine 𝜂𝑘 using the equation 𝛼 (𝜔𝐻 +
𝜔𝐻

2
).  

However, for group velocity, we need to determine the wavenumber k.   

We use the dispersion relation equation to find a fit to the parallel streaks in Figure 5.8.a.  From 

the equation and knowing the values for MS, H, and d, we can find the k value that matches the 

frequency 𝐹𝑟𝑒𝑞𝑡ℎ.  Figure 5.10 shows an example where by testing a range of k values, we can 

find the wavenumber value corresponding to the frequency 3.19 GHz and magnetic field H = 500 

Oe, which is 100E3 m-1.  Once the wavenumber is determined, we can also determine the group 

velocity using the equation16:  

1

𝜈𝑔
=

4𝜔

𝜔𝑀
2 𝑒𝑥𝑝(2𝑘𝑑) 
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Figure 5.11. Freq vs. H relation calculated for a range of wavenumber values. 

The results are shown in Figure 5.11 where we also show the percentage reduction in the damping 

rate, Δη, at a current density of 8×105 A cm2⁄ .  The results indicate that the SOT process becomes 

less efficient at higher fields, and more current is required to overcome the damping. 
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Figure 5.12. The change in spin-wave damping rate ∆𝜂 (orange squares) and critical current density, 𝑱𝑪 

(black circles), for different external magnetic fields.  At 450 Oe the control of spin-wave damping rate is 

the most efficient where at 8×105 𝐴 𝑐𝑚2⁄  60% of the damping rate is reduced.  This is also shown in the 

critical current density data where the value of 𝐽𝐶 is lowest at 450 Oe. 

5.3. Conclusion 

We have demonstrated, for the first time, the reduction of spin-wave damping in YIG using surface 

spin currents from an adjacent TI layer.  The spin-wave amplitude was amplified by 32% and by 

isolating the contribution of SSE, a gain due to SOT of 1.3 dB equivalent to a 16% gain in 

amplitude was achieved.  Due to three magnon scattering, the frequency at which this peak gain 

was observed is above the pass band.  The results indicated that the torque is most efficiently 

applied to incoherent magnons generated by parametric pumping which then scattered back to the 

excited coherent spin-wave mode.  In order to achieve gain at the center frequency with the least 

amount of insertion loss, physical considerations such as three magnon scattering and device 

geometry need to be considered and optimized.  By uncovering these physical contributions and 
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demonstrating the first YIG/TI system for control of spin-wave damping, this work paves the way 

for the utility of TI-produced SOT on magnetic insulators. 
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6.  Reduction of Damping in YIG/TI Bilayers Using 

a Continuous Current 

 

 

 

 

6.1. Introduction  

We saw in chapter 5 how a 1 𝜇𝑠 current pulse was used to lower the damping of spin-waves in an 

YIG/TI bilayer.  Using a longer current pulse will result in heating that could have detrimental 

effects on the YIG such as lowering the 𝑀𝑆 by Joule heating.  One could solve this issue and 

compensate for the change in magnetization by increasing the external magnetic field.  However, 

this would require a system where the magnetic field can be change dynamically, adding to the 

system’s complexity.  This leaves the option of using SSE where a constant DC current is applied 

to the TI layer.  As such, we generate a spin current through SSE (section 2.3.2) and apply a torque 

on the spin-waves in a system designed to operate at a frequency that takes into account the shift 

due to Joule heating.  

6.2. Experimental results with no cooling element 

An 8 nm Bi2(SbTe)3 was deposited on YIG and then patterned in the middle of the two contacts.  

Figure 6.1 shows the S parameter when no current and a 3 mA current are driven through the TI 

layer.  The top two figures show the results produced when the magnetic field is set to -86 Oe.  As 
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expected, while one S parameter shows strong transmission in one direction, the other S parameter 

shows a higher insertion loss due to non-reciprocity.   

 

Figure 6.1. S12 and S21 parameters for FLS shown in Figure 6.3 when no current and a 3 mA current is 

driven through the TI layer. 

The S12 parameter at -86 Oe shows some attenuation when 3 mA current is applied.  In the case 

of +86 Oe, the signal is enhanced by a few dB.  The few dB attenuation and enhancement can be 

explained using Figure 6.2 shown below. 
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Figure 6.2. The magnetic moments in YIG are oriented such that the torque from the spin current �̂� acts 

as an anti-damping torque (left), while the configuration on the right shows the scenario when the spin 

current further damps the spin-waves. 

When temperature in TI increases due to Joule heating, a spin current with a certain polarization 

applies torque on spin-waves in YIG.  The direction of this spin current is fixed and does not 

depend on the direction of current.  It is shown with the arrow labeled �̂� in Figure 6.5.  When the 

field is positive (left), the magnetic moments are oriented such that the torque acts as an anti-

damping torque.  However, when the field is switched, the torque acts as a damping-like torque.  

In order to adjust for the small variation in the magnetization, the magnetic field had to be increased 

by 2 Oe as shown in Figure 6.4.   

Although the change in the spin-wave signal is small, the results demonstrate that spin-waves 

signal can be enhanced using a DC current by SSE.  To improve the performance, further 

experiments are required including testing with higher current levels, developing the YIG/TI 

interface, and maintaining a temperature gradient across the YIG/GGG sample. 
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6.3. Maintaining a temperature gradient 

To maintain a temperature gradient, we utilize a Peltier cooler and a heat sink mounted on top of 

an aluminum substrate, on which we place the sample as shown in Figure 6.6 below. 

 

Figure 6.3. To maintain a temperature gradient, a Peltier cooler and a fan were assembled on an 

aluminum metal plate as the substrate for the YIG. 

The active heat sink allows us to maintain the temperature at the bottom of the GGG at a lower 

temperature than the top surface of the YIG.  The S-parameters below show the change in the 

response of the device when a current is applied to the TI layer.  The S21 parameter shows a 

decrease in the insertion loss of about 5 to 6 dB when a current of 4 mA is applied.  The outcome 

is similar for -4 mA, which is expected from spin Seebeck effect.  The S11 and S22 parameters show 

little change in the amount of power absorbed since the power is still being absorbed by the YIG 

but is drained to other magnon modes through three magnon scattering.   
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Figure 6.4. S-parameters of YIG device when different current levels are applied.  The data shows 

reduction of insertion loss of about 5 to 6 dB when 4 mA is applied to the TI layer.  The measurements 

were performed at 130 Oe and an input power of -45 dBm. 

The current density at 4 mA is in the order of 104 𝐴 𝑐𝑚2⁄ , which is an order of magnitude smaller 

than the current density levels used in chapter 5 where SOT was used to achieve gain.  This is 

because, compared to Bi2Se3, Bi2(SbTe)3 is nearly insulating in the bulk and more conductive at 

the surfaces.  This also causes the resistivity to be an order of magnitude higher than Bi2Se3 which 

also helps in creating a larger thermal gradient through Joule heating.   
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6.4. Conclusion and future work 

In this short chapter on SSE in YIG, we proposed and demonstrated utilizing an YIG/TI bilayer to 

reduce the insertion loss.  Our experimental results are preliminary, and measurements are being 

carried out for the development of such YIG devices at the time of the writing of this dissertation.  

Potential solutions to further enhance the spin-wave signal are to roughen the YIG surface that 

could potentially increase the transfer of angular momentum.  Another potential solution is to 

create side-wall contacts between YIG and TI.  Also, by inserting a layer of NiO between YIG and 

heavy metals, the spin current can be amplified119.  Doing so could also influence the transfer of 

spin currents from TI to YIG, further enhancing the spin-wave signal. 
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7. Conclusion  

 

 

 

 

 

In conclusion, we presented the motivation behind spin-waves and the fundamental underlying 

physics.  The experimental techniques and methods presented in this dissertation serve as a 

prerequisite to understand the findings of this dissertation.  There are other methods of probing 

and characterizing spin-waves that are available in the literature.  There are many material and 

device parameters that can be varied to probe spin-waves.  These include external magnetic field, 

the material that acts as the spin-wave medium (spin-waveguide), its geometry, the geometry of 

the CPW, the operating frequency, input RF power, strain in the spin-waveguide, temperature, etc.  

Spin-wave can be used for tunable RF filter and other RF and microwave components, but there 

are two limiting factors that prevent them from being used in a wider range of applications.  They 

are: 1. higher spin-wave frequency requires higher magnetic field, and 2. thin YIG films have 

higher insertion loss.  In chapter 4 we demonstrated that higher spin-wave frequencies can be 

excited by creating undulations in a ferromagnetic film, and in chapter 5 we showed how an 

YIG/TI bilayer can be used to lower the insertion loss.  Finally in chapter 6, we demonstrated that 

a 4 mA current in the Bi2(SbTe)3 layer can increase the propagating spin-wave signal by 5 to 6 dB.  

In order to realize a device based on YIG, further challenges including optimization of a clean 

YIG/TI interface have to be addressed.  
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