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ABSTRACT

NONLINEAR SPIN WAVES IN MAGNETIC THIN FILMS- FOLDOVER, DISPERSIVE

SHOCK WAVES,AND SPIN PUMPING

Three nonlinear phenomena of spin waves and the spin Seebeck effect in yttrium iron garnet

(YIG)/Pt bi-layer structures are studied in this thesis and are reported in detail in Chapters 4-7.

In the fourth chapter, the first observation of foldover effect of nonlinear eigenmodes in
feedback ring systems is reported. The experiments made use of a system that consisted of a YIG
thin film strip, which supported the propagation of forward volume spin waves, and a microwave
amplifier, which amplified the signal from the output of the YIG strip and then fed it back to the
input of the strip. The signal amplitude vs. frequency response in this ring system showed
resonant peaks which resulted from ring eigenmodes. With an increase in the resonance
amplitude, those resonant peaks evolved from symmetric peaks to asymmetric ones and then
folded over to higher frequencies. The experimental observations were reproduced by theoretical
calculations that took into account the nonlinearity-produced frequency shift of the traveling spin

waves.

The fifth chapter presents the first experimental observation of the formation of envelope
dispersive shock wave (DSW) excitations from repulsive nonlinear spin waves. The experiments
used a microwave step pulse to excite a spin-wave step pulse in a YIG thin film strip, in which the
spin-wave amplitude increases rapidly. Under certain conditions, the spin-wave pulse evolved

into a DSW excitation that consisted of a train of dark soliton-like dips with both the dip width



and depth increasing from the front to the back and was terminated by a black soliton that had an

almost zero intensity and a nearly 1§bhase jump at its center.

The sixth chapter reports on the spin pumping due to traveling spin waves. The experiment
used a micron-thick YIG strip capped by a nanometer-thick Pt layer. The YIG film was biased
by an in-plane magnetic field. The spin waves pumped spin currents into the Pt layer, and the
later produced electrical voltages across the length of the Pt strip through the inverse spin Hall
effect ISHE). Several distinct pumping regimes were observed and were interpreted in the frame

work of the nonlinear three-wave splitting processes of the spin waves.

The seventh chapter presents the first experimental work on the roles of damping in the spin
Seebeck effect (SSE). The experiments used YIG/Pt bi-layered structures where thm¥1G
exhibited very similar structural and static magnetic properties but very different damping. The
data indicate that a decrease in the damping of the YIG film gives rise to an increase in the SSE
coefficient, and this response shows quasi-linear behavior. The data also indicate that the SSE

coefficient shows no notable dependences on the enhanced damping due to spin pumping.
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CHAPTER 1

Overview

1.1Background and Motivations

Started maybe with the observation of simple waves on water traveling as ripples, human
curiosity has expanded its knowledge on wave dynamics to extraordinary levels, stretching from
the understanding of simple water waves to quantum mechanics and beyond. Yet the branch of
nonlinear wave dynamics stays rich and full of new possibilities for discovery. Because of the
wide range of nonlinear and dispersion properties that can be explored, spin waves excited in YIG
films provide an excellent test bed for the study of nonlinear wave dynamics. Here the extremely
low damping in the YIG plays a very important role. Thanks to the absence of conduction
electrons and Fé ions, magnetic garnets have slower ferromagnetic relaxatior-¥adesong
which, YIG and doped YIG materials have the lowest. This made Dr. Kittel to refer to YIG as
the fruit fly of magnetism. Due to low damping, spin waves in YIG films can travel up to tens

of millimeters while in most of the other materials they decay within few micrometers.

! B. Lax and K. J. ButtorVlicrowave Ferrites and Ferrimagnetics (McGraw-Hill, New York, 1962).
2 Y. Sun,Yttrium Iron Garnet nano Films: Epitaxial Growth, Damping, Spin Pumping, and Magnetic
Proximity Effect, Ph.D. thesis (Colorado State university, Fort Collins, 2014).
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Starting from1960’s, spin waves in YIG have been studied extensively. This includes the
study of phenomena such as modulational instalSiliywvelope bright solitorfs,envelope dark

solitons® chaotic soliton train8, and soliton fractal$,among others.

As much as spin waves are attractive to the fundamental studies of nonlinear wave dynamics,
spin waves in YIG films have also proven their versatility in device applications as well. This
includes microwave devices such as nonlinear power linfitesignal to noise enhancés?
nonlinear interferometers, and more. Another branch with new possibilities is the use of spin
waves in so-called spintronic devices. In 2010, for the first time the successful transfer of an
electrical signal with YIG film¥ and the spin Seebeck effects (SSE) in YIG matéfialsre
demonstrated. The main idea behind spintronics is to merge the spin dynamics with electronics.
While devices such as magnetic random access memory (MRAM) have already entered the market,
logic and computational devices that are based on spin waves are still under devetbpriment.
these devices, logic operations and computations are carried out by spin waves. For example,

one can excite spin waves by different sources and detect their interference patterns which change

3 M. Wu, A. M. Hagerstrom, R. Eykholt, A. Kondrashov, and Boris A. Kalinikos, Phys. Rev1D&it.

237203 (2009).

M. M. Scott, B. A. Kalinikos, and C. E. Patton, Appl. Phys. L&t.970 (2001).

M. Chen, M. A. Tsankov, J.M. Nash, and C. E. Patton, Phys. Rev7De1t707 (1993).

A. B. Ustinov, V. E. Demidov, A. V. Kondrashov, B. A. Kalinikos, and S. O. Demokritov Phys. Rev.

Lett. 106, 017201 (2011).

" M. Wu, B. A. Kalinikos, L. D. Carr, and C. E. Patton, Phys. Rev. Béft187202 (2006).

8 C. S. Philip, C. A. Robert, US Patent 3,500,256, (1970).

9 T. Nomoto and Y. Matsushita, IEEE Trans. Microwave Theory T&5H.316 (1993).

10 3.D. Adam, IEEE Trans on magnetits, 5 (1980).

11 A. B. Ustinov, B. A. Kalinikos, Tech. Phs. LeR 403 (2001).

12y, Kajiwara, K. Harii, S. Takahashi, J. Ohe, K. Uchida, M. Mizuguchi, H. Umezawa, H. Kawai, K.
Ando, K. Takanashi, S. Maekawa, and E. Saitoh, Naft4.262 (2010).

13 K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J. Leda, T. Ota, Y. Kajiwara, H. Umezawa, H.
Kawai, G. E. W. Bauer, S. Maekawa, and E. Saitoh, Nature Mat&i@84 (2010).

4 A. V. Chumak, V. I. Vasyuchka, A. A. Serga and B. Hillebrands, Nature Phg&jet53 (2015).

[o2 N4 B
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with the phases of the initial spin wavés. Therefore, a growing interest to study and use spin

waves in low damping garnets like YIG, for spintronic applications, is also immerging.

The motivation behind the work presented in this thesis is twofold. First, the study of
nonlinear dynamics of spin waves is far more than complete and there are many new phenomena
that need to be studied. Spin waves in YIG thin films provide a unique system to study some of
this nonlinear phenomena.Spin waves excited in YIG films typically operate in the GHz
frequency range, which is accessible with fast oscilloscopes, and some of the nonlinear phenomena,
such as solitons and dispersive shock waves, occur as the slowly varying envelopes of the spin
waves. This enables one to study both the envelope and phase of the carrier wave at the same
time. The previous studies of bright and dark solitons are one excellent example. This thesis
reports the first experimental observation of two intriguing nonlinear phenomena in spin wave
systems, and develops a complete mathematical description for one of them. Second, the YIG/Pt
bi-layer structures have proven to be of great importance in spintronic applications. Spin
pumping in this bi-layer structure, due to traveling spin wave and other excitations, is still not fully
understood. The work presented in this thesis makes the attempt to better understand the spin

pumping process in YIG/Pt bi-layers.

1.2Dissertation Organization

This thesis is organized ingght chapters. The next two chapters present the introductory
materials. Chapter 2 gives an introduction to linear and nonlinear spin waves and presents the

mathematical description of spin waves. This chapter also introducers the spin wave



experimental setup that was used for the experiments. Chapter 3 introduces the key ideas behind
the spin Hall effect, the inverse spin Hall effect (ISHE), spin pumping, and the spin Seebeck effect
(SSBH. The experimenl setups that had been used for the ISHE voltage and the SSE voltage
are also described. Chapter 4 presents the experimental work on the foldover of nonlinear
eigenmodes in a YIG thin film-based feedback ring and develops the complete mathematical
description of it. Chapter 5 presents the first observation of envelope dispersive shock waves in
a YIG strip supporting surface spin waves. Chapter 6 presents the spin pumping due to travelling
spin waves and explains the observed data under the frame work of so-called nonlinear three-wave
interactions. Chapter 7 presents a study on the SSE, where the role of damping in the SSE

strength in YIG thin films is studied.



CHAPTER 2

Spin Waves

The goal of this chapter is to provide the necessary background knowledge and introduce the
mathematical description of spin waves in magnetic thin films. The chapter is organized into two
main sections. In section 2.1, a detailed description of spin waves will be presented, such as the
mathematical description of dispersion relations and nonlinearity coefficients for different types
of spin waves. Section 2.2 will introduce the experimental setups that were used for the work
presented in the later chapters. The materials presented here depend heavily on the text book of

Stancil and Prabahkar, the book chapter by Prof. M. Wti,and M. Scott’s Ph.D. thesis.

In the macroscopic semi-classical picture, the idea of a magnetic moment can beageated
the starting point of the treatment of spin waves. If one considers an atom from a classical physics
stand point, the electrons that orbit the nuclei in a circular path are the elementary particles that
give rise to the magnetic properties of the atom, and thereby to theamiafewhich it’s a
constituent. An electron that orbits the nuclei can be treated as a small current loop. While the
electron itself possesses an intrinsic spin angular moment which is of quantum mechanical origin,
the resultant total magnetic moment of an atom is the combination of the two. The total magnetic

dipole moment of the atom can be writtesY

15 D. D. Stancil and A. Prabhaka&pin Waves — Theory and Applications (Springer, New York, 2009).

16 M. Wu, in Solid Sate Physics, edited by R. Camley and R. Stamps (Academic Press, Burlington, MA,
2011).

17°J. R. Hook and H. E. Halfolid Sate Physics (Wiley, Norfolk, 2006).
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M= —up(L+25)/h (2.1)

where L is the orbital angular momenta, S is the spin angular momenta of the electrons in the atom,
and ug Bohr magneton. In transition metals thes quenched and has very little contribution

to p.15
If one considers an unbounded magnetic material that is composed of such atoms, the

magnetization vector of such a magnetic material can be considered as the densitylividoel

atomic magnetic moments and can be written as

1
M = ﬁz 1 (2.2)
AV

where AV represents a small volume of the said unbounded magnetic material. When such a
magnetic material is subject to an external magnetic elthe magnetic moments and therefore

the magnetization tend to align with the field. The potential energy of the magnetization in such
a situation is given by

E=-M-H (2.3)

Therefore, the potential energy of the magnetization is a minimum when the magnetization is

aligned with the field.

However, if the magnetization is deviated away from this equilibrium direction, a torque is
exerted on it, which will drive it to precess around its equilibrium. This precessional motion is
depicted pictorially in Fig. 2.1. In this figur®] is the magnetization vectokl: is the z
component of the magnetizatiom is the dynamical component of the magnetization under

precession, and the set of axis is defined such that the applied magneticifeltbng the z



direction. The precession of the magnetic moment is counter-clockwise when viewed from the
top.
For circular precession the z component of the magnetization can be written in the following

form M, = VvM? —m?. This can be expanded as follows for small precessional angles where m

is small.

Figure 2.1 Schematic representation of magnetization precession in a uniforrmagatitic fielc
The magnetization and magnetic field vectors are illustrated by the arrows |&bekatd H,
respectively.

2

m
M,=M(1-55

+---)=M(1—|u|2+--~) (2.4)

Here, for small values dfi|2, one ha®/,~M; while for large angle precessions whpt¥ is big,

it is not the case. For large angle precesdibndecreases with an increasdaif?.



An equation to describe the precessional motion of the magnetization was first introduced by

Landau and Lifshitz in 1935, Eq. (2.5), which is also known as the torque equation

dM
_ 25
o lyIM x H (2.5)

where }| is the absolute gyromagnetic ratio.

A direct consequence of this is the ferromagnetic resonance (FMR). If one assumes that the
dynamic component of the magnetization takes the farth) = m, cos(wt) X + m, sin(wt) y

and the magnetic field is constant, the torque equation can be solved to obtain,

w = |y|H (2.6)

wherew is the magnetization precession frequency about the field. It should be noted that this is
true only for an unbounded magnetic medium with no static or dynamic magnetic effects. In the
real-world materials with finite dimensions, the situation is more complicated. In that case the
magnetic field ) needs to be replaced with an effective figlg, which is a combination of the

external magnetic field, the demagnetization field, the anisotropy field, and other magnetic fields

present.

When the sample geometry is a thin film, which is of the most interest to the work presented
in this thesis, one can have two main configurations: (1) the sample is magnetized in a
perpendicular direction to the film plane and (2) the magnetization lies in the plane of the sample.
Every other configuration is a linear combination of these two. For this situation the solution was

found by Kittel® and is given by

18 C. Kittel, Phys. Rewr3, 155 (1948).



w? = [wp+(Ny — N)wwm] [a)H + (Ny - Nz)wM] (2.7)

whereNyx, Ny, andN; are the demagnetization factoss,; is equal to|y|H, and wy is equal to

lyl4mMs.  This equation is commonly referred as the Kittel equation.

2.1 Introduction to Spin Waves

Up to this point only the uniform precession of magnetization is considered. A collection of
many magnetic moments also enables the possibility for a collective precession, where the
magnetic moments precess at the same frequency but with a slightly different phase from one
another. This gives rise to a situation as depicted in Fig. 2.2. The figure depicts such a sequence
of magnetic moments lying in a straight line that precess with different phase angles but with the

SNSRI

Figure 2.2 A sequence of precessing magnetic moments that form a spin wavek vehtdre spi
wave waxvector and A is the spin wave wavelength.

same frequency. A collection of such precessions can propagate as a wave in a matgrét|c
and is usually termed a spin wave. From the equivalent quasi particle point of view the spin

waves are also termed magnons.

Obtaining the dispersion relations of spin waves is a key to the mathematical treatment of spin

wave experiments. To obtain the dispersion relations, the Maxwell’s boundary value problem



needs to be solved. In such a treatment, two kinds of waves are encountered: the fast
electromagnetic waves that are weakly coupled to the magnetic system and the slow waves that
are strongly coupled to the magnetic system. This problem can be simplified under the so-called
magneto-static approximation, where only the slow waves (strongly coupled to the magnetic
system) are considered. Under this approximation, the waves that are treated have a very
different wavelength in the medium than that of the electromagnetic waves with the same
frequency. Thisis also the case in all the experimental work presented in this thesis. If one uses
this approximation and also treats the dynamic component of the magnetic (fiieid to the spin

wave excitation) as a magneto-static vector poteri#lgltbie soealled Walker’s equation, can be

obtained, which is written as

1+ )[ L4 a¢+a¢:0 (2.8)

0z2

where y is the diagonal elements of the susceptibility tensor. This can be considered as the basic
equation for magneto-static modes in homogeneous media. Solving the electromagnetic
boundary value problem with this equation can yield the relevant dispersion relations for different
sample geometries.A descriptive analysis of this is found in the book of “Spin Waves: Theory

and applications™.*®

2.1.1Spin Wave Dispersion

The previous section introduced the idea of spin waves excited in a magnetic material, like
YIG. When a YIG thin film strip is magnetized to saturation and magnetic excitations are
induced in a localized area, those excitations can propagate along the YIG strip as spin waves.
The properties of these spin waves, such as the dispersion, the group velocity, and the phase

10



velocity, can vary in a wide range, and the properties mainly depend on the magnetization direc

of the YIG strip and the magnetic field strength being applied. For the convenience of analysis,
the spin waves in magnetic thin films are categorized into three different groups: (1) forward
volume spin waves, (2) backward volume spin waves, and (3) surface spin waves. Here, the
different categories are decided from the film-field configuration of the YIG strip. The three
main configurations in which a YIG film strip can be magnetized are as follows.

(1) YIG strip magnetized perpendicular to the film plane - forward volume spin waves.

(2) YIG strip magnetized in the film plane parallel to the strip length - backward volume spin

waves.

(3) YIG strip magnetized in the film plane perpendicular to the strip length - surface spin

waves.

Figure 2.3 below shows the film-field configuration, magnetization precession, and dispersion
diagrams for the three cases. The axes are defined such that the direction of the magnetic field
H is along the z direction, and the spin wave wavevéci®along the length of the YIG strip and
points to the right. The dispersion curves are shown as the dependence of the spin wave
frequencyw on the wavenumbde Therefore, in these plots, the slope along the curves at any
given point corresponds to the group velogiwat the correspondingande values.

_dw(k)

v = 2.9)

In Fig. 2.3, the dispersion curves are obtained for a magnetic thin film with saturation
induction 4tMg = 1750 G, magnetic fieldH=1500 Oe,)] = 2.8 MHz/Oe, and thicknesk= 5

pum.  The dashed lines correspond to the characteristic frequeagjes,|y|H , wg =

ly|/[H(H + 4M,)], andws = |y| (H n 47TMs/2)_16

11



First, let us consider the case of forward volume waves shown in Fig. 2.3(a) in more detail.
The dispersion curve shows a positive slope indicating a positive group velocity. The phase

velocity v, = w/k is also positive. The term “forward” denotes this fact, that is v, and v,

are in the same direction. Tteolume” denotes that the excitation extends throughout the entire

(a) (b) (c)
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Figure 2.3 Film-field configurations, magnetization precession, and dispersion diagraatighre:
classes of spin waves in a long and narrow magnetic thin film strip. In each difggacurve give
the relationship between the spin wave frequency and the wavenumber.

film thickness. An approximate dispersion relation for the forward volume spin waves was

derived by B. A. Kaliniko® and is given by

1— e kd
w(k) = |wy [a)H + wy <1 — T)l (2.10)

wherewy = |y|(Hy, — 4mM;) in the absence of any anisotropy. The dispersion curve in Fig.

2.3(a) was obtained using this equation. The curve indicates that the FMR fredue)cig (

19 B. A. Kalinikos, IEE Proc127, 4 (1980).
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equal towy; and with increasing the wavenumitethe frequency increasesag. For all the
spin waves the dispersion coefficiéhis defined as

32w (k)

ha i) 2.11
37k (2.11)

D=
For forward volume spin waveB, is negative.

Second, consider the case of backward volume spin waves shown in Fig. 2.3(b). In this case,
the dispersion curve indicates that the group veloggyig negative while the phase velocitg)(
is positive, hence “backward”. Just like in forward volume waves, in backward volume waves
“volume” also indicates that the excitation extends throughout the entire film thickness. The
approximate dispersion relation for backward volume spin waves is given by the Eql¥2.12).
This is the equation that is used to obtain the dispersion curve in Fig. 2.3(b). The FMR frequency
(k=0) is equal tavg. Unlike in the case of forward volume spin waves, for backward volume

waves the frequency decreases with an increase in the wavenymbaed the dispersion

w(k) = \/a)H

Finally, consider the case of surface spin waves shown in Fig. 2.3(c). In this case, the

coefficientD is positive.

wn + ou (—1 _kz_kdﬂ (2.12)

dispersion curve indicates that the group velosgydnd the phase velocityy] are both positive.

But unlike in the previous two cases (forward volume spin waves and backward volume spin
waves), the magnetic excitations for surface spin waves do not extend through the entire film
thickness. The wave amplitude is not distributed uniformly through the film thickness but decays

exponentially from the surfaces of the film.

13



The surface spin waves are non-reciprocal in the propagation direction. When the field-film
configuration is as shown in Fig. 2.3(c), the surface spin waves that travel in the +y direction have
the largest dynamic magnetic field close to the top surface of the film while the spin waves that
travel in the-y direction have the largest dynamic magnetic field close to the bottom stirface.
This non-reciprocal effect and the surface nature is pronounced for high wavenuabérs)

The FMR frequencykE0) is equal tavwg, and the frequency increases with an increase in the
wavenumber K). The coefficientD for surface spin waves is negative. The approximate

dispersion relation for surface spin waves is giveld by

2
w(k) = ij(wH + wy) + %w (1 — e—2kd) (2.13)

The dispersion curves of the surface spin waves and the backward volume spin waves both
start at the same frequenoy. The entire frequency pass band of the surface spin waves lie
above wg while the frequency pass band of the backward volume spin waves lie dglowt
should be noted that, in the case of backward volume spin waves, this condition is strictly accurate
only when the wavelength is in the rangekgf<« k « ™/,, wherea is the spacing between the
two neighboring spins (essentially the lattice constant). In this range, the coupling between the
spins is dominated by the dipolar fields. For this reason, these waves are also called dipolar spin
waves. For backward volume spin waves, when the wavelength is much siagteadually
turns from negative to positive and the frequency starts to increase with the increasing
wavenumber k). Therefore, for a given magnetic field (when the field is strong enough to
saturate the YIG strip), for backward volume waves there exists a minimum freqéercat

which one hag, = 0. Spin waves with higher wavenumbers beyond this point are called
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exchange interaction-dominated spin waves. the experimental work presented in this thesis,

this short wave length range was not accessible to the microstrip transducers.

2.1.2Spin Wave Nonlinearity

In this section details about two types of nonlinearities will be presented. While both the
nonlinearities have to do with the spin wave amplitude, the resulting effects are rather different.
In the first case, the spin wave dispersion is changed with its amplitude, while in the second it is

the transmission loss of the YIG strip that is changed.

a. Amplitude-associated frequency shift

In the following, we consider a YIG thin film strip magnetized perpendicular to the film plane,
as in Fig. 2.3(a), which supports forward volume spin waves, where the external magnetic field is
along the z axis. Considering the magnetization, it is shown by Eq. (2.4) that, when the
precession angle is increased, the longitudinal component (z component) of magnetization is

reduced. This results in a shift in the dispersion curve along the frequency axis.

To account for this shift, thds in the dispersion equation needs to be replacedWjtithere

M, = M (1 — [u?]). Now if one defines the nonlinearity coefficiébf a spin wave 88

Jdw
=— 2.14
whenw is close towy, N can be estimated as
Hy — 4nM

= w
FIIE M

20 M. Chen, M. A. Tsankov, J. M. Nash, and C. E. Patton, Phys. R&. B773 (1994).
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This indicates two important features: (1) the frequency increases with the amplitude; and (2) the
increase is proportional to the film saturation induction but is independent of the external magnetic
field. Using the same approabhcan also be calculated for backward volume spin waves and
surface spin waves as well. It turns out that for both of these two configurations, oNe has

negative. More Details on this is found in Ref. [16].

This nonlinearity can lead to a phenomena called foldover. For FMR, the foldover effect
was first observed by Suft. In chapter 4, the first observation of the foldover effect for

travelling spin waves in a feedback ring configuration will be discussed.

b. Nonlinear three-wave interactions

The nonlinear three-wave interactions can be: (1) three-wave splitting and (2) three-wave
confluence. The work presented in this thesis is mainly concerned with the three-wave splitting

process.

The interaction can be between high-wavenumber and low-wavenumber backward volume
spin waves or between a surface spin wave and two backward volume spirtSwvakviggire 2.4
illustrates such interactions. Figure 2.4(a) shows the splitting where two backward volume spin
waves are produced through the annihilation of a single backward volume spin wave. Figure
2.4(b) shows a splitting where two backward volume spin waves are produced through the
annihilation of a single surface spin wave. The important point that should be noted here is that,
for the three-wave splitting to take place, two conditions need to be satisfied. First, both the

energy {) and the momentunk) should be conserved before and after the splitting process.

21 H. Suhl, J. Appl. Phys81, 935 (1960).
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That is

Wy = W1 + Wy, (216)
ko = kl + kz. (217)
(a) (b)
Fl‘GClllC‘-llC_V [42] Fl‘GClllGllC_V (03]
(GHz) (GHz)
1.4

Wo =Wy + Wy 31 Wo=wWitW; 42
ko=ki+k;y ko= ki +ky
(wo, ko) Bl (w0, ko)

® 1 ° (w,, k)
(Wi, ky) (w,, ky) \
10 5 0 5 10 2015-10 5 0 5 10 15 20
Wavenumber & (103 rad/cm) Wavenumber & (<103rad/cm)

Figure 2.4 (a) Three-wave interactions of backward volume spin waves. (b)Wéweeanteractior
between surface and backward volume spin waves.

Second, the three-wave splitting occurs only when the spin wave amplitude reaches a certain
threshold level. If one tries to excite spin waves in a magnetic thin film like a YIG film, first the
amplitude of the spin waves increases linearly with the excitation power that is being used to excite
the spin waves. Once the spin wave amplitude reaches a certain threshold level, which enables
the three-wave splitting, this linear dependence abruptly stops and the spin wave amplitude starts
to show a saturation response. Therefore, this is a nonlinearity that changes the spin wave
transmission loss based on its amplitude. When the three-wave splitting occurs in a spin wave
experiment, it can be viewed as a an energy transfer from a spin wave with a certamcfreque

into two different spin waves with lower frequency or frequencies.
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The nonlinear threerave interaction is a well pronounced nonlinearity in YIG films and has
already been utilized for microwave applications such as generation of ultrashort!pulses,
frequency selective power limiting,and signal to noise enhanceméhin the past. Some

detailed studies had already been carried out to better understand thi&-éffect.

When a microstrip transducer is used to excite spin waves in a magnetic thin film, the three-
wave interaction happens in the film area close to the transducer. Up to now the Brillion light
scattering technique is the only technique that enabled the observation of the effect very close to
the transducer. In chapter 6 the spin pumping and the ISHE are used to gain new information

about this process.

2.2Spin Wave Experimental Setup

This section provides an overview of the spin wave experimental setups that were utilized for
the studies in this thesis. Specifically, the methods for the excitation and detection of spin waves
in YIG thin films are introduced. As having already been introduced, the spin waves that are
excited at a localized area can propagate along the length of the YIG film strip.  For this reason,
the YIG film strips are also called YIG waveguides in the literature. In this thesis, these two

terms will be used interchangeably.
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Figure 2.5 below depicts a typical spin wave excitation and detection arrangement. For
many spin wave experiments this arrangement can also be considered as a basic unit. For
example, in chapter 4 this arrangement is used as a part of a feedback ring. This
excitation/detection experimental arrangement consists of two parts: (1) excitation and detection
transducers and, (2) a YIG thin film strip. The YIG strip is typically cut from a low-loss, single-
crystal YIG thin film wafer grown oma gadolinium gallium garnet (GGG) substrate. Typically,

the GGG substrate is 0.5 mm thick, while the YIG film44%Sum thick. The YIG film is grown

Alumina
Input substrate Output

GGG

Al

YIG

Transducers

Brass supporting

structure

Figure 2.5 YIG strip, excitation transducer, and detection transducer arrangementGT$igifY ic
placed on the transducers, with the YIG film facing down and touchingathedicers and the G(
substrate facing up.

using the method of liquid phase epitaxy (LPE) The relevant parameters of the corresponding

YIG strips that were used for the experiments are given in detail in chapters 4, 5, and 6.

Consider now the excitation and detection transducers. Microstrip transducers are the most

commonly used method for the excitation and detection of spin waves. A microstrip transducer

22 J. D. Adam, M. R. Daniel, P. R. Emtage, and S. H. Talis&himFilms for Advanced Electronic
Devices, edited by M. H. Francombe and J. L. Vassen (Academic, Boston, 1991).
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is basically a microwave antenna deposited on an alumina substrate. The alumina substrate is
typically 0.5 mm thick and has a relative dielectric constani<#f0. One side of it is covered

with a metallic layer which acts as the ground plane. On the other side a special conducting line
that provides the specific microwave properties is deposited. This line normally consists of three
parts: (1) a wide conducting line close to the edge that facilitates the soldering of an SMA
connector, (2) a 5pimwide, 2mm-long section that acts as the microwave antenna, and (3) a
conducting through hole that electrically connects this line to the ground plane. Figure 2.
depicts how the YIG strip is placed on the |b®wide, 2mm-long section, which acts as the
microwave antenna. These antennas can serve both the purposes of the excitation and the

detection.

The housing that holds everything in place is made of a nhonmagnetic material such as
aluminum or brass. To apply a magnetic field to the YIG strip, this entire arrangement is placed
in the gap of an electromagnet. This excitation and detection arrangement was used for the

experimental work presented in chapters 4 and 5.

While the above experimental arrangement suffices for many experiments, this kind of setup
provides only frequency and time resolution and cannot provide spatial resolution. To
incorporate spatial resolution capability into an experiment, one can use an inductive magneto-

dynamic probe.

An inductive probe consists of a pOr-diameter wire loop connected to the end of a rigid
coaxial line. Figure 2.6 schematically shows such an experimental setup. In Fig. 2.5, the
microstrip transducers are used for both the excitation and detection of the spin waves. In the

arrangement in Fig. 2.6, the detection microstrip transducer in Fig. 2.5 is replaced with an inductive
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magneto-dynamic probe. The spin waves are excited by the microstrip transducer at the left end
and the detection is done by the inductive probe. The probe is movable and can be moved above
the YIG film surface in both the x and y directions. The small electric loop at the end of the

probe picks up the dynamic magnetic components of the spin wave excitations in its vicinity. For

Inductive
magneto-dynamic
Microstrip excitation probe
transducer (Input :
(laput) Movable

y —

GGG

Figure 2.6 A schematic of inductive magneto-dynamic probe experimental setup.

the inductive probe data presented in this thesis, the probe scanning is enabled by Thorlab NRT100
translational stages, which have 5 um spatial accuracy and 1 pm bidirectional repeatalaifity and

controlled by a Labview program.
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CHAPTER 3

Inverse Spin Hall Effect, Spin Pumping, and Spin
Seebeck Effect

In this chapter the key ideas behind microwave-induced spin pumping, the inverse spin Hall
effect (ISHE), and the spin Seebeck effect (SSE) are introduced. These conoeggteratial for
a better understanding of the work presented in chapters 6 and 7. In section 3.1, both the spin
Hall effect and the ISHE are described in detail. In the work presented in this thesis the ISHE is
observed due to two spin pumping mechanisms: (1) microwave-induced spin pumping, and (2)
thermal gradient-induced spin pumping, also known as the SSE. Details about these two
mechanisms, key experimental techniques, and details on the experimental setups are the subjects

of sections 3.2 and 3.3.

3.1lInverse Spin Hall Effect

The spin Hall effect was first predicted by Dyakonov and Perel in 3dWhile the term
“spin Hall effect” was first coined by Hirsh in 1999.24 The first experimental work in this area

done by Fleisher’s group at loffe institute in Saint Petersbérgprovided the first observation of

23 M.1. Dyakonov and V.I. Perel, Sov. Phys. JETP LE®.467 (1971).
24 J. E. Hirsch, Phys. Rev. Le83, 1834 (1999).
25 M. |. Dyakonov, arxiv.org/pdf/1210.3200, (2012).

22



what is now known as the ISHE. In the normal Hall effect, when an electrical conductoeds plac

in a magnetic field and an electric charge current is run through it, an accumulation of electrons is
observed in the orthogonal direction to both the magnetic field and the direction of the current.
Unlike in the normal Hall effect, in the spin Hall effect when an electric charge current is made to
flow in a heavy metal like Pt, due to the spin dependent scattering of the electrons an accumulation
of electrons on lateral boundaries of the conductor is obsétvegurthermore, these electrons

have a spin polarization that winds around the direction of the charge current. The spin
polarization of the electrons in opposite sides point in opposite directions and the direction of
winding will reverse if the charge current direction is reversed. What direction the polarization

would wind for a given charge current direction depends on the heavy metal being used.

The origin of this effect is widely believed to be the spin dependent scattering, due to strong
spin-orbit coupling. Other ideas have also been prop#sedSpin-orbit coupling can be
understood as follows. Consider an electron passing by the vicinity of a non-magnetic ion.

According to the Lorentz transformation, it will experience an effective magneti®figiden by

1 1 k
B = ——ZVXEZ——ZVX<—ZI‘) (3.2)
C c r
whereE is the electric field due to the ion,s the velocity of the electron, amds the position

vector of the electron relative to the igris the charge of the ion, akdk the Coulomb’s constant.
If the magnetic moment of the electronpisthe Zeeman energy of the electron in the moving

frame can now be written as

k
— —u-B= .6 3.2
E; n-B o (vxr)-o (3.2)

%6 A, Hoffmann, IEEE Trans. Mag#d9, 5172 (2013
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whereE; is the Zeeman energy of the electron @dlenotes a unit vector in the direction of the
electron’s magnetic moment. Figure 3.1 schematically shows such a scattering. \Vihen

A

B

Figure 3.1 Schematic of two electrons scattering by a positively chargethawpetc ion. Tt
electrons sees a magnetic fieRl< -vxE) perpendicular to the plane of the electron trajecfofye
magnetic field is pointed in opposite directions for electrons scattednythre left and the right.

electron scatters from an ion it will deviate into a direction depending on the sign of the
polarization. TheB field existsn the electron’s moving frame and is seen by the spin polarization
of the electron.

The filedB is perpendicular to both the position vector of the electron with respect to the ion
and the velocity direction of the electron. Depending on from which side the electron scatters
(left or right), B has opposite directions. The Zeeman energy of the electron, 8uand its

spin, is the so-called spin-orbit interactfdn. Since the electric field due to the ion decreases with
r as 1/T2, B| experienced by an electron decreases as well withthe same way. This

inhomogeneity irB results in a Zeeman energy gradient. This gradient is what applies a spin

dependent force on the scattering electron. As a consequence, if the electrons that scatter are not

24



polarized, this effect tends to scatter and separate electrons depending on their spin polarization

directions. This is the so-called spin Hall effect.

Now consider the situation that is schematically depicted in Fig. Eigure 3.2(a) depicts
a flow of electrons in the x direction (an electric current in the -x direction) in a Pt block with
electrons not having any particular spin polarizations. Figure 3.2(b), on the other hand, shows
the same situation but with electrons polarized in one direction. In Fig. 3.2(a), in accordance
with the spin Hall effect, the electrons with opposite polarizations scatter into opposite sides of

the Pt block. The spin-up electrons scatter into the page direction and the spin-down electrons

Figure 3.2 (a) Flow of electrons in a Pt block, with spin polarization pointing up and down, sc
to different directions, (b) Flow of electrons in a Pt block, with spin pe@taoiz pointing up scatteril
to only one direction.

scater out of the page direction. Since no preference in the spin polarization direction for the
electrons is assumed, this does not create any measurable potential differences along any direction.
If we now consider Fig. 3.2(b), since all the electrons are polarized in the same direction (assumed
up) they all tend to scatter in the same direction (into the page) and result in a measurable voltage

across the width of the Pt block.

This generation of an electric potential difference due to a spin polarized current is known as

the ISHE produced voltage. With this the question arises: How to generate a spin polarized
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current? Spin pumping is one of the answers to this question. It has been shown that when a
heavy metal with strong spin-orbit coupling like Pt is in contact with a ferromagnetic material like
YIG, the magnetic excitations in the ferromagnetic material can generate an angular momentum
flow from ferromagnetic material into the heavy metal, through the interface. This effect is
widely known aghe spin pumping effect. This effect polarizes the conduction electrons in the

heavy metal at the interface and thereby gives rise to a spin current inside the hea%y metal.

This spin current in turn, produces a measurable voltage in a perpendicular direction to the
interface in the heavy metal. In this arrangement there are three important directiohs: (1)
direction of angular momentum flow, (2) direction of the angular momentum, and (3) the length
along which the voltage is measured in the heavy metal. Since the flow of angular momentum is
from the ferromagnetic material into the heavy metal, direction (1) is the perpendicular direction
to the interface. Direction (2) is parallel to the magnetization direction of the ferrontagneti
material. Direction (3) is orthogonal to directions (1) and (2). The specific direction depends
on the spin Hall angle of the metal. When the metal has a positive spin Hall angle, directions 1,
2, and 3 form a right handed set of axes, while it is left-handed when the spin Hall angle is.negative

The voltage produced due to the ISHE is proportiorfal to

ic x GSHjs X0 (33)

wherejc is the charge current density in the heavy metaljarsdthe density of the spin current

flowing into the heavy metal. Two promising methaodfficiently induce such spin pumping

27 J. Xiao, G. E. W. Bauer, K. Uchida, E. Saitoh, and S. Maekawa, Phys. B&v2B4418 (2010).
28 H. L. Wang, C. H. Du, Y. Pu, R. Adur, P. C. Hammel, and F. Y. Yang, Phys. Revl12t197201
(2014).

26



and thereby an ISHE voltage have been identified: (1) microwave-induced spin ptirapah(p)

the spin Seebeck effect-induced spin pumpkhghich are introduced in detail below.

3.2Microwave-Induced Spin Pumping

When a bi-layer structure is made by depositing a thin Pt layer on a YIG thin film, the
microwave-driven magnetic excitations in the YIG can pump a spin current into the Pt. The
excitations can be either FMR excitations, standing spin waves, or traveling spin waves. This
technique is one of the most efficient ways to induce a strong spin pumping from the YIG into the

Pt.
3.2.1Experimental Setup

A special experimental setup was developed to measure the microwave induced spin
pumping-produced ISHE voltage in YIG/Pt bi-layer structures. In this section, the experimental
setup is explained in detail. Similar experimental setups have been used to measure the ISHE
voltage of different metal/YIG bi-layer structures, bathow temperature and room temperature,
as well as the ISHE voltage of materials in topological phases.

First, a special microstrip transducer structure was built. Figure 3.3 shows a photo of this

microstrip transducer structure, with a YIG/Pt sample. The entire structure was made of

aluminum and brass. The YIG/Pt sample is placed on the aluminum base with the Pt facing up

29 T, Kikkawa, K. Uchida, Y. Shiomi, Z. Qiu, D. Hou, D. Tian, H. Nakayama, X.-F. Jin, and E. Saitoh,
Phys. Rev. Lett110, 067207 (2013).
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and the GGG substrate facing down, and the microstrip antenna facing down is lowered onto the
sample. A special microstrip antenna of a small dimension is used. The width of the entire

antenna structure was only 2 mm. Since both the microwave excitation and the voltage

e

CU WIreS e s!ructure

Figure 3.3 Picture of the microstrip transducer structure with a YIG/Pt sampld piaderneath tt
transducer.

measurement need to be done from the same surface, this small profile of the antenna structure

allows for the use of small samples.

The microstrip transducer was 50 pm wide and 2lomgand had a 50 Q impedance. When
the microstrip antenna is placed on the Pt covered section of the sample, an insulating layer is used
in-between the microstrip antenna and the sample. To measure the small voltage produced along
the Pt length, two fine Cu wires were attached to the end sides of the Pt strip using high-purity
silver ink or indium dots. Figure 3.4, shows a schematic of the complete experimental setup.
During the experiment, an in-plane magnetic field is applied perpendicular tentjte bf the

YIG/Pt strip.  This film-field configuration supports the propagation of surface spin waves in
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Figure 3.4 Schematic of the experimental setup used to measure the ISHE voltage.

the YIG. To provide the magnetic field an electro magnet is used. An HP 83623B signal
generator is used as the microwave source. The typical ISHE voltage that is produced in
experiments varies in the range of few tens of nano volts to few hundreds of micro volts. To
measure this small voltage, a Keithley 2182A nano voltmeter is utilized. The experimental setup
is capable of carrying out ISHE voltage measurements both as a function of the magnetic field and
the microwave frequency. To facilitate the measurements in a wide magnetic field range and a
wide frequency range, a Labview program was written to fully automate the daté@oleocess
which is tested to run reliably and unattended for several days at a time.

Some useful techniques to reduce the noise in this experimental setup are worth a note. The
vibration of the Cu wires, which connect the Pt layer to the nano voltmeter was identified as the
primary source of the noise. [Here the thin Pt layer, the two Cu wires, and the nano voltmeter

form a closed electric loop, with part of it being in the magnetic field.] Any changes in the total
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flux enclosed by this loop give rise to voltage noise in the measurements. Therefore, extra efforts
were taken to tightly secure the wires to avoid any vibrations. This improved the noise figure by

roughly two orders of magnitude, from about £500 nV to about =5 nV.

3.3Spin Seebeck Effect

Consider the same YIG/Pt bi-layer structure discussed in the previous section. It turns out
that when a temperature gradient is established across the thickness of this structure, a spin
pumping between the YIG and the Pt is generated. This phenomenon can be understood as
follows3® The phonons in the YIG, the magnons in the YIG, the conduction electrons in the Pt,
and the phonons in the Pt can be considered as separate subsystems. The conduction electron
subsystem in the Pt, the phonon subsystem in the Pt, and the phonon subsystem in the YIG are
coupled to each other strongly. When a temperature gradient is induced, it is these three
slbsystems that have the gradual change in the temperature along the thickness direction.
Assume the case where the temperature gradient across the thickness of the YIG/Pt sample is
created, such that the top Pt layer is at a lower temperature and the bottom YIG film is at a higher
temperature. When this is the case, the phonons and electrons at the top surface of the Pt layer
has the lowest temperature while the phonons at the YIG bottom surface has the highest
temperature. Because of the strong coupling, at the YIG/Pt interface the electrons in the Pt and

the phonons in both the YIG and the Pt have the same temperature. The magnon subsystem is

30 W. J. Antel, Jr., M. M. Schwickert, Tao Lin, W. L. O’Brien, and G. R. Harp, Phys. Rev. B 60, 12933
(1999).
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different, as it is weakly coupled to the phonons and strongly coupled within itself. For this
reason, the entire magnon subsystem has almost the same temperature throughout the sample
thickness, which is close to the average temperature of the YIG film. As a result, since the Pt
layer is at a lower temperature than the average temperature of the YIG, at the YIG/Pt interface
there will be an angular momentum flow from the YIG to the Pt electrons. This in turn generates

the spin current inside the Pt layer which gives rise to an ISHE voltage. This is the so-called SSE.

3.3.1Experimental Setup

The main objective of the experimental setup is to apply a temperature gradient across the
thickness of the YIG/Pt sample and measure the resulting voltage along the Pt length. Figure 3.5

schematically shows the SSE experimental setup. A YIG/Pt bi-layer sample is sandwiched

Water flow > -
(0°C) Water cooled radiator I

Peltier 1 N Currerzlt;ource
Al block 1
Thermocouple
@
Nano-Voltmeter
/e —

Thermocouple
Al block

Peltier 2

Current source

(1)

Water flow = .
(27 °¢) Water cooled radiator I

Figure 3.5 Schematic of the experimental setup that is used to measure the SSE-produ
voltage.

between two metal blocks which are held at two different temperatures. The temperature gradient

results in a measurable voltage in the Pt due to the SSE.

In order to measure the temperature at the top and bottom surfaces of the sample, two grooves
were cut in the metal blocks through which two thermocouples were inserted. These

thermocouples were in thermal contact with the top and bottom surfaces of the sample, roughly at
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the center. In order to ensure good thermal contact between the metal blocks and the YIG/Pt
sample, a thin layer of vacuum grease is used. For electric isolation and prevention of any

scratching a thin layer of Kapton tape is used in either side of the sample.

Two Peltier devices (Peltier 1 and Peltier 2) were controlled by two separate curreng source
I: and b. The Peltier device is made out of a large number of small semi-conductthg N-
junctions and work as an electrically controlled heat pump. When a current is applied to a Peltier
device, it pumps heat in one direction, which cools down one side and heats up the other.
Thereforeit can also be considered as a device that generates a current-dependent temperature
difference across itself. The two Peltier devices are used for the fine control of the temperatures

of the two metal blocks that sandwich the YIG/Pt sample.

In contact with the Peltier devices are two small water-cooled radiators (radiator 1 and radiator
2). In order to apply a magnetic field to the YIG/Pt sample, the entire setup is placed between
two solid state permanent magnets (neodymium). The magnetic field is applied in the plane of
the sample perpendicular to the sample length. To measure the voltage produced by the SSE, two
thin Cu wires were attached to the two ends of the Pt strip. In this experiment, the tight secure
of the Cu wires is also important to reduce the noise, as discussed in the microwave induced spin

pumping measurements.

The operation of the experimental setup is as follows. Hot and cold water is run through the
water-cooled radiators. A flow of cold water at O °C is run through the one in the cold side, while
water at room temperature (27 °C) is run through the other. These two radiators determine the
temperature of the outer walls of the two Peltier devices (one at roughhafd°@e other at
27 °C). Apart from this, the radiators also serve two other purposes: (1) temperature stability and

(2) removal of the excess heat generated by the two Peltier devices due to Ohmic heating. With
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the application of an appropriate current, the two Peltier devices control the temperature of the

metal blocks.

The accurate control of the temperature gradient is achieved with the help from a Labview
program. This program served the following purposes: (1) monitor and record the temperatures
from the two thermocouples, (2) control the current sources connected to the two Peltier devices
to maintain the desired temperature gradient for prolonged time intervals, and (3) record the SSE-

produced voltage measured by the nano voltmeter. All the data presented in chapter 7 were

obtained with the use of this experimental setup.
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CHAPTER 4

Foldover of Nonlinear Eigenmodes in Magnetic Thin

Film-Based Feedback Rings

Active feedback ring systems that consist of a closed loop of a dissipative transmission line
and an active element to compensate for the dissipation constitute an excellent testbed for
exploring nonlinear dynamics in driven damped systems. Example systems include
electromagnetic transmission line ring oscillat¥rd?333# optical fiber rings:>36:37:38:39 gnd

magnetic thin film-based feedback rirf§é-424344 among others. Such systems not only sustain
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the self-generation of envelope solitons, both brig#t3’4! and dark® but have also enabled the
observation of symmetry-breaking nonlinear mdteshaotic solitong237384344 and soliton
fractal$? and have also allowed for the study of the excitation of chaotic dynamics via different

nonlinear processg§3>37:39404647

This chapter reports that active feedback rings also support another fascinating nonlinear
effect - the foldover effect. The nonlinear foldover effect originates from the nonlinearity in
which the oscillation frequency varies with the amplitude, and manifests itself as the bending of
the resonant peak in an oscillation amplitude vs. frequency plot. It occurs in nonlinear systems
as diverse as driven penddfaspring-based mechanical oscillatétsglectrical RLC resonant
circuits® and precessional magnetic moments in both insulating and metallic m2gdéts.

The effect, however, has never been observed in ring systems so far.

The experiments made use of an active feedback ring that consists of a magnetic thin film
strip serving as a spin-wave transmission line and a microwave amplifier which amplifies the
output signal from the magnetic strip and then feeds it back to the input of the magnetic strip.
This ring system has a sequence of resonant eigenmodes for which the phase per round trip satisfies

constructive interference conditiotfs. Thanks to these eigenmodes the amplitude vs. frequency

4 B. A. Kalinikos, M. M. Scott, and C. E. Patton, Phys. Rev. 182t4697 (2000).

46 A. M. Hagerstrom, W. Tong, M. Wu, B. A. Kalinikos, and R. Eykholt, Phys. Rev. 1&#.207202
(2009).

47 M. Wu, A. M. Hagerstrom, R. Eykholt, A. Kondrashov, and B. A. Kalinikos Phys. Rev.103t.
237203 (2009).

48 Y. Xu, T. J. Alexander, H. Sidhu, and P. G. Kevrekidis. Phys. R80, 842921 (2014)

4% Donoso, Guillermo, and Celso L. Ladera. Eur. J. of B3y4486 (2012).

%0 B. Cretin and D. Vernier. E-print: arxiv.org/abs/0801.1301 (2008).

51 M. T. Weiss. Phys. Rev. Lett, 239 (1958).

52 J. Lustikova, Y. Shiomi, Y. Handa, and E. Saitoh. J. Appl. Ptiy%.073901 (2015).
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response of the ring shows resonant peaks at certain frequencies, and these peaks fold over to
higher frequencies when the peak amplitude is large. This foldover effect is intrinsic and
originates from the nonlinearity-caused frequency shift of the traveling spin wus. not
associated with either high-power heating or four-wave interactions, as evident from the
experimental data. To better understand the physical origin of the observed foldover effect,
theoretical calculations were carried out that took into account the nonlinearity of the spin waves.
The theoretical results not only confirmed the experimental observations, but also showed the

rolling over of the top part of the resonant peaks which cannot be measured experimentally.

It is important to highlight that this work further demonstrates the excellent versatility of the
feedback rings as a fundamental system for exploring nonlinear dynamics. It should also be
emphasized that the foldover effect presented here should be universal and is expected to occur in
any feedback ring systems, including electromagnetic transmission line oscillators Ref [31-34] and
optical fiber rings Ref [35-39]. Future work that demonstrates the foldover phenomenon in these

systems is of great interest.

4.1Experimental Configuration

The ring setup is shown schematically in Fig. 4.1. It consists of a magse&OY> (Y1G)
thin film strip and two microstrip transducers placed over the YIG strip for the excitation and
detection of spin waves in the YIG strip. The YIG strip is magnetized by a perpendicular
magnetic field. This film-field configuration supports the propagation of forward volume spin

waves along the YIG strip and, at the same time, also prohibits three-wave nonlinear
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interactionss*® The output signal from the detection transducer is fed back to the excitation
transducer through an adjustable microwave attenuator and a microwave amplifier. The response
in the ring is sampled through two directional couplers and is measured with a vector network
analyzer. For the data presented below, the YIG strip was 1.6 mm wide and 55 mm long, the
microstrip transducers were pn wide and 2 mm long elements, the transducer separgtion (
was held at 10.4 mm, and the magnetic field was fixed at 2990 Oe. Both the microwave amplifier

and the attenuator had a linear response over 1-8 GHz.

Figure 4.2 presents the characteristics of the YIG strip and the feedback ring. Figure 4.2(a)

shows the transmission coefficient daBi measured as a function of frequenfyfor the

Adjustable
attenuator
Input i Output
Directional Directional
coupler coupler
Microwave
amplifier
Excitation Magnetic Detection
transducer field transducer
Magnetic film

Figure 4.1 Schematic of a magnetic thin film strip-based active feedback ring system.

54 P, Kabos and V. S. StalmachMagnetostatic Waves and Their Applications (Chapman and Hall,
London, UK, 1994).
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transducer-YIG-transducer structure. The left diagram shows the amplitude vs. frequency
response of the structure, namely, the amplitud&:4f). In the right diagram, the red curve
presents the spin-wave dispersion curve which was determined from the p8agg, athile the
green curve shows a theoretical fit to the spin-wave dispersion equation Ref [15, 54]. The data
indicate that the spin waves in the YIG film have a passband of about 3.30-3.55 GHz. The fitting
used an absolute gyromagnetic ragof 2.8 MHz/Oe and an effective saturation inductiorM4
of 1750 G. The fitting parameters were the magnetic fidldahd the YIG film thicknesgdj.
For the fit given in Fig. 4.2(a), one hEs2920 Oe andi=10.2um. The field value is slightly
smaller than the experimental value. Possible reasons for this difference include the errors in
measuring the field and determining the low cut-off frequency of the spin wave and the assumption
of zero anisotropy field in the YIG film. Note that for all t&e measurements in this work, the
signals from the vector network analyzer had the same power, which was -17 dBm.

Figure 4.2(b) shows the amplitude-frequency response and dispersion curve of the ring in the
same format as in Fig. 4.2(a). Figure 4.2(c) presents the same data as in Fidout.B(lmpuch
smaller frequency scales. One can see that in comparison with the transducer-YIG-transducer
case, the amplitude-frequency response in the feedback ring indicates a very similar passband but
shows notable resonant peaks, while the dispersion curve shows steps at the frequencies of the
resonant peaks. These peaks and steps are indicative of the ring eigefimdthesvertical
dashed lines in Fig. 4.2(c) indicate the wavenumbi@isf the eigenmodes which were determined
by the phase conditidd+g=2nn, wherekl is the phase change due to the propagation of the spin
wave, ¢ is the phase shift introduced by the electronic circuits, and n is an integer and denotes the
ring eigenmode index. Note that varies withf, and theg value used in th& calculations

ranged from 2.7 rad to 8.4 rad for n=1-25. It should be mentioned that when the attemyation (
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of the adjustable attenuator is relatively large and all ring eigenmodes experience ameterall
loss () for one round trip, there is no spontaneous signal in the ring. Howewes reduced

to a certain level, the ring eigenmode with the lowest decaymafy ¢an have a zero net loss,
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Figure 4.2 (a) Transmission profile (left) and spin-wave dispersion curve (right, red) fGr strif
(b) Amplitude-frequency response (left) and spin-wave dispersion curve (oghat)Y1G strip-base
ring. (c) The same data as in (b) shown in smaller frequency scales. The greemn ¢ayvs :
theoretical fit. The vertical dashed lines in (c) indicate the wavenumbers of the gngeigs.

namely,L=0, and thereby start to self-generate in the ring. The data in Figs. 4.2(b) and (c) were

taken at_=1.0 dB, at which there is no self-generation in the ring. Note that in the experiment
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one varied by changing the attenuation of the adjustable attenuator. The lardenghthe

weaker the ring signal is.
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Figure 4.3 Foldover of ring eigenmodes. (a) Ring amplitude-frequency responses mei
different ring overall net losd | levels. (b) Amplitude-frequency responses fomrth21 eigenmoc

measured at thrdelevels.

Figure 4.3 presents the key results of this work.

net lossL on the ring amplitude-frequency response.
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Figure 4.3(a) shows the effects of the ring

The data show five ring resonant peaks,



with the eigenmode index given in the top diagram. These peaks are similar to those shown in
the left diagram in Fig. 4.2(c), but for a different frequency range. Figure 4.3(b) shews
resonant peak for the “n=21" eigenmode for three different L levels, as indicated. One can see

that the “n=21" peak is almost perfectly symmetric atL=16.5 dB and_=8.5 dB, evolves to an
asymmetric peak dt=3.5 dB, and folds over to the high-frequency side=#.0 dB and_=1.0

dB. Very similar behavior can also be seen for the “n=20" and “n=22" peaks. In contrast, in
comparison with theséree peaks, the “n=19" and “n=23" peaks are relatively weak and do not

show the same foldover response. Although not shown, similar results are observed for the
resonant peaks in other frequency ranges. These results together evidently demonstrate the

nonlinear foldover effect of the ring resonances.

4.2Numerical Modeling

The above-present foldover effect is associated with the nonlinearity-caused spin-wave
frequency shift. Assuminglf as the power amplitude of the spin wave, one can write down the

dispersion for the forward volume spin wave in the YIG strip as

kd

2 [ 1-e ]
a)(k,|u| )=|7|\/{H0—47zM |u }LHO—%;M 1_|u| )1 J (4.1)

wherew is the angular frequency of the spin wave. Note that the fitting of the experimental
dispersion curve shown in Fig. 13(a) used Eq. (4.1) and assufiwl | This assumption was
made based on the fact that during the measurements the input power was low and the spin wave

was weak, resulting iniff<<1. It is evident from Eq. (4.1) that for a givieran increase inff
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leads to an increase m.  This means that if the amplitude of the ring resonant peak becomes
large, the peak shifts to higher frequencies. As the top of the peak shifts more than the edges of
the peak, the net effect is the bending of the peak to the high-frequency side, giving rise to the
foldover behavior.

It is important to highlight that the foldover shown in Fig. 4.3 is towards the high-frequency

side, but in principle it is also possible to have a foldover to the low-frequency side. If one defines

N=6w/6(

u|2) as the nonlinearity coefficient of a system, the sigN dictates the direction of the

foldover. Specifically, the resonant peaks fold towards the high-frequency dited iand
towards the low-frequency sideNkO. For the ring system shown in Fig. 4.1, one can flip the
sign of N and thereby reverse the foldover direction simply by rotating the magnetic field to the
film plane. For the fieldna-plane configuration, the YIG strip supports backward volume spin
waves for a field along the YIG strip length and surface spin waves for a field perpendicular to the
strip length, both witiN<O.

The heating of the YIG film can also lead to the foldover-like response. This is because the
heating can cause a decreasernil4 which in turn can result in an increasedaccording to Eq.
(4.1).This, however, is not the case for the data presented above. Figure 4.4(a) compares the two
amplitude-frequency responses in the ring: the blue curve was measurei(atiB and shows
no foldover, while the red curve was measureld=8t5 dB and exhibits clear foldover behavior.

One can see that in comparison with the peaks in the blue curve, the three stronger peaks in the
red curve fold to the right and are also shifted to higher frequencies, while the other two peaks
showing no foldover do not have any notable frequency shifts. These results indicate the absence
of any heating effects. In the case that the YIG film is heated =¥id i4 reduced, one would

expect that all the five peaks, not just the three stronger ones, in the red curve shift to higher
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frequencies. Note that the absence of heating is very likely considering the fact that thd ring ha

an overall net los4d.£0) and was operated below the self-generation regime.

Further, the presented foldover effect is not associated with the nonlinear interactions of the
spin waves. The three-wave interactions are prohibited as mentioned above, while the four-wave
interactions are absent as indicated by Fig. 4.4(b). In Fig. 4.4(b), the red curvetlshoing
amplitude-frequency response measuredd=8L5 dB, while the vertical dashed lines indicate a
uniformly spaced frequency comb which is expected if the two strongest modes undergo four-
wave interactions and produce three new modes with relatively weak intetsit@se can see
that the first and second dashed lines from the left clearly deviate from the centers of the two
resonant peaks on the left. This result confirms the absence of the four-wave interactions. If
L<0, the four-wave interactions may take place and result in a sequence of modes that are equally
spaced in the frequency domain, as demonstrated previgiiFo better understand the physics
underlying the foldover effect in feedback ring systems, theoretical calculations were carried out
to reproduce the experimental observations. Referring to the ring system shown in Fig. 4.1 and
considering a signahn input to the left directional coupler, after the signal passes through the

amplifier and then the YIG strip, it appears at the output of the right directional coupler as
Ay = A, BG [Ue (eikl g sl )’7d }ﬂ (4.2)
wheref denotes the loss for the directional coupler to transfer a signal into or out of the ring and

Gis the gain provided by the amplifier. The square bracket term in Eq. (4.2) describes the change

of the signal in the transducer-YIG-transducer structure, wiweaad g describe the attenuations

% M. Remoissenet)aves Called Solitons: Concepts and Experiments (Springer, Berlin, 1999), 3rd ed.

43



due to the excitation and detection transducers, respectivelysatenotes the spatial decay rate

of the spin wave. For convenience, the terpa*',, is replaced by a single attenuation

a) (b)
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Figure 4.4 (a) Two ring amplitude-frequency responses measured at differéosslevels. Tt
dashed lines indicate the peak frequencies of the blue curve. (b) Ariritudeyflequency respor
(red curve) and a frequency comb expected for four-wave interactions (dashed lines).

parameter; in the discussions that follow.Aout in Eq. (4.2) is only a small portion of the signal
from the YIG strip due to the relatively large Iggswvhile the majority of the signal propagates to
the attenuator and the amplifier and then back to the YIG strip. The net effect is the continuous

circulation of the signal in the ring and a signal at the output of the right directional coupler as

A= 3 Ap[Gne [ [(1-p)ea-p)]" s (4.3)

n=1

where (14) denotes the loss which the ring signal experiences every time it passes through the
directional coupler, and denotes the attenuation of the adjustable attenuator. From Eq. (4.3),

one can define the complex ratio

Pou_ 5 plene " [(1-p)a(1-5)]" (4.4)

Sy =
A,

T M8

1
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Defining $1 as the amplitude 0%z1, 20lay(S1) corresponds to the ring amplitude-frequency

response measured in the experiment. From Eq. (4.4), one cafwaite

2 2
S,, = JL s 26" (1- )" " cosqki )} { B2 " (1 8)" "V " singki ﬂ (4.5)

n=1 1

T M8

Equations (4.1) and (4.5) together allow for the calculation of the amplitude-frequency response

in the ring

For the theoretical results presented below, the calculationgfus®d5 (-16.5 dB)G=1.78
(45 dB), anda=-(L+7) dB, which are all experimental values. In order to have the frequency
positions of the calculated resonant peaks match those of the experimental peaks, the calculations
usedl=11.3 mm, which is slightly larger than the actual transducer separation. This adjustment
was reasonable because the phase change due to the electrical circuit is not taken into account in
Egs. (4.3)-(4.5). Note that this phase change is much smaller than the change due to the spin-
wave propagatiorkl(). The parameten in Eq. (4.5) is frequency dependent and was determined
using Egs. (4.1) and (4.5) to fit the ring amplitude-frequency response meadiurd@ dB. The
fitting assumed thauf was a constantug®) independent ofo. This assumption is justified
because the amplitude-frequency response=40 dB is relatively flat and does not show
interference patterns.  Note that the “L=40 dB” amplitude-frequency response and its
corresponding response in tkeomain were used as a reference background in the calculations.

The “S1Vs. @’ and “S1 VS. K” responses can be translated to each other using Eq. (4.1).
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The calculations involve the following steps. One first uses Eq. (4.5) to calcul&e ¥ise
k response for a giveh. Then, one obtainsuff-|uf) as a function ok by examining the
difference between the calculat&sh vs. k response with the backgroursd: vs. k response

mentioned above. Next one uses th#-{liof) vs. k response and Eq. (4.1) to calculate the
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Figure 4.5 Comparison of experiments and calculations. (a) Experimental (blue) and theaed]
ring amplitude-frequency responses for three different ring net lgs¢evels. (b) Calculate
amplitude-frequency response for1.0 dB.

correspondingo vs.k response. By comparing tlaevs. k response with th&; vs.k response,

one finally obtains; as a function ot for a particulat.
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Figure 4.5 shows representative theoretical results. Figure 4.5(a) compares the calculated
amplitude-frequency responses (red curves) with the experimental responses (blue curves) for
threelL levels, as indicated. Figure 4.5(b) shows the same red curve in the bottom diagram in (a),
but in a much smaller frequency scale. It is evident that there is an almost perfect agreement
between the experimental and calculated responsesat’sihore, the curve in Fig. 4.5(b) shows
the rolling over of the top part of the peak, which is inherent but cannot be demonstrated
experimentally. These results clearly justify the above-discussed physical origin of the foldover
effect. Note that for the data shown in Figs. 4.3-4.5, the measurements were carried out by
sweeping the frequency from low to high, and the amplitude jumped down from a high value to a
lower value at the foldover. If the frequency is swept from high to low, it is expected that at the
foldover the amplitude would jump up from a low value to a higher value at a frequency slightly
lower than that for the down jump, resulting a hysteresis. This hysteresis response was not
measured as the frequency sweeping direction was limited in the experiment. However, it is

intrinsic and can easily be imaged with the help of the foldover shown in Fig. 4.5(b).

4.3Summary

In summary, the foldover effect was observed for nonlinear resonances in a YIG thin film
strip-based active feedback ring. The amplitude vs. frequency response in the ring showed
resonant peaks developed from ring eigenmodes. With an increase in the resonance amplitude,
those resonant peaks evolved from symmetric peaks to asymmetric ones and then folded over to
higher frequencies. To understand these results, theoretical calculations were carried out that

took into account the nonlinearity of the spin waves. The calculated results almost perfectly
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agree with the experimental observations, confirming that the observed foldover effect originated
from the nonlinearity-produced spin-wave frequency shift. The effect is not associated with
either heating or the nonlinear parametric interactions of different spin waves, as evident by

experimental data.
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CHAPTER 5

Observation of Envelope Dispersive Shock Waves in

Yttrium lron Garnet Thin Films

In nonlinear media where the dispersion dominates over the dissipation, an initial abrupt
increase in a physical quantity of the media (for example, the density of a superfluiccand th
amplitude of water waves) can evolve into an expanding waveform that consists of a leading
soliton followed by a diminishing soliton-like train which terminates in weak dispersive waves.
Such a wave train is referred to as a dispersive shock wave (BfSW).is a ubiquitous
phenomenon in nature, appearing in dispersive media as diverse as th&"6temmlinear
optical media®®® rarefied plasmé&! intense electron bearfs,and ultra-cold atom®8* In
terms of mathematical description, DSWs are often modeled by the Koridevdgies (KdV)

equation or the nonlinear Schrodinger (NLS) equatioriThe NLS equation is needed for the

% G. A. El and M. A. Hoefer, Physica D, in press (2016).
(http://dx.doi.org/10.1016/j.physd.2016.04.006).
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®8 T, Talipova, E. Pelinovsky, O. Kurkina, and A. Kurkin, Hindawi Publishing Corporation, Shock and
Vibration, Article ID875619 7 (2015).
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1 D. R. Baker and H. Ikezi, Phys. Rev. L&, 206 (1970).
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DSWs that result from modulations of a carrier wave and therefore cannot be described with the

KdV approach.

The NLS model predicts that an initial, steep increase in the amplitude of a carrier wave with
repulsive or defocusing nonlinearity can develop into an envelope DSW that consists of
oscillations with both the amplitude and width increasing from the front to the backsand i
terminated by a dark solito® Further, the model also predicts that the derivative profile of
the DSW phase oscillates too, with the oscillation period and amplitude both increasing as one
goes from the front to the back. Such predictions have never been demonstrated experimentally

in any nonlinear media yet.

This chapter reports the experimental observation of envelope DSWs for spin waves in
magnetic thin films. The experiments used surface spin waves in a magseOy (YIG)
thin film strip that had a repulsive nonlinearity. The spin waves were excited by placing a
microstrip transducer at one end of the YIG strip and feeding it with microwave signals, and were
detected by a secondary transducer at the other end of the strip. An abrupt jump in the spin-wave
amplitude was realized by inputting a microwave step pulse in which the power increases sharply
atthe step. The features of the excited nonlinear spin waves are dictated by the powegtievels
before and after the step. In a certain power regime, pronounced DSW excitations were observed
that consisted of a train of dark soliton-like dips with increasing depths and terminated with a black
soliton, as predicted by the NLS model. The phase derivative profile showed oscillations whose
frequency decreased and amplitude increased, also as predicted. These results represent the first

experimental demonstration of envelope DSWs in repulsive nonlinear systems. The results will

% M. A. Hoefer, M. J. Ablowitz, I. Coddington, E. A. Cornell, P. Engels, and V. Schweikhard, Phys. Rev.
A 74, 023623 (2006).
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not only advance the fundamental understanding of universal DSWs in general, but will also help
the interpretation of many effects such as turbulence and de-coherence in the NLS systems, which
include surface ocean waves, waves in electromagnetic transmission lines, and light waves in

optical fibers, in addition to the spin waves concerned here.

5.1Experimental Configuration

Figure 5.1(a) shows a schematic diagram of the experimental setup. The setup includes a
long and narrow YIG thin film strip and two microstrip line transducers placed on the top of the
YIG strip for the excitation and detection of spin waves. The YIG film strip is magnetized to
saturation by an external magnetic field which is in the plane and perpendicular to the length of
the YIG film strip, as indicated. This film/field configuration supports the propagation of surface
spin wave® ® whose nonlinearity is repulsive or defocusthg.For the DSW measurements, the
excitation transducer is fed with a microwave step pulse that is produced by merging the signals
from two phase-locked microwave sources. One of the microwave sources provides a weak
signal that abruptly goes to zero at a certain time, while the other produces a relatively strong
signal whose amplitude jumps rapidly to a larger value at the time the weak signal goes to zero.
Such a microwave pulse excites a spin-wave step pulse in the YIG strip, and the latter is then
probed by the detection microstrip transducer. The output signals from the detection transducer

are measured directly with a fast oscilloscope, without using any microwave amplifiers or diodes.

P Kabos and V. S. Stalmachdwagnetostatic Waves and Their Applications (Chapman and Hall,
London, UK, 1994).
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For the experimental data presented below, the YIG film strip was 1.3 mm wide and 36.5 mm
long. It was cut from a larger single-crystal YIG wafer grown on a gadolinium gadjarnet
substrate by liquid phase epitaxy. The magnetic field was set to 1323 Oe. The microstrip line
transducers were 50 um wide and 2 mm long and were end-shorted. The separation of the two
transducersl) was set to 20.8 mm. The input microwave signals applied to the excitation
transducer were step pulses whose power Ryagght before the step ané right after, as
indicated in Fig. 5.1(a). During the measuremdrtsindP. were varied over a range of 1 gpW

80 mW, but the carrier frequency was fixedote6.045 GHz.

Figures 5.1(b), 5.1(c), and 5.1(d) show the characteristics of the YIG device shown in Fig.
5.1(a). Figure 5.1(b) presents the transmission response, namely, the amplitude of the S-
parameteiSyi(f), measured at a microwave power level of 20 pW over a frequén@ang@e of
5.75-6.30 GHz. In Fig. 5.1(c), the blue curve presents the spin-wave dispersion curve determined
from the phase di21(f), namely,@(f), while the red curve shows a theoretical fit to the spin-wave
dispersion equation. To obtain the experimental dispersion curve, the spin-wave wavdimber
was calculated frork(f) using the relatiod(f)=k(f)I+®o (Po, a phase constant) and takk at

the low cut-off frequencieuw= 5.792 GHz of the transmission. The theoretical fitting 43&d

2 nf =|;/|\/HO(HO +472M )+ (42M ) (1-e ) (5.1)

where §| is the absolute gyromagnetic ratldy is the magnetic field, 2Ms is the effective
saturation induction of the YIG film, and d is the YIG film thickness. The horizontal dotted and
dashed lines in Figs. 5.1(b) and 1(c) indicate the locatidiaswnéifcut, respectively.  Figure 5.1(d)
gives the output power as a function of the input power measuied dthe shaded area indicates

theP2 range in which pronounced DSW excitations were observed.
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The data in Fig. 5.1(b) indicate a spin-wave passband from 5.79 GHz to about 6.20 GHz, in

which fo is located in about the middle. The transmission profile is relatively smooth. This
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Figure 5.1 Experimental configuration and spin-wave characteristics. (a) Schematie
experimental setup. (b) Transmission response of the YIG film strip dedasuned at an inf
power of 20 uW. (c) Experimental (blue) and theoretical (red) disparsioas of spin waves in t
YIG film strip.  (d) Output power of the YIG film strip device measliess a function of the ing

power at 6.045 GHz.

indicates that the spins on the YIG film surfaces are unpinned and a repulsive nonlinearity is

expected for the entire 5.79-6.02 GHz frequency range. In films with strongly pinned surface

53



spins, one has a repulsive nonlinearity only in narrow frequency réff§esrThe fit in Fig. 5.1(c)

is nearly perfect. The fitting yielg|+2.88 MHz/Oe, #AMs=1870 G, andi=11.0 um. They|

value is close to the standard value (2.80 MHz/Oe). W #alue is slightly larger than the

bulk value (1750 G), and this difference is mainly due to the assumption of a zero anisotropy field
in Eg. (5.1). One usually describes the dispersive characteristics of a wave by defining a
dispersion coefficient as

0 (o)

. (5.2)
ok

Using the experimental dispersion curves in Fig. 5.1(c), one oland1.8x18 cné/(rad/s)
atfo=6.045 GHz. This value is very close to the theoretically calculated value which is -£1.3x10
cé/(rad/s). The data in Fig. 5.1(d) indicate that the spin wave is linear in"thEen\W input
power range but is highly nonlinear for the input power higher than 10 mW. The nonlinearity
here derives mainly from four-wave interactions in terms of nonlinear waves, or four-magnon

scattering in terms of quantum languagfe.

5.2Experimental Results and Discussions

Turn now to the DSW experimental data, which are presented in Figs. 5.2-5.5. Figure 5.2
shows the main results of this work that demonstrate for the first time the envelope DSW for

repulsive nonlinear spin wave systems. Figures 5.2(a) and 5.2(b) present the input and output

67 B. A. Kalinikos and A. N. Slavin, J. Phys. C: Solid State Ph9s7013 (1986).
8 B. A. Kalinikos, N. G. Kovshikov, and A. N. Slavin, Zh. Eksp. Teor. 8#.159 (1988).
% A. D. Boardman and S. A. Nikitov, Phys. Rev38 11444 (1988).
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signals, respectively. In both figures, the top and bottom diagrams present the amplitude and
phase profiles, respectively. The phase profiles show the phase values relative to the phase of a
continuous wave with a frequency the saméy,a6.045 GHz. In Fig. 5.2(c), the top diagram
shows the square of the amplitude data in Figbh.2he middle diagram shows the same phase
data in Fig. 5.2(b), and the bottom diagram presents the time derivative of the phase profile in the
middle diagram. Note that the time scales in Figs. 5.2(a) and 5.2(b) are the same but are smaller

in Fig. 5.4c). The red curve shows a fit to the square of a black soliton envelope Profile

u(t) = uo\/l sechZI—uovg \/E(t - to)—1 (5.3)
L b |

where u denotes the spin-wave amplitudeisuthe spin-wave amplitude for the black soliton

backgroundyy is the group velocity, N is the nonlinearity coefficient, anis ta time constant.
The fitting usedvg=5.0x1¢ cm/s and N=-2.9xf0rad/s, which were both calculated with the
experimental parameters. Heraand b are two fitting parameters and were taken to be 3.28x10
2 and 277 ns, respectively, for the fit shown in Fig. 5.3(c). The vertical dashed line5BFdy.
indicates the location of the black soliton center. All the data in Fig. 5.3 were taRer0a1

mW andP2=3.47 mW.

The data in Fig. 5.2 clearly indicate that an envelope DSW is formed that consists of a train
of dark soliton-like dips, with the width broadening and the depth increasing from the front to the
back, and is terminated with a black soliton. The black soliton has an almost zero amplitude at
its center, a profile that can be fitted nicely with the standard black soliton function Eq. (5.3), and

a phase jump of 175° at its center which is very close to 180°. All of these three features are the

0 M. Remoissenet)aves Called Solitons: Concepts and experiments (Springer, Berlin, 1999).
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signatures of envelope black solitons. The fact that the DSW is terminated by a black soliton,
not a gray soliton, indicates the formation of a vacuum point right before the large jump. The

derivative of the phase profile in Fig. 5.1(c) shows a notable oscillation behavior, with both the

(a) Input signal (b) Output signal (c) Output signal (zoom in)
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Figure 5.2 Demonstration of an envelope DSW. (&) Input signal: topplitude; bottom - pha
(b) Output signal: top amplitude; bottom - phase. (c) Zoom-in display of the output signal
in (b): top— power (amplitude square); middiehase; bottom phase derivative. The red curv
(c) shows a numerical fit to a black soliton profile.

oscillation period and amplitude increasing from the front to the back. Note that in the bottom
diagram in Fig. 5.1(c), the values at the black soliton center are beyond the vertical scale. These

observations confirm for the first time the NLS predictions reported in Refs. [56] and [65].
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Figures 5.3 and 5.4 show further data that show that the formation of the DSW excitations is
sensitive to the characteristics of the spin-wave steps, the same as other types of shock waves.

Figure 5.3 presents the data measured with the pewiexed at 3.47 mW while the ratiB./P1

(a) Po/P1=1.6 (b) P,/P1=2.4 (c) Po/P1=5.0 (d) P,/P=7.6
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Figure 5.3 Dependence of DSW formationRyP:. In each diagram, the signal is shown in
while the phase is shown in red; #A¢P; ratio is indicated on the top. For all the measuremgs
was fixed at 3.47 mW.

ranged from about 1.6 to 50. One can see that the DSW is fully develdpgihatlé and 24,
characterized by a black soliton right before the large amplitude jump. When the ratio is lower
than 16 or higher than 24, the DSW is under-developed. This result indicates that the amplitude
of the jump is important for the DSW development. This importance derives from the fact that
at the jump, the group velocity and dispersion coefficient of the spin wave, which are both critical
parameters for the DSW formation vary due to nonlinearity-produced dispersion curve shift.
Figure 5.4 shows the data measured wheani B were both increased but their ratio was kept

constant aP,/P1=24. It is evident that the DSW is pronounced wRerD.14 mW andP,=3.47
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mW but is not at other power levels, indicating that appropriate nonlinearity is a pre-requisite for

the formation of the DSW.
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Figure 5.5 presents the data measured at different positions (x) along the spin-wave
propagation. In contrast to those shown in Figs. 5.1-5.4, these data were obtained using a scan-
able inductive probé&:’? not a microstrip line transducer. The data clearly indicate how an initial
spin-wave step gradually evolved into a DSW during its propagation along the YIG film strip.
The DSW became fully developed at x=4.5 mm, as shown in the middle diagram in Fig. 5.5. The
fact that the DSW formation needs a certain propagation length is because the spin-wave
nonlinearity takes a certain propagation time or distance to de{*éfopNote that the signal after
the step has an amplitude of about 4.5, which is beyond the vertical axis scale. Note also that,
different from the black solitons shown in Figs. 5.2-5.4, the dark solitons in the DSW excitations
in Fig. 5.5 do not show nearly zero intensity at their center.  This is mainly because the inductive
probe dimension is larger and is therefore less sensitive than the microstrip transducer, resulting in

the smoothing of the time-domain signals.

T M. Wu, M. A. Kraemer, M. M. Scott, C. E. Patton, and B. A. Kalinikos Phys. R&Q, B54402
(2004).

2 V. Eisler and Z. Zimboras , New J. Phgg, 053048 (2015).

3 N. G. Kovshikov, B. A. Kalinikos, C. E. Patton, E. S. Wright, and J. M. Nash, Phys. Bdy1B210
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Figure 5.5 Spatial development of DSWEach diagram shows the spin-wave signal measured
inductive probe at a distance of x away from the excitation transducer. The meassineer
carried out aP;=0.14 mW andP.=3.47 mW

5.3Summary

In summary, this work demonstrates envelope DSWs for surface spin waves in YIG thin film
strips. The DSW consists of a train of dark soliton-like dips with both the width and depth
increasing from the front to the back and is terminated by a black soliton with its center intensity

close to zero and its phase jumping close t®®180he formation of such DSW excitations is
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sensitive to the characteristics of the initial spin-wave step pulse. It also takes a certain
propagation distance for the initial step pulse to evolve into a DSW. Future work is of great
interest that makes use of the NLS model and the experimental parameters to reproduce these
experimental results. Future work is also very interesting that demonstrates similar DSW
phenomena in other NLS systems, including surface ocean waves, waves in electromagnetic

transmission lines, and light waves in optical fibers.
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CHAPTER 6

Spin Pumping due to Traveling Spin Waves

In this chapter, an experimental study on spin pumping due to nonlinear surface spin waves is
presented. In ferromagnetic material/heavy metal bi-layer structures like YIG/Pt, magnetic
excitation in the ferromagnetic material can induce a flow of angular momentum into the adjacent
heavy metal laye®’® This is known as a spin pumping. The spin pumping in turn gives rise
to a spin current in the heavy metal which, due to strong spin orbit coupling, can give rise to an

ISHE voltage’"®

This phenomena provides a means to turn magnetic excitations in insulators into electric
signals. This possibility to couple spin dynamics in an insulator to electrons in a metal plays a
major role in the newly developed area of technology called spintronics. The main idea behind
spintronics is to develop more energy efficient logic and computational devices that could replace

the conventional electronic devic€8%8182  Because of the extremely low damping and the rich

S B. Heinrich, C. Burrowes, E. Montoya, B. Kardasz, E. Girt, Young-Yeal Song, Yiyan Sun, and
Mingzhong Wu, Phys. Rev. Lett07, 066604 (2011).

6 V. Castel, N. Vlietstra, B. J. van Wees, and J. Ben Youssef, PhysB B8v134419 (2012).

7 J. E. Hirsch, Phys. Rev. Le&3,1834 (1999).

8 S. O. Valenzuela and M. Tinkham, Natd#®, 176 (2006)

® A. V. Chumak, V. I. Vasyuchka, A. A. Serga and B. Hillebrands, Nature Bhy453 (2015).

8 J Wang, H Meng, and J-P Wanga, J.$28Y, 10D509 (2005).

8 M. P. Kostylev, A. A. Serga, T. Schneider, B. Leven, and B. Hillebrands, Appl. Phys87,€t63501
(2005).
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dispersive properties, YIB has been identified as a material of choice for many of these
applications® 8! Despite the fact that spin waves in YIG demonstrate characteristics that are
attractive for many applications, the nonlinear properties of spin waves complicate this picture and

need to be studied carefufi®

Apart from spintronics, the fact that the spin pumping induces voltage can also be used as a
technique to probe the magnetic excitations in ferromagnetic materials, to gain more insight about

magnetic excitations such as spin waves.

The importance of the work presented here is twofold. Firstly, the ISHE voltage produced
in a YIG/Pt bi-layer structure due to microwave induced spin pimping, in a wide range of magnetic
field and microwave frequency, is studied. Several distinct magnetic field and frequency ranges,
where the ISHE voltage is strong and weak, were identified. A clear nonlinear behavior in the
ISHE signals is seen, which adds to the versatility of spin waves and opens up a newofdegree

freedom for the design of spintronic devices.

Secondly, the nonlinear behavior of the ISHE voltage is explained under the framework of the
so-called three-wave nonlinear splitting.  The careful study of the nonlinear behavior of the ISHE
voltage has in return provided new information about the threshold power that is required for the
three-wave nonlinear splitting. Though some studies had already been carried out to better
understand the three-wave nonlinear splitff, most of those studies have been focused on

narrow frequency and magnetic field ranges. The data presented in this chapter covéh@almost

8 C. Kittel, Introduction to Solid State Physics (Wiley, New Jersey, 2005).

8 Q. Bu'ttner, M. Bauer, S. O. Demokritov, and B. Hillebrands, Phy. Rev. Létt, BL576 (2000).

8 V. E. Demidov, J. Jersch, K. Rott, P. Krzysteczko, G. Reiss, and S. O. DemdRhy. Rev. Lett102
177207 (2009).

8 C. L. Ordéiiez-Romero, B. A. Kalinikos, P. Krivosik, W. Tong, Pavel Kabos, and C. E. Patton, Phys.
Rev Lett. B79, 144428 (2009).

87 C. Mathieu, V. T. Synogatch, and C. E. Patton, Phys. Rev. L6éit, B04402 (2003).
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entire passband of the surface spin waves, accessible to commonly used 50 um wide microstrip

transducers, in a wide magnetic field range.

The experiment was carried out with the use of au@rthick YIG strip which was partly
covered with Pt, in surface spin wave configuration. Section 6.1 provides the experimental
details and the observations. The experimental observations were understood in the framework
of the three-wave nonlinear splitting, and a discussion on the qualitative explanation of the

experimental data is presented in section 6.2. Finally section 6.3 gives a summary of the work.

6.1Experimental Configuration

A suitable YIG/Pt bi-layer sample was prepared for the experiment. For this parpose
narrow YIG thin film strip was used on which a rectangular section at the middle was covered by
a thin layer of Pt.  As the first step, a 200r-wide and 45mm-long, high-qualy, single-crystal
YIG strip grown by standard liquid phase epitaxy was papered. The ends were cut in a roughly
45° angle to the length, to avoid the reflections of spin waves. With the use of two microstrip
transducer structures and a vector network analyzer, the transmissioB.gatéd the YIG strip
was measured as a function of the frequency. Figure 6.1 presents the characteristics of the YIG
strip. During the measurements, the microstrip transducers were held 10 mm apart and the YIG
strip was placed on top of them with the YIG side facing down and touching the transducers.
Figure 6.1 shows the transmission coefficient d8tg fneasured as a function of frequenfly (

The left diagram shows the amplitude vs. frequency response, namely, the ampBu(fe ofin

the right diagram, the green curve presents thewspue dispersion determined from the phase of
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Se1(f), while the blue curve shows an analytical fit that was made to thevspm dispersion using

equation, Eq. (6.1).

2
w(k) = \/a)H(wH + wy) + aiTM(l — g~ 2ka) (6.1)

To obtain the experimental dispersion curve, the-g@ine wavenumbek(f) was calculated
from the phase of experiment&h(f), namely,®(f), using the relatio(f)=k(f)|+®o wherel is the
distance between the two microstrip transducersars a phase constant. The calculation took

k=0 at the low cubff frequencyf = 4.78 GHz of the transmission.

The data indicate that the spin waves in the YIG film have a passband of abeb24Gt8z.
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Figure 6.1 Transmission profile (left) and spin wave dispersion curve (right) for a YIGInmistrip.

The calculations usegl$2.8 MHz/Oe and#Vs=1850 G. The fitting parameters weteandd.

For the fit given in Fig. 6.1(a), one hds=1015 Oe and=9.7 um. The field value obtained here

is slightly smaller than the experimental value. Possible reasons for this difference include the
errors in measuringdo and determining the low cuaiff frequency of the spin wave and the
assumption of zero anisotropy field in the YIG film. Note that for allS3hemeasurements in

this work, the signals from the vector network analyzer input had the same power, whidf7 was
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dBm. This permits one to use Eq. (6idy the fitting. It should be noted that at this magnetic

field the three-wave interaction is prohibited.

After the characterization, a thin Pt layer was deposited on the YIG strip cowering
rectangular part of it at the center. Pulse laser deposition technique at room temperature was used
for the Pt deposition. The Pt layer covered a 5.5 mm long section of the strip in its entire width
and hada thickness of 20 nm and a resistance of 90 Q. Finally, to measure the ISHE voltage
across the Pt length direction, two Cu wires were attached to the two ends of the Pt strip with the

use of high-purity silver ink.

The experimental setup, which is used to measure the ISHE voltage is schematically shown
in Fig 6.2. It consisted of the YIG/Pt sample, with a microstrip transducer placed on top of the
sample to excite spin waves in YIG, and a nano-voltmeter to measure the ISHE voliage.
obtain the strongest possible ISHE voltage signal, the following three directions should be
orthogonal to each other: (1) direction of magnetization, (2) direction of spin pumping-produced
spin flow, and (3) the Pt length along which the voltage is measured. Therefore, the YIG strip is
magnetized by a magnetic field lying in the film plane perpendicular to the strip length. This
film-field configuration supports the propagation of surface spin waves along the YIG strip and at

the same time allows for three-wave nonlinear interactions at low enough magnetic fields.

When spin waves are excited in the YIG film, underneath the Pt layer, these magnetic
excitations generate a spin current that flows from the YIG into tfe’Pt. The spin current in
turn, due to the ISHE "8 produces a small electrical voltage in the Pt layer. This voltage is

subsequently measured with the use of a nano-voltmeter.
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The magnetic field is swept from 0 Oe to 1100 Oe in 12.4 Oe steps, while the frequency is
swept from 20 MHz to 5 GHz in 10 MHz steps. The ISHE voltage is recorded for all the field

and frequency values. For better visualization the data are presented in the form of color maps.

Microstrip transducer

Figure 6.2 Schematic of the experimental setup for spin-weltesed spin pumping measuremen
YIG/Pt structures.

Figure 6.3 shows such a color map obtained for one of the data sets. The x-axis corresponds
to the external magnetic field strength, the y-axis corresponds to the excitation frequency, and the
color corresponds to the observed ISHE voltage (blue being no voltage and red a strong voltage)
as indicated by the color bar. For these data the microwave power applied to the input transducer

was set to 20 dBm.

Several key observations were made from the data presented in this ISHE voltage color map:
1) Aprominent sharp line was observed in the middle of the ISHE voltage map, which started
at the left bottom corner and stretched almost diagonally to the upper right corner.  This

signal was found to be corresponding to the uniform precession mode or the FMR
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frequency mode of the YIG strip (in the surface wave configuratiohiis agrees well
with the Kittel equation.

2) Below the FMR frequency, no ISHE voltage is observed.

5]

4
- S
Z, E
— - -10.03 2
s S
E - -0.02 %
w @

0 200 400 600 800 1000
Field (Oe)

Figure 6.3 The color map constructed from the ISHE data.

3) Right above the FMR frequency, no ISHE voltage is observed, and this region with no
voltage signal grows wider along the frequency axis with an increase in the magnetic field.
4) At even higher frequencies (above the last mentioned region with no voltage), again a

voltage signal is seen.
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5) The strongest ISHE voltage is observed well-above the FMR frequency at low magnetic
fields.

6) A vague upper cut-off frequency is observed at all magnetic field values above which the
voltage signal drops drastically. This upper cut-off agrees well with the highest wave

number spin waves that could be efficiently excited by the microstrip transducer.

To better understand the underlying mechanisms, the experiment is repeated for a second
experimental configuration in which the microstrip transducer is placed outside of the Pt covered
section of the YIG strip.  For the purpose of clarity, the first configuration, where the microstrip
antenna is placed on top of the Pt, will be called as configuration 1; the configuration with the
microstrip antenna placed outside of the Pt region, will be called as configuration 2. Figure 6.4
shows the results from both the configurations with the corresponding configuration numbers and

the microstrip transducer placements. The format of the color map is the same as that in Fig. 6.3.

The surface spin waves are non-reciprocal and efficiently propagate only in one direction
close to the top surface of the YIG fiffn'® Therefore, in configuration 2 it should be noted that
the correct placement of the microstrip transducer, to the left or the right of the Pt covered section,
depends on the magnetic field direction. For surface spin waves, the following three directions
form a right handed set of axis: (1) the normal direction of the film plane, (2) the external field
direction, and (3) the direction of the spin wave propagation close to the top surface of th€YIG.
Therefore, when the microstrip transducer is placed outside of the Pt covered section, it is placed
in such a way that the spin waves excited closthg¢aop surface would efficiently propagate
towards the Pt covered section. The separation of the microstrip transducer and the Pt covered

section is about 2 mm.
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In Fig. 6.4, the yellow dashed lines indicated fas2orrespond to twice the lowest backward
volume spin wave frequency. The red dashed lines indicatégiragsorrespond to the FMR
frequency calculated with the Kittel equation.

The different regions in the color maps are marked with capital letters for better clarity and
easy identification in the text. In the data obtained from configuration 2, while some of the

Configuration 1 Configuration 2 " 104

Frequancy (GHz)
ISHE Voltage (mV)
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Figure 6.4 ISHE voltage maps and the antenna placement. (a) configuration 1, (b) configurattion

features are the same as that from configuration 1, some differences should be noted.

1) The ISHE voltage signal that is observed is an order of magnitude smaller than that for

configuration 1.

2) The curve that correspond to FMR s still present but very weak.
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3) At higher fields an ISHE voltage signal is seen just above the FMR frequency, and it starts
appearing only after a certain field strength (roughly 500 Oe). See region F.

4) The left part of region F has a very distinct wedge shape.

5) In the region where the signal is the strongest in configuration 1 (region C), a weak ISHE
voltage signal is seen in configuration 2 (regipn J

6) The strongest ISHE voltage signal for configuration 2 is observed in region F.

Observations (4) and (5) clearly distinguishes the results of configuration 1 from configuration 2.

The physics behind these differences is discussed in detail below.

6.2Experimental Results and Discussions

The ISHE voltage response seen in configuration 1 is clearly nonlinear. Despite the
numerous efforts that were made to explain it in terms of different nonlinear phenomena the data
from configuration 1 alone was not enough to obtain a clear picture of the specific mechanisms.
As a result the experiment was repeated for configuration 2 to obtain more information about the
physics behind the observations. In the data obtained from configuration 2, clear indications of

the nonlinear three-wave splitting process is observed.

As it is explained in the material that follows, the data can be well understood under the frame
work of three-wave interactions. As much as it provides valuable information about the different
nonlinear regimes, which are important for spintronic device applications, this experiment also
provides more insight into the three-wave processes and the different regions where it is most

effective.
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The effects are explained not in the order by which they are listed in section 6.1, but in the
order that provides the most clarity. One important point that should be noted for the clear
understanding of the data is the fact that, even though not strictly linear the ISHE voltage being
produced is proportional to the strength of the magnetic excitations in the YIG film. That is a
larger angle of precession in the YIG will result in a higher ISHE voltage in the Pt. The exact
relationship between the ISHE voltage vs. the excitation power depends on the Pt and YIG

thicknesse&®

The sharp line in the ISHE voltage map that begins at the bottom left corner at low fields and
extends towards the upper right hand corner in Figwghith is also denoted &sur) corresponds
to the ISHE voltage produced due to the FMR mode in the YIG. This line agrees almost perfectly
with the FMR frequency calculated using the equatim,(2.13) with k=0), shown by the red
color dashed line. The region below the FMR frequency in both the configurations show no
voltage. In this experiment, the magnetic field is in the film plane perpendicular to the YIG strip.
This configuration supports surface spin wave propagation and does not support the backward
volume spin wave propagation. The surface spin wave frequency pass band lies above the FMR
frequency, while the backward volume spin wave frequency pass band lies beldwrthe
Therefore no ISHE voltage signal in the region below the FMR frequency is due to the absence of

the spin wave excitations in this region.

The voltage signal from configuration 2 is much weaker than that in configuration 1 and this
can easily be understood by considering the strength of the magnetic excitation underneath the Pt

in the two configurations. In configuration 1 the excitation from the antenna happens right

88 V. Castel, N. Vlietstra, J. Ben Youssef, and B. J. van Wees, Appl. PhyslQ&tt32414 (2012).
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underneath the Pt covered section, but in configuration 2 the spin waves are excited outside of the
Pt covered section and spin waves traZimm before it reaches the Pt covered section. Due to

the damping in the YIG, as the spin waves propagate ir2hem distance, the spin waves
attenuate exponentialtyl®  Therefore, the magnetic excitations underneath the Pt in
configuration 2 is significantly weaker than that in configuration 1. Therefore the ISHE voltage

is significantly weaker in configuration 2. It should be noted that strictly speaking the FMR mode
corresponds to the uniform precession and does not propagate, and the mode discussed here refers
to the quasi-uniform spin wave that has a frequency very close to the FMR frequency and a

wavenumber close to zero.

The clearest indication of the three-wave splitting is seen in the data from configuration 2.
At higher magnetic fields, in configuration 2 region F an ISHE voltage signal is seenbagiet a
the FMR frequency. This signal starts appeaaitaycertain field strength (roughly 500 Oe), and
atthe beginning it is seen only in a small frequency range. As the magnetic field increases, the
signal spreads wider along the frequency axis and shows a very distinct wedge shape that is
enclosed between the two dashed lines, labeled as “frmr” and “2fmin”.  This by far is the clearest

of indication of the three-wave process.

For magnons at the FMR frequendyvk) the three-wave splitting is prohibited at higher
magnetic fields. The absence of available spin wave modes at orfegidvand therefore the
inability to split into two new spin wave modes that will conserve both the energy and momentum
are the reasons behind this. The same reasons hold true for surface spin waves as well. When
the frequency of a surface spin wave lies beldwn2the three-wave splitting for that spin wave
is prohibited. Therefore, wherfri lies above the FMR frequency, the region sandwiched

betweenfrvr (red dashed line) andn2, (yellow dashed line) gives the range of frequencies for
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which the three-wave splitting is prohibited. Therefore when the surface spin wave frequency
lies in this range, the spin waves travel much further with no three-wave splitting-associated losses.
As aresult, the ISHE voltage is stronger. However, above this range (dkey#he three-wave
splitting is allowed. For this reason, when the surface spin wave frequency is in this range (above
2fmin), they experience relatively large losses due to the three-wave splitting-associated losses and

thereby decay fast. This results in a weak or no signal in region K.

In configuration 1 region B, right above the FMR frequency at low fields, there appears a
region with no ISHE voltage signal which widens along the frequency axis as the field increases.
It is known that the surface spin wave frequency pass band starts at the FMR frequency and extends
into higher frequencies. In accordance with this, an ISHE voltage is expected to be observed for
the entire surface spin wave frequency pass band, which starts at the FMR frequency and extends
into higher frequencies. This, however, is not observed. The discrepancy here can also be
understood well in the frame work of the three-wave splitting. When the magnetic field is low
(configuration 1 region B), sincdnh lies below the FMR frequency, the conservation of energy
and momentum can be satisfied in a three-wave splitting and the three-wave splitting can occur
for all the surface spin wave frequencies. The reason for a weak ISHE voltage sigg@&inn re

B is the weakening of the spin wave excitations due to the three-wave splitting-associated losses.

In Fig. 6.4(a) the strongest voltage signal, which appears in dark red, is observed between 1.2
GHz and 2.2 GHz for a field range of 50 Oe -150 Oe (configuration 1 region C). This observation
raises an interesting question - why the ISHE voltage is strong even when the thrgeesesses
are allowed in this region? The reason for this is a fine balance between the group, viedocit
precession angle, and the conditions required by the three-wave process. At the first glance, this

seems to contradict the explanation given for configuration 1 region B. The discrepancy can be
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Figure 6.5 Qualitative pictures of dispersion curves for surface spin waves &néizheolume spi
waves for two different magnetic fields.

cleared out when all the factors that affect the three-wave splitting are considerecificeige
in this region (configuration 1 region C), from the point of view of the energy and momentum
conservations the three-wave splitting is allowed, but the threshold power required for the three-

wave splitting to take place in this region is higher, as explained below.

Figure 6.5 (a) and (b) show dispersion curves for surface spin wave and backward volume
spin wave excitations for two different magnetic fieldisandH»>, whereH>>H;. The x axis is
the wavenumbeétand the y axis is the frequency. In both (a) and (b) the frequency axes represent
the same frequency range. All dispersion curves are qualitative curves and are made only for

illustration purposes. Three dashed lines are drawn to indicate the following frequendigs: (1)
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— the minimum frequency of the backward volume spin wave pass@ritfmin, and (3) 2wmr.

At the low magnetic fieldH: the FMR frequency, the surface spin wave passband, and the
backward volume spin wave passband are all at lower frequencies; and at the higher magnetic field
H>, they are all at higher frequencies. Due to the non-reciprocal nature, the dispersionrcurve fo
the surface spin wave is shown only for the poskivalues in both the graphs® Because of

the non-reciprocity of the surface spin waves, the creation of a surface spin waves with kegative

values through the three-wave splitting is not allowed.

When the surface spin wave frequency is higher tHamwr2the three-wave splitting is
prohibited. For this reason, the surface spin waves with frequencies largefetiraddzs not
suffer the losses due to the three-wave splitting, and an ISHE voltage signal is expected to be seen

in the region where the frequency suk or higher.

Previous work has demonstrated that as the frequency of the secondary spin waves that are
produced as a result of the three-wave splitting becomes closer to the FMR frequency, the threshold
power needed for the three-wave splitting incre@sed herefore, even though the exact cut-off
frequency for the three-wave splitting is dev (when only the energy and momentum
conservations are considered), the efficiency of the three-wave splitting at relativekcitation
power levels (20 dBm in this experiment) should drop as it gets closkwto @r in other words,
the threshold power required for the three-wave splitting increases. Figure 6.6 shows the voltage
map of Fig. 6.4 (a) with three dashed lines correspondirigio(white dashed line),faur (green
dashed line), and 1.8%r (red dashed line). In Fig. 6.6 a drastic increase in the ISHE voltage is
seen above 1.835vr. This implies an absence of losses due to the three-wave splitting above

1.35rvr.

76



Configuration 1

5) 50.0
4|
437.5
N
I
C 3
g 125.02
5
62
o
L
12.5
1
% 200 400 600 800 1000 00

Magnetic field (Oe)

Figure 6.6 Comparison of the boundary of configuration 1 region C with differenphasalt
the FMR frequency.

To confirm this understanding, the experiment was repeated for four different power levels in
configuration 1. For the data to be consistent with the above explanation, a narrowing of
configuration 1 region B, is to be expected with a decrease in the excitation povgere 6-6
indicates that, when the excitation power is 20 dBm, this boundary is roughly fat;d.33f the
excitation power is lowered, this boundary should move towaygs

Figure 6.7 shows the color maps that were obtained using four different input power levels
which were 20 dBm, 15 dBm, 10 dBm, and 5 dBm. In all tifigsees the color range (blue to
red) is normalized between the corresponding minimum and maximum ISHE voltages. The
region that corresponds to configuration 1 regiostBinks in size with decreasing the input power.
The boundaries, above which the three-wave splitting stops, for the four different power levels,

approximately correspond to 1f3%r, 1.316rvr, 1.283rvr, and 1.2%emr.  This confirms the
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Figure 6.7 Color maps of the ISHE voltage for four different excitation pavetd: (a) 20 dBm, (b) :
dBm, (c) 10 dBm, and (d) 5 dBm.

explanation given above for configuration 1 region Che strength of the ISHE voltage produced

in the region, configuration 1 region C, is determined by two factors: (1) magnetic excitation
strength (precession angle) and (2) the group velocity of the spin waves. At low fields the
precession angle excited by a given excitation power, from the transducer, is langerathet

higher magnetic fields. The group velocity of the spin waves determines the rate at which the spin
wave energy flows away from the antenna and the time which the spin waves spend underneath
the Pt. Therefore, the dark red region in Fig. 6.4(a), region C, is believed to betlle dine

balance of the above two factors coming together to produce a very strong voltage.
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6.3Summary

In summary the spin pumping due to travelling spin waves in the surface spin wave
configuration has been studied in a wide magnetic field range and a wide frequency fEmge.
experiments were carried out in the nonlinear regime of the surface spin waves. It is observed
that the ISHE voltage response of the system deviates significantly from what the linear theory
predicts. As a result of these nonlinear effects several distinct regions emerged in the ISHE
voltage color maps. The main reason for this behavior was identified as the nonlinear three-wave
splitting process, which produces backward volume spin waves as a result of the annihilation of
surface spin waves. The main features of these voltage maps were qualitatively understood in
the frame work of the three-wave splitting and the standard spin wave theory. The results provide
helpful information for the design and use of spintronic devices. This also opens a new degree
of freedom for innovation, to design and build nonlinear spintronic devices. The data clearly
indicate that the successful operation of any spintronic device in a surface spin wave configuration
depends on the fine control of the operation power, apart from the right frequency and the right
bias field. So far, to the best ofy knowledge there exists no analytical theory to model this
regime of nonlinear surface spin waves. Therefore, this work also provides more information

about the nonlinear three-wave splitting prodedselp develop a complete theory.

79



CHAPTER 7

Role of Damping in Spin Seebeck Effect in Yttrium

Iron Garnet Thin Films

The SSE refers to the generation of a spin voltage in a ferrimagnet due to a temperature
gradient. This spin voltage can produce a pure spin current in a heavy metal that is in contact
with the ferrimagnet. The SSE was first discovered in ferromagnetic et but not long
after was also observed in magnetic insuldfols?#9%9.97.98 gnd semiconducto®:'®° The
experiments usually utilize a ferrimagnet/heavy metal bi-layered hetero-structure with the

magnetization in the ferrimagnet layer saturated in-plane and often take a longitudinal
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configuration in which a temperature gradient is established along the thickness direction of the

ferrimagnet/heavy metal structure.

Although a complete understanding of the SSE effect has not been realized yet, various
different theoretical models have been proposed to interpret the @ff@et02103104105 Among
the early models, the one attracting slightly more interest is the so-called magnonSBizen
model proposed in Ref. [100]. The essence of this model is that the magnon subsystem in a
ferrimagnet can become thermalized internally before it equilibrates with the phonon subsystem.
As a result, the spatial distribution of the magnon temperdatuie the ferrimagnet deviates from
that of the phonon temperaturg although the average of may be the same as thaflgf This
temperature distribution difference can further result in a difference befiugarthe ferrimagnet
and the electron temperatufein a neighboring heavy metal at the interface and a corresponding

pure spin current in the heavy metal.

More recent models include those proposed in Refs. [101-104]. Specifically, the authors in
Ref. [101] studied the origin of the SSE using the stochastic Landau-Lifshitz theory and identified
several length scales that govern the SSE strength. According to their model, the magnons in the
ferrimagnet film establish a non-equilibrium steady state by equilibrating with phonons in the
ferrimagnet via bulk damping and electrons in the neighboring heavy metal via interfacial spin
pumping. In parallel, the authors in Ref. [102] analyzed the SSE phenomenon through

microscopical calculations using the Boltzmann equation of the magnons. In their model, the
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temperature gradient leads to the generation of the magnons in the bulk of the ferrimagnet, and the
magnon spin current into the metal is needed to ensure the continuity of the spin flow at the
ferrimagnet/heavy metal interface. Lastly, the model described in Refs. [103] and [1@4] take
into account the linear dependence of the SSE strengihi-dR in the ferrimagnet near the
interfacé® and considers the decay Bf-T, with a certain characteristic length scale from the
interface into the bulk of the ferrimagnet. Although proposed separately, these models all involve
magnon flows across the ferrimagnet thickness and emphasize the bulk origin of the SSE. The
bulk origin is supported by SSE experiments using ferrimagnet films of different thickf&4%es.

The four models mentioned above also engage the magnetic dampinghe ferrimagnet
film as a critical ingredient of the SSE, though in very different ways. In detail, in the model
proposed in Ref. [100] the spin current pumped from the ferrimagnet to the heavy metal is
inversely proportional to 1#2. The characteristic length scales identified in the model in Ref.
[101] all depend ome. In the model in Ref. [102], the spin current into the heavy metal increases
with a decrease in the magnon relaxation rate, while the latter increases whihally, the model
in Ref. [104] predicts an increase and subsequent saturation of the SSE signal with an increase in
the ferrimagnet thickness, and this characteristic behavior shows a rathersstiepgndence.
In spite of these theoretical aspects, however, there have been no experiments on tbéteiects
damping on the SSE so far, to the best of my knowledge.

This chapter reports the first experiments on the role of the damping in the SSEa0Y

(YIG) thin films. The experiments used YIG films grown onz:Gé&012 (GGG) substrates by
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sputteringt®®1%” The films showed very similar structural and static magnetic properties but
rather differenta values, resulting from careful control of fabrication conditions. In order to
probe the strength of the SSE, a Pt capping layer was grown on each YIG sample. tHauring

SSE measurements, the temperature on the Pt side of the sample was kept constant, while that at
the GGG side was changed to realize a temperature differ&hgcadross the sample thickness.

Owing to the presence afl, the SSE takes place and produces a pure spin current in the Pt layer.
Via the inverse spin Hall effect (ISHE)1%9110 the spin current then produces an electric voltage

(V) across one of the lateral dimensions of the Pt layer. The SSE-produced Voheage
measured as a function af. The data show that the slope of thes. AT response increases

with a decrease in. This indicates that the smaller the damping is, the stronger the SSE is. This
result is qualitatively consistent with the theoretical models proposed in Refs. [100, 102, 103 ,
104]. Further, the SSE coefficient vsresponse shows almost linear behavior, which was not
predicted explicitly in previous studies and therefore calls for new theoretical investigations. The
experiments also indicate that the SSE strength shows no notable dependences on the enhanced
damping due to spin pumping at the YIG/Pt interface. This can be understood in the frame work

of the models described in Refs. [100] and [104].
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7.1Sample Characteristics

The YIG films were grown on 0.B¥m-thick (111) GGG substrates by RF sputtering. The

general details on the growth, structure, and static magnetic properties of the films are provided in
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Figure 7.1 FMR properties of bare YIG thin film samples and YIG/Pt bi-layeregleam Grapf
(a) and (b) show the FMR field and linewidth, respectively, as a function of freqgieerey differen
field (H) configurations for bare YIG film sample #5. The dots show the data, andatshiow th
fits. The fitting-yielded parameters are also given. Graph (c) presents the FRItin dat
(dots) and fits (lines) for six bare YIG film samples, while graph (dj@nts the data and fits for
corresponding YIG films after the growth of anBxthick Pt capping layer.
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Refs. [105], [106], and [111]. The Pt capping layers were grown by DC sputtering at room
temperature and were all 5 nm thick. The main properties of the YIG and YIG/Pt thin film
samples are given in Fig. 7.1 and Table I.

Figure 7.1 presents the ferromagnetic resonance (FMR) data. Figures 7.1(a) and 7.1(b)
present the FMR fielHrvr and peako-peak linewidthAH, respectively, as a function of
frequencyf for bare YIG film sample #5 for two different field configurations. The dots show the
data. The lines in Fig. 7.1(a) show fits to the Kittel equation. The gyromagnetic)fatial |
effective saturation induction®ls values in Fig. 7.1(a) were obtained from the fitting. The lines

in Fig. 7.1(b) show fits to

2
AH =——1f + AH, (7.1)

Jaly|
whereAHop accounts for inhomogeneity linewidth broadening and does not represent a loss. The
fitting-produceda values are also given in Fig. 7.1(b). From Figs. 7.1(a) and 7.1(b), one can see
that the §|, 4tMs, and  values obtained for the field-plane configuration are almost the same
as those obtained for the out-of-plane configuration. This consistency clearly shows the
reliability of the FMR results obtained with either field configuration. Further, the consistency
of the « values for the two field configurations indicates that the contribution of two-magnon

scattering tax is negligible in the sputtered YIG films. In the case that two-magnon scattering

11 E. Jakubisova-Liskova, S. Visnovsky, H. Chang, and M. Wu, J. Appl. Physl7B702 (2015).
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occurs, one would expect theralues measured with in-plane fields to be notably larger than those
measured with out-of-plane field&*3

Figure 7.1(c) presents tiad1 vs.f data for six bare YIG film samples. As in Fig. 7.1(b), the
dots show théH data and the lines show the fits to Eq. (7.1). One can see that all of the six sets
of data can be fitted very well. The fitting-yielded dampiatues, termed asvic, are listed in
Table I. Figure 7.1(d) shows tMH vs.f data, in the same format as in Fig. 7.1(c), for the YIG
samples after the deposition of a Pt capping layer. One can see that the growth of anBt layer
only enhancedH but also results in notable increases in the slopes. As in Fig. 7.1(c), all of the
six sets of data in Fig. 7.1(d) can be fitted very well. The fitting-yielded damping valnesdte
asavic/pt, are given in Table I. Note that the data in Figs. 7.1(c) and 7.1(d) were measured with
in-plane fields.

Table I. Properties of six YIG thin film samples before and after the growth of a 5-nm-thick Pt
capping layer.
Sample #1 #2 #3 #4 #5 #6
d (nm) 23.4 23.4 23.4 23.4 19.7 22.3
47Ms(G) 1820 1956 1757 1827 19241913
avic (x10°)  8.5+0.2 8.7+0.5 9.4+0.3 16.5+0.2 45+1 59+2
aviciet (x10°)  55.840.8 58.4+0.8 35+1  58+1 7742 99+2

5
ap(x10%) 473 497 256 415 32 40
(Zavicprayic)

Table | lists the fitting-yielded #Ms, avic, andayicrt values as well as the YIG film thickness
(d) values of the six samples. It is evident from Table | that the six YIG films have very similar

thicknesses and comparableMk values, but theiervic values differ by a factor of about 7. Since

112 R. D. McMichael and P. Krivosik, IEEE Trans. Mag, 2 (2004).
113 p, Krivosik, N. Mo, S. Kalarickal, and C. E. Patton, J. Appl. Ph94, 083901 (2007).
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magnon-electron scattering does not occur in insulators, two-magnon scattering is negligible as
discussed above, three-magnon scattering is prohibited as the FMR frequency is relatively high,
and four-magnon scatieg is relatively weak due to low microwave power (<3 dBm) in the FMR
measurements, one can conclude that denotes the intrinsic magnetic damping in the YIG film

and results mainly from magnon-phonon scattering. Note that the magnon-phonon scattering
refers to a relaxation process in which a magnon is annihilated and a phonon is created and by
which the energy of the magnons dissipates into the lattice of the material. This relaxation process
is intrinsic and universal, and is usually non-trivial in magnetic insulators but is over-dominated
by magnon-electron scattering in ferromagnetic metals.

Considering the facts that the six YIG films exhibit very similar structural and static magnetic
properties but show very different damping/¢), one can conclude that the films constitute a
good system for exploring the role of damping in the SSE. The differemsgsirs likely due to
the difference in the microstructure properties of the YIG filn¥8hat’s more, there exists a clear
correlation between the YIG surface texture andothe value. It is believed that the YIG films
with different surface textures exhibit dissimilar granular properties, while the dissimilarity in the
surface morphology and grain properties gives rise to a difference in the level of magnon-phonon
coupling and a corresponding variationdnc. The fact that the films show different surface
morphology is because they were prepared under different sputtering and annealing conditions.

After the growth of a Pt capping layer, however, the damping in the YIG also contains a
contribution due to spin pumping from the YIG to the Pt. As a result, the damping consists of
two components, namelygyicr=avict+asp, Where avic describes the contribution from the
relaxation in the bulk of the YIG ang, describes the interfacial spin pumping contribution. It

is fortunate that these two componermtas andasp, can be separated, as listed in row 4 and row
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6 in Table I, facilitating the examination of the effects of each component on the SSE, as discussed
shortly. Note thatsp can be considered as a result of the coupling between the magnons in the
YIG and the electrons in the Pt; it should also contain a contribution from the coupling of the
magnons to the phonons in the Pt, but this contribution is expected to be much weaker than that of

the magnon-electron coupling at the interface.

7.2Experimental Configuration and Results

Turn now to the SSE experiments on the YIG/Pt samples. Figure 7.2(a) shows a schematic
of the experimental setup. During the SSE measurement, an external field of about 930 Oe was
applied in the plane of and perpendicular to the length of the YIG/Pt strip. The temperature on
the Pt side of the YIG/Pt samplgs, was kept constant, while temperature on the GGG side of the
sample,Tecee, was varied. When the differena@=TeceTrt IS non-zero, the SSE occurs in the
YIG film and produces a pure spin current flowing into the Pt layer. The spin current then gives
rise to a measurable voltayeacross the length of the Pt strip via the ISIfE%19 Note that
the purpose of keepinfp: constant is to minimize the change of the average temperature in the
YIG film and thereby to avoid the effects due to the change of the absolute temperature.

Figures 7.2(b), 7.2(c), and 7.2(d) give SSE data obtained with YIG/Pt sample #1. Figure
7.2(b) presents thetandTecc data, while Fig. 7.2(c) presemts (left axis) and the corresponding
V data (right axis). One can see that during the measurefitenias kept constant at 156,

Teee was varied over a range of 15-33, andV changed in the almost same manneA&s
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Figure 7.2 SSE measurements. Graph (a) shows a schematic of the experimentaGsepis (b’
(d) give the data obtained with YIG/Pt sample #1. Graph (b) presents theradunes on the Pt ¢
GGG sides of the sampl&: andTeee. Graph (c) presentST (=TeeeTe) and the correspondi
voltage signalV. The horizontal axes in (b) and (¢) show sampling points, and 1000
correspond to a period of 4 minutes. Graph (d) showg ttseAT response plotted using the dat
(c). The thin blue line in (d) shows a linear fit.

These results indicate that the voltage signal is associated with the temperature gradient in the YIG
film, rather than the absolute temperature of the YIG or the Pt. Note that one can consider that
the average temperature in the YIG was almost constant jlis§ based on the fact that the GGG
substrate (0.5 mm) is considerably thicker than the YIG #®a0(hm). Figure 7.2(d) plod as

a function ofAT, using the data in Fig. 7.1(c). The red coarse line consists of the experimental

data points, and the blue thin line shows a fit. One can see thav$hAaT response is almost
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perfectly linear. This linear behavior is expected by all the three SSE models desctioed

introductiont92:103 105

7.3Data Analyses and Discussions

Figure 7.3 presents the key results of this work. Figure 7.3(a) present the SSE-pkbduced
as a function oAT for six YIG/Pt samples, as indicated. Figure 7.3(b) presents the linear fits to
the data in Fig. 7.3(a). In Fig. 7.3(b) theaxis intercepts are all removed for a better presentation.
Those intercepts are independermh®fand are therefore not associated with the SSE. If one takes
D as the sample thickness dnés the distance between the two electrodes (see Fig. 7.2(a)) and
defined?

_ﬂ vDb (7.2)

Ssse = (A%):Ef

as the geometry-free SSE coefficient, one can then use the slop&/ okt lines in Fig. 7.3(b)
to determine th&sse values for different samples and thereby examine &gwvaries with the
damping by plottingisse as a function ofxic or asp.  Such plots are presented in Figs. 7.3(c)
and 7.3(d).

It is evident from the data in Fig. 7.3(c) t@teincreases with a decreasecinic, indicating

that the SSE is stronger if the damping is lower. This result is qualitatively consistent with and

114 A. Sola, M. Kuepferling, V. Basso, M. Pasquale, T. Kikkawa, K. Uchida, and E. SaitgbplJPAys.
117, 17C510 (2015).
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thereby supports the theoretical models proposed in Refs. [100,102 -104]. It is also consistent
with simulation results presented in Ref. [104]. In terms of the model proposed in Ref. [100], the
underlying physics for this result is that the damping in the YIG films originates mainly from
magnon-phonon scattering as discussed above; the weaker the magnons are coupled to the phonons,

the moreln, deviates fronT, at the YIG/Pt interface.
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Figure 7.3 Graph (a) shows the SSE-produced voltage as a funcddn(®fcceTe) measured ¢
six different YIG/Pt samples. Graph (b) shows the linear fits to therdéd. Graphs (c) and |
give the SSE coefficient, which is defined by Eq. (7.2), as a functiom®tnd asp, respectively.

91



Note that previous work has demonstrated a good agreement between the simulations using
this model and the experiments using YIG/Pt heterostructtiresn the terminology described
in Refs. [102-104], the underlying physics is that the weaker the damping is, the more the magnons
propagate from the bulk to the interface and contribute to the SSE signal. ~ Further, the data in
Fig. 7.3(c) also indicate that tldese vs. avic response shows quasi-linear behavior for the given
damping range, as suggested by the dashed line. Understanding of this quasi-linear response call

for new theoretical studies.

In a stark contrast, the data in Fig. 7.3(d) do not show any obvious dependetggsoof
asp. This can be understood in the frame of the models described in Refs. [100] and [104].
Specifically, asp plays two roles in the process in which the SSE in the YIG produces spin currents
in the Pt. On one hand, a largep value indicates a more efficient spin transfer at the YIG/Pt
interfacet'® and one should expect larger spin currents in the Pt in samples withdarge©n
the other hand, the spin transfer at the YIG/Pt interface at the same time causes a decrease in the
difference betweeiin in the YIG andTe in the Pt near the interface, resulting in a weaker SSE.
One can see that these two roles are opposite, and as a&esualbes not show an explicit
dependence oasp.

Two important points should be made about the above-presented results. First, the

agreement of the results with the existing models is qualitative, and future quantitative theoretical

analysis of the results is of great interest. Second, it is expected that similar results can be

115 M. Schreier, A. Kamra, M. Weiler, J. Xiao, G. E. W. Bauer, R. Gross, and S. T. B. Goennenwein, Phys.
Rev, B88, 094410 (2013).

116 B. Heinrich, C. Burrowes, E. Montoya, B. Kardasz, E. Girt, Y. Y. Song, Y. Sun, and M. Wu, Phys. Rev.
Lett. 107, 066604 (2011).
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observed in other magnetic insulator/heavy metal heterostructures, while the results might be
different in ferromagnetic metal/heavy metal heterostructures due to the facts that (1) in
ferromagnetic metals magnon-electron scattering plays critical roles in the intrinsic damping and
(2) the spin transfer at a ferromagnetic metal/heavy metal interface is significantly more efficient

than that at a magnetic insulator/heavy metal interface.

7.ASummary

In summary, the effects of the intrinsic damping in the YIG butkg) and the enhanced
damping due to interfacial spin pumpingg) on the SSE in the YIG/Pt bi-layered structures have
been studied experimentally. The experimental data show that the lower the dampirsy
the stronger the SSE is. This observation is consistent with some of the existing theoretical
models. The SSE coefficient wsuc response is almost linear.  This quasi-linear behavior was
not predicted explicitly by previous models. The data also show no explicit dependence of the

SSE onasp, Which can be interpreted using the terminology of two existing models.
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CHAPTER 8

Summary and Outlook

8.1Summary and Conclusions

Four topics that are relevant to the fundamental understanding of physics and technological

advancement for magnetization dynamics have been studied.

Foldover effect due to nonlinear spin wave eigenmodagaadback ring configuration was
observed for the first time. The data were successfully modeled analytically, and an almost
perfect match between the data and the theory was seen, consolidating the understanding of the
phenomena. The analytical modelling of the foldover effect completes the mathematical

description of yet another fascinating nonlinear effects seen in feedback ring systems.

This thesis also reports the first observation of dispersive shock waves in a spin wave system.
This is also the first observation of an envelope dispersive shock wave which enables the extraction
of phase information and can also be modeled with the nonlinear Schroédinger equation. This
work has provided useful insight into the phenomena under different conditions such as different
excitation powers and different power ratios between the strong and weak signals, which deepens

the knowledge about the formation and propagation of a shock wave in dispersive media.

The final two projects are strongly connected to the newly developed area of technology called
spintronics. Work presented in chapter 6 explores the spin pumping of surface spin waves in YIG

films in a wide range of the frequency and a wide range of the magnetic field strength,as well
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in different nonlinear spin wave regimes. A clear nonlinear behavior in the produced ISHE
voltage was observed and was qualitatively explained under the frame work of three-wave
nonlinearities. The observed nonlinear behavior opens up a new degree of freedom for the future

design and development of spintronic devices.

In chapter 7 the dependence of the SSE on the damping of YIG films is explored. The data
provide critical information about the SSE and will help develop a complete mathematical

description of the SSE, which is still lacking.

8.2Future Work

Chapter 5 presents the first observation of dispersive shock waves for spin waves. While
the experiment has provided comprehensive data which qualitatively agree with the existing theory,
the numerical modelling of the data to obtain further understanding is of great interest.  In chapter
4, the foldover of spin wave eigenmodes in a feedback ring system was observed. The
observation of the same effect in surface spin waves and backward volume spin waves is of interest.
In chapter 6, the nonlinear behavior of the spin pumping due to spin waves was studied. The
nonlinear three-wave splitting was identified as the driving force behind the nonlinear behavior.
For the best of my knowledge, still a complete mathematical model does not exist to explain the
three-wave splitting process and the threshold power levels required in a wide frequency range.
Future theoretical work to give a complete mathematical description to enable the quantitative

analysis of the data, which are well explained qualitatively, is of great interest.
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