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ABSTRACT OF THE DISSERTATION

Spin Dynamics of Two-Magnet Heterostructure Nanodevices

by

Bassim Saleh Arkook

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, September 2020

Dr. Igor Barsukov, Chairperson

Spintronics research bears great potential for advancing information technologies

and strengthen this rapidly developing sector of the economy. The ever-growing thirst for

smaller and faster information technologies is accompanied by the urgent need to design

them to be energy-efficient. This challenge is met by developing novel concepts that may

promise substantial performance improvement of future spintronics applications.

In this work, the two-magnet paradigm is explored. Its main idea lies in combining

two magnetic materials within one spintronic device to tailor its magnetic properties/pa-

rameters in a way that would not be achievable with a single magnetic material. Generally,

a combination of magnetic materials within one heterostructure is considered to complicate

the spin physics of such a device significantly and thus typically avoided.

Recent developments in spin-orbitronics have pushed metallic ferromagnets into

the focus of research due to the plethora of spin-charge effects with unusual symmetries.

These effects may enable the designing of novel spintronics applications that have been

considered unrealistic. On the other hand, magnetic insulators have proven to be beneficial
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spintronic materials by dint of their low magnetic damping, lack of electrical shunting, and

magnetic tunability by growth parameters.

The spin physics of the two-magnet heterostructures is explored by directly in-

terfacing magnetic insulator with a metallic ferromagnet in a nanoscale multilayer device.

By carrying out microwave spectroscopy on the nanodevices, spin-wave modes are observed

that, as supported by micromagnetic simulations, delocalize over both layers and show fea-

tures of hybridized spin dynamics. By applying the temperature gradient across the nan-

odevice layers, thermal spin currents are studied, resulting in magnetic auto-oscillations.

These auto-oscillations are a manifestation of a thermally driven condensation of hybrid

magnons – a phenomenon that is novel from both experimental and theoretical standpoint.

The auto-oscillations are converted into sizeable electric microwave signals under large spin-

charge effects inherent to ferromagnetic metals. The results indicate that the two-magnet

paradigm brings significant performance improvements for spintronics applications such as

spin-torque oscillators, magnetic memory, and neuromorphic networks.

The paradigm is further explored by studying the effect of large thermal and spin-

orbit torques on the hybridized spin dynamics of the two-magnet heterostructures. A critical

phenomenon is observed that manifests through the formation of a solitonic dynamic mode

in the heterostructure. While a satisfying theoretical model is yet to be developed, the ex-

perimental data suggest that a breathing domain wall forms in the nanodevice. The soliton

oscillates at microwave frequencies below but comparable to the spin-wave frequencies and

results in microwave emission with powers that exceed those of a spin torque oscillator by

about three orders of magnitude. This observation suggests that the two-magnet devices
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could be used in magnetic switching and magnetic memory applications.

The two-magnet paradigm is further advanced by exchanging metallic ferromag-

nets with novel van der Waals two-dimensional magnetic layers. The 2D magnets are usually

deposited by exfoliation, which results in laterally micrometer size confined flakes. Thus,

an approach for designing and fabricating microscale two-magnet heterostructures has been

developed. Moreover, inductive microwave spectroscopy technique with a sensitivity allow-

ing for exploring such microstructures has been developed and tested. The data suggest

hybridization of spin-wave modes in the magnetic insulator with critical spin fluctuations

of the 2D magnetic subsystem, occurring near the van der Waals magnet’s magnetic phase

transitions. The results open new avenues for research on two-magnet heterostructures with

2D magnets to advance future spintronics technologies.

This work does not give an exhaustive answer to the question on the future of the

two-magnet heterostructures in spintronics technologies. However, it presents preliminary

data that points out the paradigm’s potential and seeks to advance understanding of the

related spin physics that may be critical and instructive for the research to come.
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Chapter 1

Introduction

1.1 Motivation

Spin electronics materials are expected to revolutionize the information technolo-

gies by providing energy-efficient magnetic devices for storage, sensing, processing, and

transmission of information [1]. Many of the existing and proposed devices rely on spin

torques, which are used to control the magnetization dynamics and to manipulate the

magnetic state of a nanoscale device [2]. The prominent examples are magnetic switching

devices (such as spin torque memory [3, 4]) and spin-torque oscillators (STO) [5, 6]. STOs

can be used to detect sensitive microwave signals and create local microwave fields, which,

e.g., can be employed to assist the magnetic writing in hard drives [7]. STO can transmit

information by emitting spin waves into a magnonic waveguide [8, 9, 10]. STOs also exhibit

a nonlinear phenomenon that makes them particularly attractive device candidates within

the emerging paradigm of neuromorphic computing [11, 12, 13].

The central prerequisite for the design and realization of spin-torque devices is
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the energy-efficient generation of customized spin torques. Spin torques are exerted by

spin currents injected into a magnetic device element, e.g., into a ferromagnetic layer.

Over the last decades, the focus has been shifting from the generation of spin currents

by spin-polarized electrical currents towards pure spin currents, since the latter does not

directly involve mass/charge transport, reducing the detrimental effects of energy losses and

electromigration in nanoscale devices [1, 14].

One of the most hopeful techniques of producing and utilizing tailored spin currents

is thermal spin current due to the spin Seebeck effect. Spintronic devices built to utilize

thermal spin currents will be often based on magnetic insulators, that lack sufficient spin-

charge effects, and magnetoresistance present in ferromagnetic metals. On the other hand,

employing novel spintronic materials, such as magnetic van der Waals (vdW) 2D layers can

present a challenge to well-established methods in spintronics. This work proposes a new

concept – the two-magnet paradigm. A combination of properties – the virtues of each

material – can be harnessed by combining two magnetic systems in a multilayer structure.

Such a combination of materials, however, has long been considered a severe complication for

studying spin transport and spin dynamics. Here, several examples and potential concepts

for spintronics applications will be presented to show how to circumvent the difficulties of

heterogeneous magnetic systems and extract benefits from them.

1.2 Outline

This dissertation is structured as follows:

Chapter 2 introduces the significant theoretical aspects needed to understand
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the data presented in the dissertation. Various sources of magnetoresistance and pure spin

currents are discussed. This chapter includes the formulation of a theoretical framework,

which is necessary since some of the presented results yet lack a well-established theoretical

basis.

Chapter 3 introduces experimental methods used to obtain the results presented

in this dissertation. This includes broadband ferromagnetic resonance (FMR), spin-torque

FMR, magnetoresistance, microwave emission spectroscopy, and micromagnetic simulation.

This chapter does not only present well-established methods, but also shows the develop-

ments in the experiment, data processing, and simulation, that were developed in the course

of this work.

Chapter 4 discussed the two-magnet nano-oscillator, developed and realized in

this work. Experimental data and theoretical concepts are presented and followed by a

discussion on the prospects of heterogeneous magnetic systems for spintronics.

Chapter 5 presents an observation of auto-oscillatory solitonic excitation in the

two-magnet nanowires.

Chapter 6 introduces the magnetic properties of a single micrometer-sized YIG/FGT

heterostructure revealed by ferromagnetic resonance. The results shed light on spin phenom-

ena at YIG/FGT interface and present an experimental approach for studies of microscale

magnetic insulator/2D heterostructure.

Chapter 7 presents a summary of the dissertation.
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Chapter 2

Background and Formulation of

Theoretical Framework

2.1 Magnetization dynamics

The motion of the magnetization vector ~M , is generally described by the Lan-

dau–Lifshitz (LL) equation [15, 16]. This differential equation which, in general, results in

solutions describing the precessional motion of magnetization. With time, the LL equa-

tion has received many modifications to account for different damping mechanisms [16] and

torques acting on the magnetization. First, the original equation shall be discussed [15]:

d ~M
dt = −γ ~M × ~Heff −

λ

M2
~M × ( ~M × ~Heff ) (2.1)

where γ is the gyromagnetic ratio, ~Heff is the effective magnetic field which is a combination

of the demagnetizing field, the external magnetic fields, and magnetic anisotropy fields, and
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λ ∼ αγMs is a phenomenological damping parameter, where α is the Gilbert damping

factor [16] and Ms is the saturation magnetization (see figure 2.1).

Figure 2.1: Schematic of the magnetization ~M undergoes a damped precession motion
around ~Heff , (a) undamped motion and (b) motion with damping. Adapted from Ref. [17]

The modification of the LL equation by Gilbert [16] implements a more realistic

damping term within the Landau-Lifshitz-Gilbert (LLG) equation:

d ~M
dt = −γ ~M × ~Heff + α

M
~M × d ~M

dt
(2.2)

The first torque is the conservative field torque (precession) that causes the magnetization

to precess around the effective field direction. The second torque is the non-conservative

damping torque that tends to align magnetization with the effective field direction in the

absence of a drive. While the Gilbert damping describes the motion of magnetization better

than the LL damping term, the LLG differential equation is typically more complicated to

solve. In particular micromagnetic methods (described further below) typically rely on the

LL equation. Moreover, the introduction of further torques acting on the magnetization

is mathematically and phenomenologically simpler within the LL equation. Recalculation

between the LL and LLG equation requires, strictly speaking, a renormalization of the gy-

romagnetic ratio and the damping parameter. However, such renormalization can typically
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be omitted since it is of the order of α2 and very small.

2.1.1 Spin torque

Flows of angular momentum into, through, and within magnetic systems can gen-

erally be referred to as spin currents. Spin currents may interact with the magnetic system

in a rather complicated manner. To discuss this interaction, first, a magnetic system shall

be considered into which a spin current is deposited. For simplicity, the carrier of the spin

current shall be a spin-polarized electron current. The action of an injected spin current

onto the magnetization can be accounted for by the introduction of two terms [18]:

d ~M
dt = −γ ~M × ~Heff −

λ

M2
~M × ~M × ~Heff + β ~M × ~M × σ̂ + β∗ ~M × σ̂ (2.3)

where β and β∗ are two independent transverse interface conductances, and σ̂ is the spin

current polarization.

The symmetry of the torques indicated that the first term, referred to as Slon-

czewski torque, has the same symmetry as the LL damping torque with spin polarization

components in the direction of the effective field. It is thus often called damping-like torque.

The second term has the equivalent symmetry as the precessional term and thus often re-

ferred to as field-like torque. The prefactors of the torques is a complicated function of the

multiple parameters that depend on the nature of the spin currents and magnet interfaces.

However, both scales linearly with the magnitude of the injected spin current.

When the spin current polarization σ̂ has a non-zero component in the direction of

the effective field, the damping-like torque renormalizes the damping acting on the magne-
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tization. When the spin current polarization (the associated magnetic moment) is parallel

(anti-parallel) to the effective field, it decreases (increases) the effective damping. The

field-like torque, on the other hand, renormalizes the effective field (see figure 2.2). While

some spintronic devices rely on large field-like torques, the damping-like torque bears the

most potential for future spintronics applications. In the devices studied here, the field-like

torques are typically rather small, not important for the observed phenomena, and will

often be omitted in the discussion.

Figure 2.2: Schematic of spin-transfer torque (STT) directions. Adapted from Ref. [17].

As shown in figure 2.3, when electric current flows within ferromagnetic multilay-

ers, the electron flow becomes partially spin-polarized. The consideration of the balance

of angular momentum in each layer and the electron flow serves a starting point to derive

the torques described above. A necessary consequence is that action (torque) on one of

the layers implies a back-action (also a torque) on another layer. Moreover, electron flows

in metallic ferromagnets with nonuniform magnetization may lead to spin currents within

a single layer and a corresponding action on the magnetization described by the Zhang-Li
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torque [19]. While these aspects are not directly applicable to the systems studied in these

works, they have to be considered in developing the theoretical framework for the novel

phenomena observed.

Figure 2.3: Schematic of spin transfer torque in a GMR (Giant Magnetoresistance) spin-
valve. The electron flow become partially polarized when passing through ferromagnets.
The interaction of the electron flow with the magnetic moment residing in the ferromagnet
lead to an interaction of magnetizations of adjacent magnetic layers. Generally, the magne-
tization is pushed towards the direction of magnetic moments of the injected spin current.
Adapted from Ref. [20],

2.1.2 Spin torque oscillators

The spin torque oscillators are magnetic systems that undergo a steady-state oscil-

lation/precession of the order parameter (magnetization) in the absence of a high-frequency

external drive [21, 22]. Such oscillation is often referred to as auto-oscillations in analogy

with oscillators used in conventional electronics. As indicated in the previous section,

the damping-like spin torque can decrease the effective damping (dissipation rate), which

presents three possible scenarios for the magnetization precession.

First to stay within the paradigm of spin-polarized electric currents through mag-

netic multilayers, as shown in figure 2.4, the free layer magnetization, M (red arrow),

precesses around the direction of an applied magnetic field (H0) when magnetic damping

torque (blue arrow) is partially compensated by the damping-like spin torque (yellow ar-
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row). This presumes the appropriate magnetization orientation of the fixed layer and the

direction of the electron flow.

Figure 2.4: Geometry of a spin-torque oscillator consisting of a ’fixed’ magnetic layer, a
non-magnetic spacer and a ’free’ magnetic layer. Adapted from Ref.[6].

The negative damping contribution due to the damping-like torque renormalizes

the total effective damping such that three distinct scenarios need to be discussed. As shown

in figure 2.5, these scenarios are distinguished by the magnitude of the spin current that is

deposited in the magnet. At low currents, the damping is only partially compensated, and

the magnetization once tipped away from its equilibrium direction, undergoes a damped

precession at the renormalized damping rate. At higher current values, the damping is

further reduced and, eventually, fully compensated/negated at the critical current. With

zero dampings, the magnetization undergoes a steady-state precession. It is important to

mention, that strictly speaking, zero effective dampings would result in a steadily increasing

precession angle. However, the presence of nonlinear damping, which is generally inherent

to (ferro)magnetic systems – acts as a stabilizing agent and limits the precession cone angle.

The frequency of such auto-oscillations is given by the natural frequency of the magnetic
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system (typically the lowest-energy spin-wave mode with some nonlinear corrections. In the

third scenario, a current pulse of very high magnitude excites, via the damping-like torque,

magnetization oscillations that are not sufficiently stabilized by the nonlinear effects and

thus result in a full reversal of the magnetization. Once the magnetization passed through

the equator onto the lower hemisphere, the damping-like torque changes its sign. Instead

of reducing the damping, it increases the damping and thus stabilizes the full reversal of

the magnetization.

Figure 2.5: (a) Initial magnetic configuration. (b) Trajectory of spin-torque- at low
current (damping). (c) Trajectory of spin-torque- at high current (stable precession - auto-
oscillation). (d) Trajectory of spin-torque- at high current (switching). Adapted from Ref.
[23].

The damping-like torque can be measured through its effect manifesting in one of

the three presented scenarios. In this work, two scenarios will be discussed. Via measur-

ing the response of magnetization for an external high-frequency drive at sub-critical spin

current values, the damping will be evaluated (see Ferromagnetic Resonance in the next

chapter). At and above the critical spin currents, on the other hand, the auto-oscillations

can be measured via Emission Spectroscopy (described in the next chapter). The value

of the critical values can be extracted in such experiments, and it gives information on

the damping-like torque if the intrinsic damping is known. If the intrinsic damping can-
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not be precisely evaluated, the critical current value can be mapped as a function of some

experiment parameters and give qualitative information on the spin current mechanisms.

2.2 Spin-orbit based spin-charge effects

The magnetic auto-oscillations of a spin torque oscillator can be converted into

electrical signals. This requires spin-charge effects – physical phenomena which couple spin

and charge degree of freedom. There are generally two types of spin-charge effects allow-

ing for the conversion of spin information into electrical signals: magnetoresistance effects

and spin-current to voltage conversion. The effects allowing for spin-to-charge conversion

generally have their counter-parts that allow for charge-to-spin conversion and thus offer

means for the generation of spin currents. The microscopic mechanisms of these phenomena

are based on the spin-orbit interaction. In this section, the relevant aspects of spin-orbit

effects leading to magnetoresistance shall be discussed. The magnetoresistances arising in

multilayer systems with electrical currents perpendicular to the plane will not play a role in

the devices studied here. Instead, the focus shall lie on magnetoresistance arising in systems

with electrical currents flowing within the sample plane.

2.2.1 Anomalous Hall effect

In a ferromagnetic conductor, e.g., thin film, the Hall resistance RHall = ρxy

d

carries an extra contribution, identified as the anomalous Hall effect (AHE) as a result of

spin-orbit interaction, which is observed to be directly proportional on the magnetization
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of the material [24]:

RHall = R0 B +Rs Mz (2.4)

where B is the applied magnetic field, Mz is the magnetization projection perpendicular to

the thin film, and R0 and Rs are the ordinary and anomalous Hall coefficients respectively.

The charge carriers with the majority and minority spin due to spontaneous magnetization

Mz becoming opposite ”anomalous velocity” due to spin-orbit interaction, which creates

unbalanced charge density at the surfaces and causes transverse voltage Vy (see figure 2.6).

Figure 2.6: Schematic of anomalous Hall effect. Adapted from Ref. [25].

The Anomalous Hall Effect is frequently considered more significant than the ordi-

nary Hall effect. e.g., the anomalous Hall coefficient of nickel is about 100 times larger than

the ordinary Hall coefficient near the Curie temperature [26]. Although it is a long-known

phenomenon, there still are debates concerning the microscopic mechanisms of AHE in the

many materials. Extrinsic mechanisms can cause the anomalous Hall effect due to spin-

dependent scattering (skew scattering from disorder) of the charge carriers. Alternatively,

AHE can be caused by an intrinsic mechanism due to the Berry phase accumulation in the

electron bandstructure – which establishes a connection between the AHE and the topology

of the bandstructure [27, 28].
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2.2.2 Anisotropic magnetoresistance

William Thomson discovered anisotropic magnetoresistance (AMR) in ferromag-

netic metals in 1857 [29]. This property determines the dependence of electrical resistance

on the angle between the orientation of magnetization and the direction of electric current

in the material. AMR effect originates from the spin-orbit interaction and involves further

effects like the s− d scattering of electrons. Generally, the longitudinal resistance is lowest

(highest) for the electric current direction perpendicular (parallel) to the magnetization in

the case of positive AMR and vice versa in the case of the negative AMR.

In ferromagnetic metals, the AMR can be described as function of the angle ϕ =

ψ − θ between the orientation of magnetization and the electrical current direction as:

ρxx(ϕ) = ρ⊥ + (ρ‖ − ρ⊥) cos2 ϕ (2.5)

where the variation of the longitudinal resistivity ρxx is called the anisotropic magnetore-

sistance (AMR) as a function of the angle ϕ. The ρ‖, ρ⊥ are the resistivities for ϕ = 0◦

and 90◦ with respect to the current, respectively. The longitudinal resistivity of the AMR

ρxx has a counterpart of an additional transverse resistivity ρxy that is referred to as the

planar Hall effect (PHE), described in the next section. The AMR ratio is represented by

[30]:

∆ρ
ρ

=
ρ‖ − ρ⊥
ρ⊥

=
R‖ −R⊥
R⊥

= ∆R
R0

(2.6)

As shown in figure 2.7 (adapted from Ref. [31]), the magnetoresistance is typically esti-

mated in magnetotransport measurements, where the resistance is measured as a function
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of the external magnetic field applied along some symmetry axes of the magnetic system, or

as a function of magnetic field angle, providing that for any angle the value of the magnetic

field is sufficient to saturate the sample magnetically. The resistance can be estimated uti-

lizing the pseudo-four-point probes method [31], as shown in figure 2.7; however, resistance

offsets due to contact resistances in the two-point method would typically not affect the

magnetoresistance value, but only the AMR ratio.

Figure 2.7: (a) The AMR resistance when it’s parallel (ϕ = 0◦) and perpendicular (ϕ =
90◦). (b) Angular variation of the resistance with magnetic field H = 800 Oe. Adapted
from Ref. [31].

2.2.3 Planar Hall effect

The planar Hall effect (PHE) is closely related to the anisotropic magnetoresis-

tance (AMR). The transverse resistivity ρxy of PHE depends on the angle between the

magnetization orientation in the ferromagnetic conductor and the direction of the electrical

current that passes within the material and is described via

ρxy(ϕ) = 1
2 (ρ‖ − ρ⊥) sin 2ϕ (2.7)
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where the variation of ρxy is called the planar Hall resistance. Figure 2.8a presents the

design of a typical device pattern employed for measuring the variation of ρxx (AMR) and

ρxy (PHE). Figure 2.8b shows the relationship of the longitudinal and transverse resistance

with the angle ϕ between the current I and the magnetization M demonstrating AMR (in

blue) and PHE (in red), respectively.

Figure 2.8: (a) The typical way to measure AMR and PHE. (b) The dependence of the
longitudinal and transverse resistance on the angle ϕ. Adapted from Ref. [32].

2.3 Pure spin currents

The magnetoresistance phenomena described above have only recently been shown

to be related to spin-orbit spin current and spin torques originating from the same mecha-

nisms. Before introducing the AHE, AMR/PHE spin currents, though, it is more conducive

first to introduce the spin Hall effect (SHE) and the related phenomenon of the spin Hall

magnetoresistance. The AHE, AMR/PHE spin currents can then be simpler explained by

analogy.

Generally, electric currents within the plane of the multilayer can lead to a plethora

of spin-orbit related effects, resulting in magnetoresistance and spin torque. Resorting to the
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significant phenomena, a multilayer consisting of a ferromagnetic layer (can be insulator)

and non-magnetic metal will first be considered. The Spin-orbit torque (SOT) occurs due to

the spin accumulation at the ferromagnetic and non-magnetic conductor (FM/NM) interface

[33]. The two principal spin-orbit interaction phenomena that are associated with generating

the spin accumulation are spin Hall effect (SHE) and interfacial Rashba effect (see figure

2.9).

Figure 2.9: (a) Schematic of the bulk spin Hall effect in a NM. (b) Schematic of Rashba
effect at the FM/NM interface. Adapted from Ref. [34].

The role of the interfacial Rashba effect has recently been controversy debated. In

most cases here, where the exact origin and mechanism of the SHE/Rashba spin current is

irrelevant, both spin currents will be viewed as one effective SHE-like spin current and for

simplicity referred to as SHE. The spin currents discussed in what follows can be referred

to as pure spin currents, i.e., spin currents without the associated charge transport in the

direction of the spin flow.
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2.3.1 Spin Hall effect

The SHE is a transport phenomenon that utilizes the spin-orbit interaction in the

NM to transform the charge current into a pure spin current and vise versa. The origin lies

either in the band structure (intrinsic) and the addition of spin-orbit interaction impurities

(extrinsic). It leads to an effective spin-dependent asymmetric scattering of the conduction

electrons, which in turn leads to an effective spin-dependent asymmetric scattering of the

conduction electrons to spins of opposite sign accumulating at the surfaces of the NM. When

the NM is adjacent to an FM, the spin accumulation creates a transverse spin current when

the unpolarized charge current flows in the NM [34, 35, 36]. There is no requirement for the

magnetic field to generate SHE, and instead, the transverse resistivity, it is the transverse

flow of spin current that is generated by the SHE. The injected charge current ~Jc can

produce spin current ~Js due to SHE, which is described by:

~Js = ~
2e θSH ( ~Jc × σ̂) (2.8)

where θSH is the spin Hall angle of the NM, which represents the spin current generation

efficiency.

The magnitude of θSH defines the size of the spin current density an NM can

generate for a given charge current density, and the sign of θSH establishes the direction of

the spin polarization at the NM/FM interface.

In a simple phenomenological picture, the spin current generated by the SHE can

be seen as partially reflected from the NM/FM interface. The reflection depends on the spin

current susceptibility of the FM spin system and thus depends on the angle between the
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magnetization and the spin polarization of the spin accumulation at the NM/FM interface.

The spin current reflected into the NM is converted into an electrical signal (voltage) via

the inverse spin Hall effect. This results in a variation of the effective longitudinal resistance

of the NM. The variation of the longitudinal resistance is a function of the magnetization

direction and thus a magnetoresistance effect. It is referred to as spin Hall magnetoresistance

and is described by [37]:

ρ = ρ0 + ∆ρ [1− cos2(
~M · σ̂
M

)] (2.9)

where ∆ρ is the effective spin Hall magnetoresistance value.

2.3.2 Spin Seebeck effect (SSE)

Thermal gradients can generate pure spin currents. Here, the case shall explicitly

not be discussed in which a thermal gradient causes a charge flow. Such charge flow can

itself be spin-polarized and thus result in the spin current. Instead, a pure spin current

shall be considered. At an FM/NM interface, the magnons in the FM can be coupled to the

electrons in the NM and result in the transfer of angular momentum (spin current) between

these subsystems. The spin current is nonzero if the magnon and the electron subsystems

are not in thermal equilibrium. For example, this can be achieved by applying a thermal

gradient across the FM/NM interface.

Considering the case of the FM temperature and thus the magnons’ temperature

higher than the NM and its electrons, the following scenario occurs. The magnons are

annihilated at the FM/NM interface, and their angular momentum is transferred to the

spins of the NM’s conduction electrons. This spin-transfer established a spin current ~Js.
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The current is converted into a voltage by the inverse spin Hall effect in the NM [38]:

~EISHE = θSH ρ

A
(2e
~

) ~Js × ~̂σ (2.10)

where θSH is the spin Hall angle of the NM metallic layer, ρ its electric resistivity, and A is

the contact area between the ferromagnetic layer and the NM layer.

If the temperature gradient direction at the FM/NM interface is reversed, the

magnons at the interface are not annihilated but instead created. The polarization of the

interfacial spin current thus changes the sign. The voltage induced due to the inverse SHE

changes the sign as well.

2.3.3 Longitudinal spin Seebeck effect

The longitudinal configuration of the SSE, i.e., when the spin current flow in the

same direction as the thermal gradient is considered, can be used to probe the magnetization

of the FM, which makes the SSE adequately a spin-to-charge conversion effect – similar to

a magnetoresistive phenomenon. The typical experimental setup is sketched in figure 2.10).
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Figure 2.10: (a) and (b) A schematic of the longitudinal SSE in an YIG/Pt sample. (c)
The simple design of the longitudinal SEE setup. Adapted from Ref. [39].

The interfacial spin current detected in the NM via inverse SHE also affects the

magnetization of the FM layer. The thermal pure spin current, which corresponds to the

annihilation of magnons, creates an effective anti-damping spin torque. The spin current,

which corresponds to the creation of the magnon, exerts an anti-damping spin-torque ef-

fectively. The created magnons redistribute across the magnonic band and thus increase

magnons’ effective lifetime. The processes leading to a redistribution of magnons due to the

SSE spin current injection are not fully understood, but have been in major parts formu-

lated theoretically and observed experimentally. In the following section, pure spin currents

and their effect on the magnetization shall be discussed.
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2.3.4 Spin-orbit and thermal pure spin currents

Today, the prevalent approach to generate pure spin currents is the spin Hall

effect (SHE) [35, 36, 40, 41]. Charges are moving in a nonmagnetic (NM) metal experience

spin-dependent scattering due to spin-orbit interaction via extrinsic scattering processes or

intrinsically via Berry curvature of the electronic band structure [42]. The spin Hall effect

results in a transverse pure spin current, achieved in a variety of metals [42, 43]. Magnetic

switching via SHE has been realized in FM/NM bilayer systems and three-terminal magnetic

tunnel junctions [44]. Magnetic auto-oscillations driven by SHE has been shown in metallic

[45, 46] and insulating ferromagnets [47]. The SHE, however, presents a major constraint

[42, 48, 49] illustrated in Figure 2.11, the polarization ~σ of the spin current is always

perpendicular to the direction of the electrical current ~Ie and spin current ~Is:

~σ ∼ ~Ie × ~Is (2.11)

Figure 2.11: Pure spin current emitted from a Platinum layer via spin Hall effect is
polarized perpendicular to the directions of electrical and spin currents.
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This fixed spin current polarization presents a significant limitation to the per-

formance of spintronic applications [50]. For instance, it has been long established that

magnetic switching is more energy-efficient in systems with perpendicular-to-plane (PTP)

[1, 10] magnetization ~M . The Slonczewski term describes the damping-like spin torque

[8, 18, 23, 51, 52, 53] exerted on the magnetization:

∂ ~M

∂t
∝ ~Is ( ~M(t)× ~M(t)× ~σ) (2.12)

For the collinear orientation of the equilibrium magnetization and spin current polarization,

this term has the same symmetry as magnetic damping. Such anti-damping torque is

sufficient for magnetization switching [18, 23, 50, 51, 52, 53]. In the case of the PTP devices,

however, the spin current polarization and magnetization direction are perpendiculars, and

the anti-damping torque is thus zero. Perpendicular configurations are also favorable for

magnonic waveguides and auto-oscillators because of the higher frequencies of operation

and significant suppression of detrimental nonlinear magnon scattering [45] limiting device

performance. The fixed polarization of the SHE spin currents limits their implementation

in existing device paradigms and impedes the development of novel device applications.

For example, the emerging concept of spin superfluids [54, 55, 56] requires the injection of

perpendicular-to-plane pure spin currents into an easy-plane magnetic structure that is not

available today.

Recently, Tanaguchi et al. [57] have theoretically established that spin currents

with tunable spin polarization can be created using anomalous Hall effect (AHE) and planar

Hall effect (PHE) [58, 59, 60]. Experimental confirmation of the feasibility of such currents
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has been provided by magnetoresistive measurements, second harmonic magneto-optical

measurements [61, 62], and evaluation of rectified voltage [63, 64]. Generally, the spin

currents originating from AHE and PHE can be viewed as follows.

The anomalous Hall effect is observed in ferromagnetic metals. Similar to the spin

Hall effect in non-magnetic metals, the AHE [28] originates from the spin-orbit interaction.

In contrast to the SHE, however, the AHE can generate spin currents with the polarization

that is determined by the magnetization orientation [57]. With an electric field, ~E applied

to the ferromagnet, the majority, and minority electrons are affected by different potentials

due to the spin-orbit interaction, which gives rise to spin current as well as charge current

in the direction ~M × ~E with the polarization ~M . The spin current tensor assumes the form:

QAHE = −~
2eM2 ζ ~σAHE ( ~M ⊗ ~M × ~E) (2.13)

where ~σAHE is the anomalous Hall conductivity, and ζ is the associated polarization factor

(different from spin polarization for conventional spin-polarized electrical currents).

The planar Hall effect [60] is a part of the anisotropic magnetoresistance phe-

nomenon, which is also a consequence of the spin-orbit interaction. Besides the resistivity

variations, the polarization of the charge current varies too. As a result, there is spin and

charge current in the ~M ( ~M · ~E) direction with the polarization ~M . The spin current tensor

assumes the form:

QAMR = −~
2eM3 η ~σAHE ( ~M ⊗ ~M( ~M · ~E)) (2.14)

where ~σAMR describes the AMR conductivity and η is the associated polarization factor
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[57].

The AHE/PHE spin currents are suitable for the generation of pure spin currents

from a ferromagnetic injector, with the polarization determined by its magnetization vector.

That allows proposing a simple device architecture consisting of two ferromagnetic layers,

with one layer acting as a spin injector (FM2 in figure 2.12) and another as spin accep-

tor (FM1 in figure 2.12). Customization of the spin torque necessary to switch the FM1

magnetization or to drive magnetic auto-oscillations can be done by optimizing AHE/PHE

spin-charge transducer efficiency and by engineering the appropriate magnetization orien-

tation of the spin injector FM2.

Figure 2.12: A ferromagnetic layer FM2 acts as an injector of pure spin current with
polarization collinear with its magnetization. The spin current is injected into another
ferromagnetic layer FM1 through an (optional) nonmagnetic layer.

Spin-charge transducers, such as AHE/PHE spin injectors, will inevitably generate

Ohmic heating – a common problem to all electronic applications [1]. In AHE/PHE devices,

Ohmic heating would create a temperature gradient across the layers. A temperature gra-

dient in two-ferromagnet systems has been theoretically predicted to generate spin Seebeck
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spin-torque [65]. Therefore, this effect must be taken into account in all studies of magne-

tization dynamics in multilayer systems. This complication, however, bears a tremendous

potential for spintronics considering the SSE itself is a highly efficient means for creating

tunable spin currents [49, 66].

Spin-charge transducers, such as AHE/PHE spin injectors, will inevitably gener-

ate Ohmic heating – a common problem to all electronic applications [1]. In AHE/PHE

devices, Ohmic heating would create a temperature gradient across the layers. A tempera-

ture gradient in two-ferromagnet systems has been theoretically predicted to generate spin

Seebeck spin-torque [65]. Consequently, this effect requirement is taken into account in

all studies of magnetization dynamics in multilayer systems. This complication, however,

bears a tremendous potential for spintronics considering the SSE itself is a highly efficient

means for creating tunable spin currents [49, 66].

Figure 2.13: (left) Schematic view of a magnetic insulator (YIG)/Pt spin-torque nano-
oscillator device. Arrows indicate magnetic field direction, bias current, temperature gradi-
ent, and spin currents, including their respective polarizations. (right) Microwave emission
signal from the nanodevice due to auto-oscillations of magnetization. The results from
Ref.[66].

Recent theoretical works by Tserkovnyak et al. [65] and by Wang et al. [67] show
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that in two-ferromagnet systems subject to a temperature gradient, large spin Seebeck

torques can be achieved. As shown in figure 2.14a, a pure spin current of magnons flows

between (insulating) ferromagnetic layers and causes a spin accumulation in the spacer

layer. The spin accumulation constitutes a spin current that can exert an anti-damping

spin torque on the free layer. The change in damping is:

∆αSEE = −ηSEE
δT

~Ω (2.15)

where ηSEE is a parameter defined by interfacial magnon conductivities and spin Seebeck

coefficients, and ~Ω is a magnonic bandgap. The anti-damping spin-torque results in auto-

oscillation of magnetization when ∆αSEE overcomes the intrinsic damping of the free layer

(plus spin losses [68]). Figure 2.14b shows a phase diagram for two ferromagnetic layers

with easy-axis magnetic anisotropy. It reveals that the thermal current drives the free layer

into the auto-oscillatory state and establishes a spin torque oscillator (STO, Figure 2.14(c)).

The SSE in two-ferromagnet systems has been theoretically predicted to create large spin

torques, but it has not yet been experimentally realized. The results, introduced in this

dissertation, demonstrate that the SSE driven reduction of damping can be achieved in two-

ferromagnet systems and sufficiently large to drive magnetic auto-oscillations. Therefore,

the SSE may be considered a potentially efficient means for generating tailored spin currents,

even in two-magnet systems.
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Figure 2.14: (a) Concept of a SSE device with two ferromagnetic layers. (b)
Field–temperature gradient phase diagram for easy-axis magnets revealing: BS bi-stable,
P parallel, AP anti-parallel states, and STO spin torque oscillator. (c) Magnetic
anisotropy–temperature gradient phase diagram. Source: Ref. [65].
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Chapter 3

Development of Experimental

Methods

In this chapter, experimental methods will be presented that were used in the

course of the Ph.D. work. Some of the experimental techniques already existed when the

work began (see figure 3.1). However, many experimental techniques and data processing

methods were developed or advanced in the course of the work.
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Figure 3.1: Working at the FMR spectrometer in the early stages of the Barsukov lab.

3.1 Microwave spectroscopy

3.1.1 Broadband Ferromagnetic Resonance spectroscopy

Ferromagnetic resonance (FMR) spectroscopy is a powerful technique for examin-

ing the static and dynamic magnetic properties of ferromagnetic systems and investigating

the fundamental physics aspects of spin excitations. In 1935 Lev Landau and Evgeny Lif-

shitz predicted the ferromagnetic resonance as a Larmor precession of the magnetic moments

in ferromagnetic materials [69], which was then independently confirmed in experiments by

Zavoisky and Griffiths [70, 71].

Traditionally, ferromagnetic resonance is measured by applying a quasi-static mag-

netic field to the sample and additionally subjecting it to a high-frequency field in the GHz

frequency range. The direction of the high-frequency magnetic field is perpendicular to

the static field. The FMR setup is shown in figure 3.2. It involves a Coplanar Waveguide

(CPW), an electromagnet (GMW Dipole Electromagnets, 76mm, 5403 (see figure 3.3)),
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field modulation coils, microwave signal generator (E8257D PSG Analog Signal Generator

(see figure 3.4)), and other elements.

The CPW used in this work were developed based on previous designs to provide a

broad-frequency coverage up to 45GHz with minimal nearly linear transmission coefficient.

An RF detector (703BK DETECTOR 100 MHz-40 GHz (see figure 3.5)) is located at the

end of the CPW to detect the microwave signal passing through the coplanar waveguide.

The signal is sent to the lock-in amplifier (7265 Dual-Phase DSP Lock-in Amplifier (see

figure 3.6)) for demodulation at the frequency of an additional low-frequency magnetic field

supplied by the modulation coils in the direction parallel to the static field.

Figure 3.2: Schematic of the FMR spectrometer for a coplanar waveguide (CPW) with
field modulation. Adapted from Ref. [72]. In the course of the work, the setup was further
advanced to increase the data acquisition rate using an external digital-analog-converter
(DAQ).
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Figure 3.3: GMW Dipole Electromagnet, 76mm, 5403 with water cooling.

Figure 3.4: E8257D PSG Analog Signal Generator.
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Figure 3.5: 703BK DETECTOR 100 MHz-40 GHz.

Figure 3.6: 7265 Dual Phase DSP Lock-in Amplifier.

The sample (e.g., ferromagnetic thin film) is placed onto the CPW transmission

line (flip-chip or facedown: the top surface of the film is directly touching the transmission

line). The CPW with the sample is placed between the electromagnet poles in the area of the

highest field uniformity. When the magnetic field is swept (field-domain), the magnetization

absorbs microwave power in resonance and reduces the microwave transmission through the

CPW.

The resonance frequency of a ferromagnetic thin film with external magnetic field

~H applied within the film plane is well approximated by the Kittel formula (for in-plane

orientation) [73]:

f = γ

2π

√
(H +Ha)(H +Hb + 4πMeff ) (3.1)

where Ha and Hb are effective anisotropy fields (or reduced stiffness field, typically these
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are due to magnetocrystalline anisotropy and very small), M is the magnetization of the

sample, and γ is the gyromagnetic ratio [74]. 4πMeff is the magnetization of the sample

representing the shape anisotropy, augmented, or reduced by any other first-order uniaxial

magnetic anisotropy with perpendicular-to-plane symmetry axis.

Figure 3.7 shows the typical frequency-field relation for a standard YIG thin film

with a thickness of 20 nm. The experimental data is fitted well by the Kittel formula for in-

plane configuration. The extracted parameters such as g-factor, the effective magnetization

4πMeff , and the anisotropy field Hb ≈ Ha agree resonably well the literature values for

YIG thin films.

Figure 3.7: The resonant frequency versus the magnetic field of a YIG thin film.

With magnetic field applied perpendicular to the film plane, the frequency-field
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relation changes such that it can be described by the out-of-plane Kittel formula:

f = γ

2π (H +Hb − 4πMeff ) (3.2)

In magnetic films with positive 4πMeff , a frequent limitation to the FMR exper-

iment is the magnetic field. In films with negative 4πMeff , the limiting factor is often the

frequency range. Moreover, FMR measurements in out-of-plane geometry typically require

an exact alignment of the film’s normal vector to be parallel with the external field and

may necessitate the usage of a goniometer.

Field-domain FMR spectra

The FMR experiment can be carried out while sweeping either the field or the

frequency. The more common approach is to use the field sweep while the microwave

frequency is kept constant. The field-domain spectra obtained in such experiments are

more simple to evaluate and process.

The spectra are field-derivatives of the original response of the magnetic system due

to the field modulation and lock-in technique. A sum of field derivatives of the symmetric

and anti-symmetric Lorentzian functions is used to analyze the FMR spectra. In inductive

FMR (such as CPW measurements used here), the anti-symmetric Lorentzian function

must be taken into account due to non-uniformities of the high-frequency magnetic field.

Moreover, the presence of several overlapping signals may require a fitting procedure with

multiple pairs of symmetric and anti-symmetric functions. It should also be noted that

the field derivative of a symmetric Lorentzian is an anti-symmetric function, which may be
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confusing when discussing the FMR data (see C.1).

The field-sweep FMR technique measures dV/dH as a function of H, and it can

be described by the following equation (see C.1 and ref. [75]):

dV
dH = 2 V a

[(1 + 4 (Hext−Hr
2 ∆H )2) (2 ∆H)]

− 8 V s (Hext −Hr)
[[(1 + 4 (Hext−Hr

2 ∆H )2)]2 (2 ∆H)2]

− 16 V a (Hext −Hr)2

[[(1 + 4 (Hext−Hr
2 ∆H )2)]2 (2 ∆H)3]

(3.3)

where Vs and Va are the symmetric and anti-symmetric Lorentzian amplitudes,

Hext the external magnetic field, Hr the resonant field of a ferromagnetic sample, and ∆H

is the half-width at half maximum (HWHM). It must be regarded that both symmetric and

anti-symmetric Lorentzians, must be fitted with the same resonance field and linewidth.

Figure 3.8 shows that the FMR signal, which is the first derivative of the voltage

signal with respect to the magnetic field for standard YIG thin film with a thickness of

20 nm. The measurement is done at a fixed frequency of about 6.0 GHz with sweeping the

magnetic field. The FMR signal is fitted to the Eq. 3.3 [75] (see C.1) to obtain the resonance

field Hr and the linewidth ∆H.
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Figure 3.8: The FMR signal at 6.0GHz of YIG thin film.

FMR Linewidth

The FMR linewidth is, in the most simple case, linearly dependent on the mi-

crowave frequency. Adopting the half-width at half-maximum (HWHM) of absorbed mi-

crowave power [76] can be related to the Gilbert damping constant α via:

∆H(f) = ∆H0 + α
2 πf
γ

(3.4)

where ∆H0 defines the inhomogeneous broadening, which overlaps the responses of various

areas of the sample, in a sample with negligible inhomogeneity, this value approaches zero.

Figure 3.9 shows that the linewidth ∆H as a function of the resonant frequency

of a YIG thin film with a thickness of 30 nm. The YIG film has a small value of the inho-
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mogeneous broadening ∆H0= 1.97Oe, which indicates a good quality (low inhomogeneity

over macroscopic length scales) of the film.

Figure 3.9: The linewidth at 6.0 GHz of YIG thin film.

Two-Magnon Scattering

Even in the case of negligible inhomogeneity, the FMR linewidth does not neces-

sarily represent the Gilbert damping. Although an effective magnetic damping αeff is often

introduced, it is meant to represent both the Gilbert damping and any additional dissipa-

tion channels inherent to the magnetic system studied. The linear frequency dependence of

the Gilbert damping may be adequate for many magnon-phonons, magnon-electron, some

magnon-magnon processes, and radiative damping. However, in this film, another dissipa-

tion mechanism of two-magnon scattering mus be taken into account.

Sparks et al. [77] introduced the theory of two-magnon scattering to solve the FMR
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linewidth broadening in the magnetic insulator (YIG). A magnon of the uniform spin-wave

mode transmutes into a magnon of nonuniform mode with the same energy in a two-magnon

scattering process. The processes require the presence of such degenerate magnon states

within the magnon band. Moreover, this process violates the conservation of translational

momentum and is thus only possible in the presence of defects within the sample. The

two-magnon scattering mediating defects (at the surface or in the volume of the film) is

often found in the samples with increased inhomogeneity. However, this correlation is not

necessarily causal and thus not universal.

When the magnetization is tilted out of the film plane by more than ∼45 deg, no

degenerate nonuniform magnon states exist, and the two-magnon scattering is inoperative

[78, 79]. For the in-plane configuration, when the magnetization typically lies within the

sample plane, the two-magnon scattering can regularly be found. To study the two-magnon

scattering, most typically, the FMR linewidth has to be examined as a function of fre-

quency. However, studies on the anisotropy of the linewidth regarding the angle between

the magnetization M(H) and the sample plane can provide more detailed information.

The two magnon scattering contributes to the FMR linewidth via the following

term [80]:

∆H2M = Γ sin−1

√√√√√
√

2πf + (γ 4πMeff

2 )2 − γ 4πMeff

2√
2πf + (γ 4πMeff

2 )2 + γ 4πMeff

2

(3.5)

where the prefactor Γ is the anisotropic two-magnon scattering magnitude. The frequency

dependence of the two-magnon scattering is nonlinear, distinguishing it from the linear

Gilbert damping possible.

Figure 3.10 shows that the linewidth ∆H as a function of the resonance frequency
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for YIG (20nm)/Pt (5nm) thin film. The linewidth shows an inhomogeneous broadening,

indicating increased structural inhomogeneity or defects. The Eq. (3.4) describes the in-

homogeneous broadening ∆H0 is the horizontal (dashed black line), the Gilbert linewidth

∆H0, moreover, revel a linear increment of the linewidth (solid red line), the two-magnon

linewidth ∆H2M is characterized by Eq. (3.5) (solid green line), and the dashed red line is

the sum of all contributions. The prefactor Γ= 7.46Oe is relatively high, suggesting the

presence of defects within the sample.

Figure 3.10: Schematic diagram of the frequency dependence of the various linewidth
contributions.

Coplanar Waveguide (CPW) Design

The coplanar waveguides (CPW) used in this work have been designed based on

the concept shown in figure 3.11.
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Figure 3.11: Illustration of a coplanar wave guide with a sample placed over the central
line. Adapted from Ref. [81].

It consists of the bottom ground plate and the top central line that is accompanied

by two top ground plates. Line arrays of conductive vias are placed along the signal line,

to connect the top and the bottom ground plates. The central line’s width is relatively

large (>1mm) to create a more uniform high-frequency field above the signal line within

the sample, which is important for inductive FMR measurements. Several types of CPWs

were used in this work, including the examples shown in figures 3.12 and 3.13.
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Figure 3.12: A U-shaped transmission line for inductive measurements.

Figure 3.13: An S-shaped transmission line for inductive measurement, with additional
contact pads.

For electrical measurements (to be discussed further below), similar but smaller

parts of the CPWs have been employed. The devices are typically connected via wirebonding

to the CPW, as shown in figure 3.14 for a two-port sample holder. The entire sample holder

has been developed during this work, with the help of David Nelson and Erik Hagen, and

based on preliminary designs of Chris Safranski and Dr. Barsukov.
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Figure 3.14: A two port sample holder for electrical measurements.

Field Modulation Coils

The field-modulated FMR technique used in this work primarily relies on field

modulation coils placed on the poles of the electromagnet (as opposed to e.g., local field

modulation). The coils create a low-frequency ( 1 kHz) magnetic field in the direction

parallel to the static field, with sufficient uniformity.

The coils have been fabricated in this work by winding copper wire onto a custom-

designed and 3D-printed plastic holder. The AC current is supplied to the coils from a

high-power (up to 4 kW) amplifier with a high-power impedance matching. The electrical

signal supplied to the amplifier is the reference-out signal from the lock-in, set to be a

sinusoidal wave. Typical AC currents used in this work are in the range of few Amperes.

Typical modulation field amplitudes range from sub-Oersted to a few tens of Oersted,

depending on the magnetic system under investigation.

To obtain the intrinsic linewidth from the magnetic system, the modulation field

must be much smaller than the linewidth. Otherwise, overmodulation artifacts, such as

42



linewidth broadening and even amplitude reduction, may occur. In this work, protocols

have been implemented to ensure a sufficient modulation field magnitude at all times.

For the rare cases, where overmodulation is needed, a modulation calibration and data

processing routine has been developed. It has been used to obtain the intrinsic linewidth

from a series of FMR measurements with varying modulation field magnitude Bmod.

Figure 3.15 shows the arrangement of modulation coils on an electromagnet during

an FMR experiment. The modulation field calibration procedure relies on the linearity of

the modulation coils, as expected from the standard relation:

Bmod =
(4

5

)3/2µ0 N I

R
= c · I (3.6)

where µ0 is the permeability of free space (4π×10−7 T·m/A), R is the radius of the coils, N

the number of turns in each coil and I is the current through the coils. Effects of magnetic

hysteresis in magnetic poles and eddy current effects have been omitted, which has been

experimentally shown to be a good model.
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Figure 3.15: The modulation coils after installation on the electromagnet poles.

3.1.2 Spin-torque Ferromagnetic Resonance

The spin-torque ferromagnetic resonance (ST-FMR) is the broadband technique,

in which a microwave current is supplied directly into a conductive sample. The microwave

current is supplied through a bias-tee. The measurements are carried out using field mod-

ulation and lock-in techniques. The microwave current excites (via potentially complex

high-frequency spin torques as well as Oersted fields) magnetic oscillations – spin waves.

The magnetization oscillations are converted in resistance oscillations due to magnetoresis-

tance effects (whichever present in the magnetic sample). The resistance oscillations at the

same frequency as the microwave current mix with the current and create a rectified voltage
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that is detected at the lock-in. If, in addition, a DC current is supplied to the sample via the

low-frequency port of the bias-tee, resistance oscillation may create a nonzero time-average

component that results in a DC resistance variation, changing as a function of the sweeping

parameter (e.g., magnetic field). Such a signal, referred to as photoresistance, is detected at

the lock-in as well. Using the ST-FMR technique, it is possible to detect FMR signals from

nanoscale devices while modifying their magnetic properties (such as damping) by electric

current and thermal gradients [82]. The ST-FMR data can be evaluated using the same

formalism presented in the previous sections (Eq.(3.3)). The schematic for the ST-FMR

measurement is shown in figure 3.16.

Figure 3.16: The Spin-torque Ferromagnetic resonance (ST-FMR) setup. Adapted from
Ref. [83].

Figure 3.17 shows that the ST-FMR spectrum of a YIG/Py nanowire at and Idc=1

µA and T =77K. The data taken at several frequencies are collected into a single three-

dimensional plot (with the magnitude of the signal represented by color code, in arbitrary

units).
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Figure 3.17: The ST-FMR spectrum of a YIG/Py nanowire.

The frequency-field spectrum shows multiple excitations and is comprised of in-

dividual ST-FMR spectra, such as shown in figure 3.18. The figure 3.18a shows that the

ST-FMR signal of YIG/Py nanowire along the easy-axis at f= 3.0 GHz and Idc=5 µA,

and figure 3.18b along the hard-axis at f= 2.5 GHz and Idc=1.75 µA. The YIG spin-wave

modes (i.e., the first and second FMR signals) that can be excited in a YIG/Py nanowire

is due to the interfacial exchange coupling, which appears in strong hybridization.
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Figure 3.18: The ST-FMR signal of YIG/Py nanowire, (a) easy-axis orientation, and (b)
hard-axis orientation.

3.1.3 Field-modulated microwave emission

The microwave signals created by spin-torque oscillators can be minimal, some-

times going to a fraction of femto-Watt. The microwave signals generated in the samples

are typically the result of a DC current supplied to the device and microwave frequency re-

sistance oscillations. The resistance oscillations originate from magnetoresistance and spin

waves excited in the device. To detect such small signals, the field-modulated microwave

emission spectroscopy can be used. It was built in the lab in the course of this work. To

detect magnetization oscillations, a spectrum analyzer (see figure 3.19) is employed. How-

ever, the setup is significantly modified from the standard operations. Instead of sweeping

the frequency at the spectrum analyzer, it is used as a notch filter.
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Figure 3.19: E4407B ESA-E Spectrum Analyzer, 9 kHz to 26.5 GHz.

The signal from the sample is first pre-amplified by an ultra-low noise microwave

amplifier, such as shown in figure 3.20. The signal is further sent into the spectrum analyzer,

where is again pre-amplified. The spectrum analyzer’s filters and mixers are set to detect a

single frequency. The signal at this frequency is sent to the lock-in amplifier. The microwave

signal emitted from the sample is modulated using field modulation. This technique allows

us to detect a low population of magnons down to thermal regimes. The setup overview is

shown in figure 3.21.
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Figure 3.20: LNF-LNR1 15A is an ultra-low noise amplifier operating in the 1-15 GHz
frequency range.

Figure 3.21: Block diagram for the field modulated microwave emission measurement.
Adapted from Ref. [83].

In a typical experiment, the magnetic field is swept. The notch frequency of the

detection is adjusted for each spectrum using a GPIB interface and a Python script (see the

appendix B.1). Due to the field modulation, the detected spectra are field derivatives of the
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original spectral response. The overmodulation protocol, discussed above, is applied where

necessary. Figure 3.22 shows that the microwave signal of a YIG/Py nanowire along the

easy-axis at f= 3.2GHz and T=77K. Again the signal magnitude is shown as a function

of two parameters: the magnetic field and the DC current. The color plot is comprised

of single spectra that are typically measured in the field domain. Figure 3.23 reveals the

microwave signal peak amplitude and its integrated value as a function of the DC current.

The dramatic increase of the emitted microwave power indicates the onset of magnetic

auto-oscillations at the critical current Idc ∼1.63 mA.

Figure 3.22: The microwave emission of YIG/Py nanowire along easy-axis orientation, at
f= 3.2 GHz and T=77K.
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Figure 3.23: The microwave emission amplitude of a YIG/Py nanowire along easy-axis
orientation, at f= 3.0 GHz and Idc ∼1.63 mA.

3.2 Magneto-transport characterization

The magneto-transport characterization used in this work is mostly comprised of

measurements of longitudinal resistance in the presence of magnetic fields, electric cur-

rents, and thermal gradients. Magneto-transport measurements rely on spin-charge effects

described in previous sections. In many of the devices studied here, the exact nature of

the magnetoresistance (although AMR is typically dominant [30, 84]) or spin current to

voltage conversion is not known. However, the magneto-transport experiments contribute

significantly to understanding the spin physics of multilayer devices.

Typically in this work, the measurements are carried out with a DC electric field

supplied to the sample from an automated low-noise DC source. The voltage is detected

using a nano-voltmeter or, in the case of field modulation, using the lock-in amplifier. Figure

3.24 shows resistance measurement of a YIG/Py nanowire as a function of the magnetic
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field applied in two different directions with respect to the nanowire axis.

Figure 3.24: Resistance of a YIG/Py nanowire as a function of the magnetic field.

3.3 Cryogenic measurements

The capability to vary the temperatures during the characterization of the devices

studied here places an exceptional role. The advantages of cryogenic measurements are

as follows: first, measurements at cryogenic temperatures are subject to less thermal fluc-

tuations and noise, which increases the signal to noise ratio and allow for observation of

phenomena not detectable otherwise. Second, it allows us to reach high thermal gradients

and electric current densities that would otherwise destroy the device. Third, many of the

observed phenomena (in particular magnetic phase transitions) are inherently temperature-

dependent. In this work, measurements have been carried out using two cryostats: the
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vacuum flask and the Helium flow cryostat.

The vacuum flask

The vacuum flask consists of a double-sided wall with a vacuum between the walls,

providing thermal insulation. The flask is made of really weak magnetic steel, which allows

for placing it in the magnetic field of an electromagnet (see figure 3.25). The flask is

filled with liquid Nitrogen. The cap of the flask has custom-designed and 3D-printed in

the course of this work to host ports for microwave and low-frequency cables, as well as

to allow for venting of the Nitrogen and reducing formation of ice (see figure 3.26). The

Nitrogen within the flask undergoes a slow-boiling process, and its temperature is there

maintained at the constant boiling point (77K) at atmospheric pressure. Measurements

of up to 12 hours duration can be carried out without refilling the cryostat. For angle-

dependent measurements, either the whole flask can be rotated or more frequently used,

the electromagnet underneath the flask is rotated (shown further below).

53



Figure 3.25: The vacuum flask positioned between the poles of the electromagnet.

Figure 3.26: The semi-rigid microwave cables build in the 3D-printed cap.
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Liquid helium cryostat

In this work, a commercial Helium-flow cryostat (Model 8CN variable temperature

cryostat from Cryo Industries of America, Inc.) has been augmented to allow for microwave

spectroscopy and magneto-transport measurements. The cryostat temperature range is

from 1.4 K to 300 K (see figure 3.27).

Figure 3.27: Model 8CN variable temperature cryostat.

The cryostat consists of three primary chambers, the sample space, nitrogen space,

and helium space. The sample-set in a vacuum, the nitrogen space, is where the liquid

nitrogen (LN) is stored, and finally, the helium space is where the liquid helium (LH) is

stored. The capillary valve enables the flow of liquid helium to be vaporized into the sample
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space, and there is a vent valve on the sample space that passes for the vapor to escape to

the lab atmosphere.

In the course of this work, the following adjustments have been made: a table

with an appropriate window for cryostat has been constructed, a rotating base for the

electromagnet (to be operated with the cryostat, see figure 3.28) has been designed and

build, a valve system has been designing and builds to streamline pumping and venting

procedures.

Figure 3.28: The rotating base for the electromagnet.

For expelling moisture from the cryostat, venting protocols with nitrogen and

helium gases has been established. For refilling the liquid helium, a flexible transfer line

with a valve has been purchased and a transfer protocol established (see figure 3.29). To

conduct measurements, the temperature is controlled by adjusting the capillary valve and

the heater (see figure 3.30). The temperature reading is coming from the temperature sensor
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close to the sample location. The best temperature stability can be achieved by cooling

the cryostat down to the lowest temperature and a subsequent slow warm-up with heated

helium vapor. A Python script for controlling the temperature controller has been written.

Figure 3.29: The transfer line of liquid Helium.

Figure 3.30: The LakeShore temperature controller Model 335.

3.4 Computational modeling

3.4.1 Micromagnetics simulation via MuMax3

This work was supported by micromagnetic calculations based on a finite-element

approach. The calculations were carried out using MuMax3 software package [85], running

on high-performance GPUs on computers in the Barsukov lab and at the Helmholtz Research

Center in Dresden-Rossendorf.

In these simulations, the time-dependent solution of the magnetization vector field
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is calculated. A model of a magnetic device is first created and divided into cells (meshing

procedure). For each cell, the Landau-Lifshitz equation is solved. The effective field for

each cell is:

~Heff = − δE

µ0 δ ~M
= ~Hexch + ~Hdipole + ~Hext + ~Hanis + ~Htherm (3.7)

with exchange field ~Hexch, dipole field ~Hdipole, externally applied field ~Hext, magnetic

anisotropy field ~Hanis, and a field due to thermal excitations ~Htherm. The dipole field

and the exchange field in one cell depend on the magnetization orientation of other cells,

and thus couple the Landau-Lifshitz equations for all cells.

Calculations for YIG/Py nanowires have been carried out to first simulate the

experimentally observed spectra by adjusting the standard parameters of the materials

involved. Then, spin-wave amplitudes have been mapped out as a function of space. This

allows us to understand the nature of the observed modes in the experimental spectra. In

particular, the localization of the spin-wave modes can be studied. Examples of MuMax3

simulations codes are listed in the appendices A.1 and A.2.

3.4.2 Finite element modeling via COMSOL Multiphysics

This work was supported by finite-element simulation using COMSOL Multi-

physics, carried out on a high-performance computer in the Barsukov lab. Preliminary

studies have been started to investigate and simulate microwave field patterns of planar

resonator and waveguides presented in the next section. Furthermore, ohmic heating in

nanoscale devices has been calculated.
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The device is first modeled using standard material parameters and meshed. Elec-

trical current flowing in one part of the nanodevice is simulated to result in ohmic heating.

The heat diffusion is then calculated using the standard heat diffusion equation for all cells

of the model. After a steady-state regime (constant local temperature) is reached, the data

is mapped in a color plot, and the spatial temperature profiles are evaluated (see figure 4.5).

Such simulations are necessary for most of the used devices since, in the nanoscale geometry,

even small currents can result in significant local temperature increases and, consequently,

in exorbitant temperature gradients. While such effect are common in micro-electronics

and usually considered a severe problem, this work will demonstrate how such effects can

be used to the benefit of spintronics applications.

3.5 Micro and Nanofabrication

3.5.1 YIG/Py Nanowires

YIG film growth

Most of the Yttrium Iron Garnet (YIG) thin films were provided for this study by

Dr. Jing Shi’s group. The growth of films (with a typical thickness of 20 nm) was carried

out on single-crystal substrates of Gd3Ga5O12 (GGG, typically in (111) surface orientation)

using pulsed laser deposition.

Some of the films were fabricated using radio-frequency sputtering. The GGG

substrate was flushed back-to-back with acetone, isopropyl alcohol, and deionized water,

before being placed inside the sputtering chamber. The YIG films were deposited and

annealed at ∼ 820 C◦. More details about the YIG film growth processes can be found in
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Ref. [86].

Py deposition

The Py thin films were deposited on top of the YIG films at about 5 nm thick-

ness at room temperature using magnetron sputtering with 3×10−3 Torr of argon gas in

a magnetron sputtering system with a base pressure of ∼ 1× 10−8 Torr. The growth rate

of Py was ∼ 1Å/s. To prevent oxidation of the Py surface, ∼ 2 nm Al2O3 capping layer

is deposited in-situ. The aluminum oxide Al2O3 is deposited by reactive sputtering of an

aluminum target in an atmosphere of the argon-oxygen gas mixture.

Wire and leads definition

In this work, both electron-beam and UV lithography was employed. The fab-

rication of nanodevices was carried using e-beam lithography. The YIG/FM bilayer films

described above were first coated with the negative resist MAN-2401 of ∼100 nm thickness

after brief sonication in acetone and, then, isopropyl alcohol. Spin coating the MAN-2401

at 3500 rpm was used for 45 sec. The resist was baked out on a hotplate for 60 sec at 90C◦C.

Since MAN-2401 is sensitive ultraviolet (UV) light, its exposure to ambient light

was constantly avoided. The resist was patterned into nanowires and leads utilizing e-beam

lithography with dosage ranges from 250 - 300 in the Nanometer Pattern Generation System

(NPGS) software (see figure 3.31). The typical write current was 13 pA and an area dose

of 270µC/m2. The center to center distance and line spacing set were to 1 nm. For the

leads, the current was raised to 3.2 nA. After the E-Beam Lithography (EBL) writing, the

developer (maD-525) was applied for 60 sec, and the sample was rinsed with HPLC water
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for 3min.

After defining the patterns, the sample was ion-milled at an incident angle of 65 ◦

for several minutes (according to calibration such that YIG/FM material is etched down

to the substrate: YIG etching rate is 3.7 nm/min). Duty-cycling and water cooling of

the sample was used during the ion milling to prevent the sample from overheating. The

remaining resist was removed using sonication in acetone.

The subtractive nanopatterning described here has several advantages: first, it

produces very smooth edges of the nanostructures, as opposed to side-walls that would

occur in a lift-off process and then oxidize and become antiferromagnetic [87]. Second, YIG

requires annealing at high temperature, at which the resist would thermally deteriorate.

Therefore, lithography procedure involving lift-off would require multiple lengthy fabrication

steps.

Figure 3.31: The drawing of a typical nanowire array (yellow) and leads.

The resulting nanowire devices are shown in figure 3.32. It is contacted to the

coplanar wave guide using wirebonding.
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Figure 3.32: (a) The YIG/PY nanowire after finishing all steps of the nanofabrication.
(b) The YIG/Py device and the wire-bonds.

3.5.2 Ω - shaped planar microresonator

Several projects carried out in this work relied on the high sensitivity of ferro-

magnetic resonance and local measurements, that cannot be achieved using conventional

CPW or cavity-based FMR. Some of the magnetic systems could also not (or at least not

directly) be measured in an ST-FMR experiment. In this work, therefore, planar microwave

microscale resonators were developed based on concepts of Refs. [88, 89].

These microresonators were then proven (as discussed in chapter 6) to provide a

significant increase of FMR sensitivity to investigate YIG based thin-film microstructure

at low temperatures, which represents a significant advancement to measurement capabil-

ities and allowed for studies of YIG based systems that would not be possible otherwise.

Moreover, the planar microresonators (PMRs) reduce the radiative damping in magnetic

systems and can potentially be used for calibration of extrinsic damping contributions in

various magnetic systems.
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Photomask

As shown in figure 3.33, the planar microresonator consists of a stripline microwave

element with two sidearms providing impedance matching for the Ω-shaped active part,

shown in figure 3.34. The active element is inductive – a micro-coil with a single winding

– that creates strong localized microwave magnetic fields. A microscale or even nanoscale

sample places into the active area is excited by these fields. In resonance, the microwave

is partially absorbed in the sample, and thus the microwave reflection coefficient from the

microresonator changes.

Figure 3.33: The Ω - shaped planar microresonator design.

The resonators are despite the fact that their micro-scale size is too large to be cost-

effectively fabricated using e-beam lithography. Optical lithography is used instead. The

microresonators must possess high electrical conductivity to achieve high-quality factors.

The substrate onto which the microresonators are deposited must, for the same reason, have

small dielectric losses. On the other hand, the high thermal conductivity of the substrate
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is preferred to avoid local heating of the microwave elements. Sapphire substrate seems,

therefore, a suitable candidate for the design of the microresonator. In this work, however,

several substrates (sapphire, GGG, Si/SiOx) were used for other technical reasons.

Figure 3.34: The active region of the planar microresonator. Here, the inner diameter of
Ω - shaped micro-coil is 150µm.

Photolithography

The photolithography was performed after standard cleaning of the substrate. The

substrate was pre-baked on the hotplate for 1.5min at 180 ◦C to get remove any organic

solvent residues. Using spin coating process at 3000 rpm for 45 sec, a S1813 positive

photoresist was deposited to receive a thickness of ∼ 1.6 µm. The resist on the substrate

was baked on a hotplate for 1min at 115 ◦C.

An optical mask was designed (see the previous subsection) in the course of this

work and commercially fabricated. The mask was aligned with the substrate. The patterns

were exposed for 7-8 seconds with intense UV light. The S1813 resist becomes soluble in

the developer after exposure, in contrast to negative photoresist, where the unexposed areas

are soluble in the developer (see figure 3.35). Then the patterns were developed using MF
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319 developer for 60 sec, and so made ready for the metallization process.

Figure 3.35: The Photolithography procedures using negative or positive photoresist.
Source: Bellah M, Christensen SM, Iqbal SM. Nanostructures for medical diagnostics. Jour-
nal of Nanomaterials. 2012

PMR metallization

For the metallization of the planar microresonators, e-beam evaporators of the

Temescal BJD 1800 system were used. Three layers of metal were deposited. The first

layer contains Titanium (Ti) of 5 nm thickness, and acts as an adhesion/wetting layer for

the next layers. The bulk of the metallization consists of a copper (Cu) layer of 400 nm

thickness. The capping layer is 50 nm of Gold (Au), to prevent the underlying layers from

oxidation. An optical micrograph of the active region of a planar microresonator is shown

in figure 3.36.
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Figure 3.36: The optical image of the Ω - shaped PMR with inner diameter of 150µm.

66



Chapter 4

Two-magnet nano-oscillator with

enhanced spin-charge conversion

and thermal spin torque

Next-generation spintronic applications require material properties that can hardly

be met by one material candidate. Here we demonstrate that enhanced spin-charge conver-

sion and energy-harvesting thermal spin currents can be realized by combining insulating

and metallic magnets. We develop a nanowire device consisting of an yttrium iron gar-

net and permalloy bi-layer (see figure 4.1). An interfacial temperature gradient drives the

nanowire magnetization into auto-oscillations at GHz frequencies. Interfacial spin coupling

and magnetoresistance of the permalloy layer translate spin dynamics into sizable microwave

signals. The results show prospect for energy-harvesting spintronic devices and present an

experimental realization of magnon condensation in a heterogeneous magnetic system.
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Figure 4.1: Nano-wire shaped two-magnet nano-oscillator under an interfacial temperature
gradient. Magnetization dynamics is hybridized across the subsystems of YIG and Py, by
virtue of interfacial exchange coupling.

4.1 Introduction

Energy-harvesting control of spin dynamics [22] and sizable spin-charge conversion[60]

are central topics of spintronic research. Magnetic insulators have recently risen as promis-

ing material candidates for spintronic applications [90, 91, 92]. They possess low magnetic

damping and thus reduce energy dissipation [47, 93]. Once viewed as a challenge for heat

management, the low thermal conductivity of magnetic insulators bears an opportunity

for spintronic devices via heat recycling. Interfacial heat flow in ultra-thin bi-layers of the

ferrimagnetic insulator, yttrium iron garnet (YIG), and platinum has recently been shown

to inject a spin current sufficient to induce auto-oscillations of YIG magnetization [66],

creating a spin-torque oscillator driven by waste heat.

While magnetic insulators help to avoid shunting of electrical currents, they possess

no intrinsic means of spin-charge conversion and rely on proximity-mediated effects [60, 94].
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In YIG/Pt systems, the spin Hall magnetoresistance allows for read-out of spin information.

However, it is rather small (typically 10−1-10−2 %)[37, 66], which presents an obstacle for

integration of insulators in reliable spintronic applications.

Metallic ferromagnets, on the other hand, possess intrinsic, sizable spin-charge

effects based on spin-orbit interaction, which can be employed for electrical read-out of

static and dynamic magnetic states [95, 96, 97]. Recently, these spin-charge effects have

received much attention as tunable sources of spin currents [57, 98, 99]. Spin injection using

anomalous Hall effect[61, 64, 100], planar Hall effect [101], rotational-symmetry spin-orbit

effect [62] in multilayers, and spin-orbit torques in a single ferromagnetic layer [102] have

been experimentally realized.

4.2 Experimental procedure

Here, we propose to exploit the virtues of insulating and metallic magnets and fab-

ricate nanowires from thin-film bi-layers of YIG and permalloy (Py=Ni80Fe20). We find that

spin coupling at the metal-insulator interface and anisotropic magnetoresistance (AMR) in

Py allow for electrical read-out of spin dynamics in YIG. Furthermore, the application of

the interfacial temperature gradient from ohmic heating drives the nanowire into magnetic

auto-oscillations, translating into sizable microwave signals. Our findings demonstrate that

nanoscale heterostructures based on a combination of metallic and insulating magnets offer

both sizable spin-charge conversion and thermal spin-torques, thus enabling next-generation

energy-harvesting spintronic applications. The observed auto-oscillations, moreover, show

an experimental realization of magnon condensation [103] in a two-magnet system with
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hybridized spin-wave modes.

Using sputtering deposition [104], we prepare multilayer thin films consisting of

Gd3Ga5O12 (GGG substrate)/YIG(20 nm)/Py (5 nm)/AlOx(2 nm). The top layer prevents

Py from oxidation. By means of negative e-beam lithography and ion milling, we fabricate

nanowire devices (180 nm width, 3.4µm length) which fan out into sub-millimeter [66] large

electric leads (Figure 4.2a).

4.3 Results and discussion

Figure 4.2: Magnetoresistance of the nanowire device. (a) Scanning electron micrograph
of the nanowire. H is the external magnetic field, applied in the film plane at angle ϕ
with respect to the nanowire axis. (b) Device resistance as a function of field angle at
H = 1.6 kOe. (c) Device resistance as a function of the magnetic field for different in-plane
angles ϕ. All measurements in this work are carried out at 77K.

We apply a large magnetic field H = 1.6 kOe in the sample plane, and assess

the device resistance as a function of field angle ϕ measured with respect to the nanowire

axis (Figure 4.2b) within the film plane. All measurements are carried out in a cryostat

at 77K thermal bath temperature. As expected for the anisotropic magnetoresistance of

Py [46], the resistance follows R = R0 + ∆R cos(2ϕ)/2 behavior, where R0 = 1127 Ω and

∆R/R0 = 1.24% is the magnetoresistance ratio. Figure 4.2 (c) shows the device resistance
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as a function of the magnetic field. Again as expected [46], in the hard axis (at ϕ = 90◦

due to the shape anisotropy of the nanowire) the curve is bell-shaped, and in the easy

axis (ϕ = 0◦) the curve is V-shaped. However, large resistance drops near zero-field and

incomplete saturation along the easy axis to interfacial exchange at the YIG/Pt interface.

The presence of interfacial spin coupling is anticipated to have an impact on the

spin-wave spectrum of the device [105, 106, 107, 108, 109, 110, 111]. While zero coupling

should leave individual spin-wave spectra of YIG and Py layers nearly unchanged (except

for the dipolar interaction), the strong coupling should significantly hybridize and delocalize

the spin waves over both, YIG and Py, layers and can lead to spin-wave modes of acoustic

and optical type [105].

71



Figure 4.3: Spin-torque ferromagnetic resonance. (a) Spin wave spectrum of the long
nanowire at the hard axis. The normalized ST-FMR signal 〈V 〉 is color-coded. (b) Spin
wave spectrum of the short nanowire (i.e., nanoconstriction) at the hard axis. (c) Linewidth
of the lowest spin-wave mode for the long nanowire in the easy axis at f = 6.8GHz.
(d) Linewidth of the lowest spin-wave mode of the short nanowire (i.e., nanoconstriction
with dimensions 750 nm by 1µm) ∼20 deg off easy axis at f = 2.5GHz.

To evaluate the spin-wave spectrum, we carry out spin-torque ferromagnetic reso-

nance (ST-FMR) measurements at the hard axis with field modulation [112] on the nanowire

shown in figure 4.3a presents one group of spin waves as a function of frequency and field.

This group is dominated by two modes labeled ’1a’ and ’1b’. The spin-wave spectrum is not

only determined by the coupling between YIG and Py, but also by the nanowire dimensions.

We thus carry out ST-FMR on a much shorter nanowire (i.e., nanoconstriction) (displayed

in inset of figure 4.3 (d)). As shown in figure 4.3b, the frequency-field data presents one
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spin-wave mode, labeled ’1’, similar to the spin waves observed in the longer nanowire. At

higher frequencies, another spin-wave mode, labeled ’2’ is found.

Figure 4.4: Micromagnetic simulations of YIG/Py nanowire.

To assess the nature of these spin waves, we perform micromagnetic simulations

using MuMax3 package [113] for typical material parameters of YIG and Py (figure 4.4).

The device geometry: length 3.8µm, width 190 nm, YIG thickness 20 nm, Py thickness

5 nm. Cell size: 3.7 nm×5.9 nm×5.0 nm, temperature: 0K, excitation by a sinc-pulse with

lateral symmetry of 50 Oe (in z-direction). YIG magnetization is 175 kA/m, Py magne-

tization is 800 kA/m, YIG exchange constant is 3.5×10−12 J/m, Py exchange constant is

13×10−12 J/m.

Figure 4.4a Shows the spatially averaged, normalized FFT of transverse compo-

nents of magnetization is representative of the excitation of spin waves close to hard-axis.

Excitation magnitude is color-coded in arbitrary units. Modes ’1a’ and ’1b’ are excited in

the experiment; mode ’1c’ is not sufficiently excited in the experiment. Mode ’2’ is suffi-

ciently excited in short nanowires (i.e., nanoconstriction) and some of the long nanowires
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(supposedly due to symmetry-breaking defects present). Figure 4.4b Shows the lateral pro-

file of excitations in YIG and Py layers for different frequencies at the external field of

1000Oe. With increasing frequency, delocalization, and hybridization of spin waves in-

creases. At low frequencies, the phase difference of magnetization precession between YIG

and Py layer is nearly 0; at higher frequencies, the phase difference approaches π. We

find the best agreement between experiment and micromagnetics for Aint = 0.4 pJ/m –

a moderately large, ferromagnetic-type coupling at the interface. The spin waves of the

lower-frequency group (’1a’ and ’1b’) are predominantly localized in the YIG layer. They

correspond to the normal spin-wave eigenmodes [46, 114] of a nanowire (see figure 4.4) –

the number of nodes increases with increasing frequency. The higher-frequency mode (’2’)

corresponds to the nanowire’s lowest-order eigenmode but is predominantly localized in the

Py layer. Due to the symmetry of the excitation field in the FMR experiment (Oersted field

of the Py layer), the group ’2’ and higher-order spin waves of the group ’1’ are very weakly

excited [46], and thus not visible in figure 4.3a.

Micromagnetic analysis reveals that spin-wave modes at lower frequencies, while

delocalized over both layers, are more strongly excited in one layer (see figure 4.4). For

instance, the mode ’1a’ is predominantly localized in YIG, but also drags the magnetization

of Py. Such delocalization allows for detecting this mode electrically via magnetoresistance

of Py. While at low frequencies, the magnetizations of YIG, ~MYIG, and Py, ~MPy, precess

nearly in-phase (acoustic modes), with increasing frequency the phase difference approaches

π (optical modes). Moreover, the delocalization increases and the spin-wave mode become

strongly hybridized.
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To explore the possibility of manipulating the spin dynamics of the two-magnet

devices, we analyze the ST-FMR linewidth, which is representative of the effective damping.

The linewidth of the lowest mode ’1a’ of the long nanowire is shown in figure 4.3 (c) as

a function of electric DC current sent through the Py layer. The linewidth decreases for

both polarities of the bias current in the easy axis ϕ = 0deg. The observed decrease of the

damping cannot be explained by any known spin-orbit torque generated by electric current

in Py[115] : (i) In particular, the spin Hall effect produces a spin current with polarization ~σ

parallel to ŷ and thus [95] does not contribute to damping-like torque (∝ ~MYIG× ~MYIG×~σ)

in easy axis. (ii) The Anomalous Hall torque[61, 64, 100] is zero for parallel orientation

of electric current and Py magnetization, which is the case for easy axis. (iii) The Planar

Hall torque[101] is zero when magnetization lies in the film plane. (iv) The Rotational-

Symmetry torque proposed in Refs. [62, 115] is zero for parallel orientation of YIG and Py

magnetizations. Furthermore, spin-orbit torques are generally odd in electric current and

cannot explain the symmetric behavior shown in figure 4.3 (c).
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Figure 4.5: Finite-element simulation (in COMSOL Multiphysics) of temperature profile
under ohmic heating of the Py layer. (a) Lateral profile of temperature of a long nanowire
at I=1.87mA. (b) Lateral profile of temperature of a short nanowire (i.e., nanoconstriction)
at I=1.66mA. (c,d) Depth profiles of the temperature, counting the thickness from the top
of the Py layer.

On the other hand, ohmic heating in the Py layer is nearly quadratic in electric

current. Using finite-element simulations by COMSOL Multiphysics (Figure 4.5), we esti-

mate a notable temperature gradient across the layers of ∼ 0.3K/nm at ∼ 1.8mA for the

long nanowire. The temperature gradient generates an anti-damping spin-torque via spin

Seebeck effect [66, 116, 117, 118], that is independent of the DC current polarity, consistent

with the data in figure 4.3 (c). In the short nanowire (i.e., nanoconstriction), the heat eas-

ily dissipates into the adjacent electrical leads, which reduces the temperature gradient to

∼ 0.004K/nm. With such a small temperature gradient, the spin Seebeck torque is negligi-

ble. The linewidth of the lowest spin-wave mode in figure 4.3 (c), therefore, depends linearly
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on the electric current, which is characteristic for spin-orbit torques (described above).

Figure 4.6: Auto-oscillations of magnetization of the long nanowire. The sample is wire-
bonded to a co-planar waveguide, and the emitted microwave signal is passed through
co-axial microwave cables to a bias-tee, pre-amplifier, and spectrum analyzer. The measure-
ments are carried out using field modulation and single-frequency detection. (a) Microwave
signal at 3.0GHz emitted from the nanowire in the easy axis. Normalized detected voltage
〈V 〉 is proportional to the emitted microwave power density. (b) Microwave emission in
the hard axis. At low electric currents, a weak signal of thermally populated is visible.
Above a current of approximately 1.8mA, microwave emission is strongly increased, and
the emission field shows a pronounced non-linear shift.

The linewidth of the long nanowire in figure 4.3 (c) can be extrapolated to zero at

about approximately 1.6mA, marking the critical current at which the intrinsic damping

of the lowest spin-wave mode is fully compensated by the spin Seebeck torque. Once the

intrinsic damping is compensated, the magnetization transitions into auto-oscillations in the

absence of external microwave drive [6]. The auto-oscillations are translated into electric

signals via the effective magnetoresistance of the nanowire [66].

We supply electric DC current to the long nanowire and measure the microwave

signal emitted from the device (into a microwave circuit [66], as described in Supporting

Information). In figure 4.6a, the signal detected at 3.0GHz is shown as a function of
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the magnetic field and DC current for the easy axis. We find that at low currents, the

signal is nearly zero indicating only weak thermal excitation of the spin waves. Above

the current of approximately 1.8mA, a sudden onset of the microwave signal is observed,

which is characteristic of auto-oscillations [6]. By comparing the frequency-field relation of

spin waves from auto-oscillations and from the ST-FMR experiment, we identify the lowest

modes predominantly localized in the YIG layer to participate in auto-oscillations. With

increasing current (around 2mA), the emission field shows a strong non-linear shift, which

again is indicative of the auto-oscillatory regime [6, 66, 119].

The microwave emission data, shown in figure 4.6a for the easy axis and in figure

4.6b for the hard axis, present similar critical currents for the onset of auto-oscillations.

Inversion of magnetic field direction (Figure 4.7) does not notably change the critical current.

The isotropy of the critical current further supports our conclusion – in the long nanowire,

isotropic [66] thermal spin-torque due to spin Seebeck effect is strong and drives the auto-

oscillations, while spin-orbit torques are significantly smaller. For the short nanowire (i.e.,

nanoconstriction), nearly free of the spin Seebeck effect, the critical current can be estimated

to over 10mA, based on the ST-FMR linewidth in figure 4.3 (c). Indeed, we observe no

microwave emission from this device in the experimentally accessible current range.
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Figure 4.7: Microwave emission from the long nanowire in negative fields. (a) Easy-axis
emission. (b) Hard-axis emission. The normalized detected voltage 〈V 〉 is proportional
to the spectral power density. Emission spectra very similar to those detected at positive
external fields are observed.

The emergence of thermally driven magnetic auto-oscillations observed here can

be understood as a manifestation of bosonic condensation of incoherent magnons into a

coherent low-frequency magnon state. In order to reach the threshold of this instability,

the thermal magnons need to be pumped to the chemical potential exceeding the natural

frequency of the coherent low-frequency mode [103, 117, 120, 121]. Raising the chemical

potential in one of the ferromagnets (here, YIG) by heat flow from another one (Py), in

two-magnet heterostructures, presents a conceptually novel scenario for magnetic auto-

oscillations.

In Ref. [65], Bender et al. proposed a theoretical model for generating thermal spin

currents between two ferromagnetic layers separated by a nonmagnetic metallic spacer. A

temperature gradient across the layers injects a spin flow from the warmer ferromagnet into

the spacer (raising its electronic spin accumulation), which is then transmitted downstream

into the colder magnet. In our bi-layer system, the spacer is missing, so that the spin
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angular momentum is driven directly across the interface between the magnetic layers.

Magnetic and possibly also magneto-elastic hybridization across the interface could result

in an enhancement of the effective magnonic spin accumulation induced in the YIG layer,

facilitating the onset of the condensation instability.

The underlying transfer of the spin angular momentum from the incoherent to the

coherent spin precession can formally be understood in terms of an anti-damping torque

entering the equation of motion for the latter, in proportion to the chemical potential of

the incoherent magnon gas [122]. The chemical potential is zero in equilibrium but can be

raised or lowered, depending on the orientation of the heat flux between the magnetic layers.

We generically expect the hotter (colder) side to correspond to the decrease (increase) of

the magnon chemical potential [123].

Thermal spin-torque in heterogeneous systems, such as two-magnet systems inves-

tigated here, has remained unexplored experimentally and theoretically. We consider two

possible microscopic mechanisms contributions to the torque: (i) Spin waves are excita-

tions of magnetic moments residing in the d-electrons, which are coupled by s-d exchange

with conduction electrons in Py [124]. Thus, the conduction electrons possess a higher

temperature than spin waves, which are delocalized over both warmer and colder layers.

The conduction electrons serve as a source of energy and angular momentum and thermally

generated magnons in the nanowire beyond their thermal equilibrium, thus exerting a ther-

mal spin-torque similar to the conventional spin Seebeck in YIG/Pt. In the two-magnet

system, however, the spin Seebeck effect is different in that a temperature difference be-

tween the magnonic and electronic sub-systems within one heterogeneous magnetic system
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creates the anti-damping torque. (ii) Since the spin waves at higher frequencies show a

higher degree of delocalization, and they are more susceptible to thermal excitations in the

Py layer. The energy and angular momentum of higher-frequency magnons redistribute to

the lower-frequency magnon states, creating a population beyond thermal equilibrium and

exerting thermal spin-torque [103, 117, 120, 121].

While our results demonstrate that thermal spin-torque leads to damping modifica-

tion and auto-oscillations, they do not allow for a quantitative comparison of contributions

due to the magnon-electron and (magnon-magnon mechanisms. However, the tempera-

ture gradient needed to reach auto-oscillations in our two-magnet nanowires and YIG/Pt

nanowires of Ref. [66] are similar. This allows for a conjecture that the magnon-magnon

mechanism, which is only present in two-magnet systems, is unlikely more effective than

the magnon-electron mechanism. The delocalized nature of spin waves offers an effective

means for spin-charge conversion in applications based on magnetic insulators. We esti-

mate the power spectral density of the emitted microwave signal from auto-oscillation to

∼1 pWMHz−1 (see figures 4.8), which is three orders of magnitude higher than electrical

signals obtained on YIG/Pt systems.
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Figure 4.8: Power spectral density of the signal emitted in the frequency domain at
constant field of -310Oe in the hard-axis configuration and current range from 1.0mA to
2.2mA.

4.4 Conclusions

We find that heterostructures based on a combination of metallic and insulat-

ing magnets bear an excellent promise for next-generation spintronic applications. Via

interfacial spin coupling, magnetization dynamics in the magnetic insulator translates into

magnetization precession of the ferromagnetic metal. Inherently large magnetoresistance

in ferromagnetic metal allows converting this magnetization dynamics into sizable electric

signals. With a moderate interfacial spin coupling, the lower-energy spin-wave modes are

predominantly localized in one layer, while higher-energy modes show an increased level of

hybridization and delocalization. Heat flow due to the temperature gradient across the lay-

ers leads to magnon condensation into the lower-energy modes, driving the magnetization

into auto-oscillations. We demonstrate that a two-magnet system can be used to realize

thermally driven spin-torque nano-oscillators. The results show a prospect for energy-
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harvesting spintronic devices and advance our understanding of magnon thermodynamics

in heterogeneous magnetic systems.
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Chapter 5

Soliton excitations in a two-magnet

nano-oscillator

As demonstrated in the previous chapter, thermal bias (gradient) in a two-magnet

nanoscale heterostructure creates an effective anti-damping torque that leads to magnetic

auto-oscillations of the hybridized spin-wave modes. The spin-orbit torques in the YIG/Py

based nanodevices were found to be small and to play a negligible role in the observed

magnetization dynamics. Despite the dominant role of the thermal spin torque, the ques-

tion remains unanswered whether the potential of the spin-orbit torques for spintronic

applications could be realized in the two-magnet heterostructures proposed in this work.

The spin-orbit torques, originating from metallic ferromagnets, as described in Chapter 2,

present with unusual symmetries and efficiencies that, despite some experimental works,

remain not fully understood. Here, nanodevices based on two-magnet heterostructures

are investigated in the critical and supercritical current regimes in a broad range of fields
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and frequencies. In addition to spin-wave auto-oscillations, high-amplitude auto-oscillatory

modes with solitonic behavior are observed. While the theoretical model for the observed

modes remains to be fully formulated, the results suggest that the spin-orbit torques from

the metallic ferromagnet play an important role in stabilizing the soliton excitation.

5.1 Introduction

When magnetic systems are driven by anti-damping torque supercritically in spe-

cific configurations of the magnetic energy landscape, the character of the auto-oscillations

[8, 125, 126, 127] may change substantially. An example is shown in figure 5.1 from Ref. [128].

In a point-contact spin torque oscillator, electrical current is passed from one metallic fer-

romagnet (reference layer) into another separate metallic ferromagnet (free layer) through

a nanoscale electrical connection made of a nonmagnetic metal. The electrical current is

spin polarized in the reference layer and exerts an anti-damping torque on the free layer in

the region of the point-contact.
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Figure 5.1: (A) Frequency of the point-contact spin torque oscillator as a function of
magnetic field. The ordinary auto-oscillation and droplet soliton oscillation is observed.
(B) Frequency of the auto-oscillatory modes as a function of DC electric current through
the point-contact (nano-contact diameter is 63 nm). Source: Ref. [128].

When magnetic systems are driven by anti-damping torque supercritically in spe-

cific configurations of the magnetic energy landscape, the character of the auto-oscillations

[8, 125, 126, 127] may change substantially. An example is shown in figure 5.1 from Ref. [128].

In a point-contact spin torque oscillator, an electrical current is passed from one metallic fer-

romagnet (reference layer) into another separate metallic ferromagnet (free layer) through

a nanoscale electrical connection made of a nonmagnetic metal. The electrical current is

spin-polarized in the reference layer and exerts an anti-damping torque on the free layer in

the region of the point-contact.

With increasing current, another auto-oscillatory mode appears, as shown in fig-
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ure 5.1b. This mode frequency is significantly lower than that of the ordinary spin-wave

mode, which indicates a phase transition of the dynamic excitation in the system. This

transition may be dependent on magnetic anisotropy or external magnetic field (as shown in

figure 5.1(a, subset). The observed auto-oscillatory mode referred to as a magnetic droplet,

which is one of the examples of soliton magnetic excitations. Such excitations are distinct

through amplitude spin precession and self-localization – these effects lead to strongly modi-

fied energy landscape that results in an excitation frequency lower than that of the ordinary

spin waves. Indeed, as the data shows, the soliton regime’s signal amplitude indicates spin

precession angles that must reach values of 90◦ and beyond. The observed solitonic excita-

tion can thus be thought of as a formation of a dynamic domain wall oscillating at a low

frequency.

Here, magnetization dynamics of YIG/Py two-magnet heterostructure based nano-

oscillators is investigated in the critical and supercritical regimes.

5.2 Experimental procedure

The fabrication for the devices studied here follows the procedures described in

the previous chapter. A 23 nm thick of YIG film was grown on Gadolinium Gallium Gar-

net Gd3Ga5O12 (GGG) substrate by sputtering. The 5 nm thick of Py film was deposited

by sputtering on top of YIG film and capped by aluminum oxide (Al2O3) layer of 2 nm

(see figure 5.2b). The devices were fabricated by electron beam lithography into 200 nm

wide and 3µm long nanowires by ion milling. The contact leads are made from the same

YIG/Py/AlOx multilayer. The magnetotransport, ST-FRM, and microwave emission mea-
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surements have been carried out using the same methods as described in the previous

chapter.

5.3 Results and discussion

The magnetoresistance (MR) measurements were performed for YIG/Py nanowire

at 77K with the magnetic field swept from 1800 to -1800Oe. Figure 5.2a shows the experi-

mental data for the hard-axis (φ=90◦). The typical bell-shaped resistance curve is observed.

The electrical resistance increased when the DC current increased from 0.7mA to 1.2mA.

The magnetoresistance data is again consistent with the shape anisotropy of the nanowire

and anisotropic magnetoresistance of Py. The nanowire geometry 5.2b (longer than the

devices studied in the previous chapter) does not notably change the magnetotransport

behavior of the device.

Figure 5.2: (a) The magnetoresistance in the hard-axis (φ=90◦) configuration. (b) The
scanning electron micrograph of the long YIG/Py nanowire.

In the low field regime, the magnetoresistance curve presents with a drop that,

as described above, is likely to be related to an exchange coupling of the YIG layer and
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Py layer, and the formation of domain walls or other magnetic texture in the device [129].

Characteristic transitions in the magnetoresistance hysteresis are observed at low fields and

shown in figure 5.3. Micromagnetic simulations of field-induced magnetization reversal in a

nanowire without leads do not show such sharp transitions in the hysteresis. While realistic

simulations on nanowire models, which would include fanning out into multilayer leads,

could not be carried out due to the large size of the model, it is reasonable to assume

that the regions, where the nanowire transitions into the leads, are the main seeds for the

formation of domain walls during the magnetization reversal.

Figure 5.3: The magnetoresistance hysteresis in the hard-axis configuration (φ=90◦) at
0.1mA. Inset: low-field region presents with characteristic transition features in the hys-
teresis curve.

To evaluate the spin-wave spectrum of the long nanowire, spin-torque ferromag-

netic resonance measurements are carried out. Figure 5.4 shows the spin-wave spectrum

presents with the lower-frequency branch, which as discussed in the Chapter 4, originates

from the spin waves with predominant localization in the YIG layer. In the easy-axis

configuration, the lowest-energy mode of this branch is shown in a frequency-field plot in
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figure 5.4a.

Figure 5.4: Spin torque ferromagnetic resonance on the long YIG/Py nanowire in the
easy-axis configuration at 77K. The lowest-energy mode of the YIG-like spin wave branch
is evaluated. (a) The frequency-field relation. (b) Linewidth versus frequency.

The Kittel equation cannot accurately describe the spin-wave in the nanowire [130]

since the latter does not include exchange coupling and confinement effects. However, in

a poor approximation, the data is fitted, which returns the following fitting parameters:

effective magnetization 4πMeff of 2279Oe, g-factor – 2.04, and the anisotropy field ∼

−50Oe (see figure 5.4a). The spin-wave linewidth in YIG/Py nanodevices, as described

in Chapter 4 and in Ref. [66], cannot be evaluated quantitatively with sufficient accuracy.

However, relative changes of the linewidth can in some cases, be assessed. For the long

nanowire in the easy-axis configuration, the linewidth is shown in figure 5.4b. The Gilbert

damping parameter is estimated with 7.36×10−4 within the expected range for the YIG

damping. This indicates that the intrinsic damping of YIG may dominate the damping of

the hybridized mode. However, the inhomogeneous broadening is with 8.99Oe relatively

large, which is again suggestive of the low accuracy of the linewidth evaluation methods in
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the YIG-based nanodevices.

The entire spin-wave spectrum of the long nanowire at 77K in the easy-axis con-

figuration is shown in figure 5.5 as a function of frequency and field.

Figure 5.5: (a) The ST-FMR signal as function of frequency showing the spin wave
spectrum of the long nanowire in the easy-axis configuration at 77K. The green symbols
indicate the frequency-field relation of the new auto-oscillatory mode. The red curve is
guide to the eye. (b) Microwave emission signal as a function of field and DC current in
the easy-axis configuration at 3GHz at 77K.

With the color scale chosen, the spin wave mode branch of Py-like mode is not

visible, but the YIG-like modes’ spectrum is very similar to that presented in Chapter 4.

Upon application of DC current to the device, microwave emission spectroscopy is carried

out. The results are shown in figure 5.5b for the frequency of 3GHz at low DC currents, only

a weak thermal signal is visible. Comparison with the ST-FMR data in figure 5.5a shows

that the observed thermal signal originates from the YIG-like modes of the nanowire. At a

critical current of approximately 1.8mA, the thermal modes transition into auto-oscillations.

The signal amplitude increases significantly. The field at which the auto-oscillations occur

still corresponds to nearly that of the YIG-like modes. At a DC current of ∼ 2mA, a

notable nonlinear frequency shift occurs.
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Surprisingly, at super-critical currents above 2mA an additional mode is visible.

In the color plot of figure 5.5b, this mode seems to originate from the auto-oscillations of

the YIG-like mode. At the high current, the multiple YIG-like spin-wave modes undergo

the largest nonlinear frequency shift; and the modes seem to consolidate into the new auto-

oscillatory mode.

The new mode’s field of auto-oscillations lies at much higher (absolute) values than

that of the auto-oscillations of the YIG-like modes. This fact indicates that the new auto-

oscillatory mode origin does not lie in ordinary spin-wave modes present in the nanowire.

The microwave emission spectroscopy is carried out at multiple frequencies to assess the new

auto-oscillatory mode’s frequency-field relation. Within the figure 5.5b, the field of the new

mode is evaluated at some particular current. The frequency-field relation is summarized

in the figure 5.5a. The frequency increases with increasing field. The red curve is a simple

guide to the eye showing that the new mode follows a similar behavior as the ordinary spin

waves, but its frequency is reduced by almost a factor of two.

Moreover, the new auto-oscillatory mode shows a gigantic nonlinear frequency

shift. To make a comparison with the ordinary spin-wave auto-oscillations, their nonlinear

shift is estimated as follows. With increasing current in the peri-critical regime, the field of

the ordinary auto-oscillations increases in absolute value. Given the slope of the ordinary

spin-wave modes in the frequency-field relation of figure 5.5a, this corresponds to an effective

decrease of the frequency and thus to the negative nonlinear frequency shift. For the new

auto-oscillatory mode, the situation is different. With increasing DC current, the absolute

value of the field decreases. Since the new auto-oscillatory mode has the same, positive,
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slope in the frequency-field relation as the ordinary spin waves, the negative field change

corresponds to an effective increase of the frequency and a positive nonlinear frequency

shift.

Figure 5.6 shows individual spectra of microwave emission spectroscopy for 2.5GHz

in the easy-axis configuration. The significantly different behavior of emission from the

ordinary spin waves and the new mode is evident. The current dependence of the new

auto-oscillatory mode is evaluated and shown in figure 5.6b. Nearly linear behavior of the

emission field versus DC current is found for three microwave frequencies. The slope in this,

rather narrow range of frequencies, is similar.

Figure 5.6: (a) The emission signal versus the magnetic field at 2.5 GHz along the easy-
axis. (b) The resonant field of the emission signal versus the DC current.

Figure 5.6a also demonstrates the enormous difference of the amplitudes of the

ordinary spin-wave auto-oscillations and that of the new mode. The strongest mode of

the extra-ordinary auto-oscillatory branch is two to three orders of magnitude larger than

the ordinary emission. Quantitative analysis of the non-integrated amplitude is shown

in figure 5.7 on a logarithmic scale. A sudden jump of the amplitude is observed when
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the ordinary auto-oscillatory mode transitions into a new mode. The extra-ordinary high

emission amplitude likely originates from the anisotropic magnetoresistance of Py [131,

132, 133]. However, a very rough estimation of the precession angle that would lead to

such high amplitudes puts the picture of the ordinary low-angle precession in question. It is

reasonable to assume that the extra-ordinary emission originates from effective precession

cone angles of tens of degrees. At such high misalignment of spins, it is appropriate to

speak of domain walls like excitations. This, on the other hand, may also involve domain

wall magnetoresistance in Py.

Figure 5.7: The amplitude of the emission signal along the easy-axis at 3.0 GHz.

As shown in figure 5.8, the linewidth of the emission signal is evaluated from the

thermal emission regime at low currents to the super-critical regimes of the extra-ordinary

mode. While, again, the absolute values of the linewidth bear substantial inaccuracy, the

linewidth can be compared in relative terms. The linewidth is assessed in the field-domain.

A simple recalculation into the frequency domain reveals that the emission-quality factor

of the ordinary and extra-ordinary auto-oscillatory modes is very similar.
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Figure 5.8: The linewidth of the emission signal in the the easy-axis configuration at
3.0 GHz.

In the following, the dependence of the extra-ordinary mode on the magnetic field

direction and polarity is assessed. As shown in figure 5.9, the emission of the extra-ordinary

mode is found in both easy-axis and hard-axis configuration. The general behavior in the

hard-axis is comparable to that in the easy-axis: relative frequency-field, nonlinear frequency

shift, and extremely high emission amplitude of the extra-ordinary mode follow the pattern

discussed above.
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Figure 5.9: Microwave emission signal of a long YIG/Py nanowire in the easy-axis and
hard-axis configuration at 3.0 GHz.

Surprisingly, as demonstrated in figure 5.10, the extra-ordinary mode’s occurrence

depends on the polarity of the magnetic field. In the easy-axis configuration, after revers-

ing the magnetic field polarity, the extra-ordinary mode can be found. The amplitude

of the extra-ordinary mode, however, decreases significantly. The overall signal-to-noise

ratio in figure 5.10a is low – it could not be deduced whether the low quality is due to

experimental difficulties or intrinsic to the nano-device upon magnetic field reversal. More

detailed and repeated measurements would be necessary to answer these questions. How-

ever, the significant experimental complication is that the emission measurements in the

super-critical regime are carried out at very high electrical currents and thus frequently

destroy the nano-devices via electro-migration and thermal deterioration. Systematic and

repeated measurements are thus very challenging.

96



Figure 5.10: (a) The emission signal along the easy-axis and positive field at 3.0 GHz.
(b) The emission signal along the hard-axis and positive field at 3.0 GHz

Even more surprising is, however, that the extra-ordinary emission mode disap-

pears upon the reversal of the magnetic field in the hard-axis configuration. As shown

in figure 5.10b, the ordinary auto-oscillatory mode follows the expected behavior, which

indicates that the magnetic field reversal does not significantly alter the micromagnetic

state of the nanodevice. On the other hand, the extra-ordinary mode may be absent due

to the hysteretic behavior of highly non-linear modes, such as the extra-ordinary mode

must be. Nonetheless, the field modulation used in the microwave emission experiments

would likely (at least partially) lift the mode’s hysteretic character. Based on the symme-

try of the hard-axis configuration, another hypothesis must be discussed. The spin-orbit

torques in the YIG/Py nanodevices, as discussed in Chapter 4, play a secondary role for

the ordinary auto-oscillations, since the thermal spin-torque drives them. However, even a

smaller spin-orbit torque may have a stabilizing or destabilizing effect on the formation of

the extra-ordinary auto-oscillatory mode. The effective/cumulative spin-orbit torque (due

to SHE, AMR/PHE, AHE) is larger in the hard-axis configuration than in the easy-axis

configuration. It may thus have a crucial effect on the formation of the extra-ordinary
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mode.

5.4 Conclusions

This chapter concludes that the extra-ordinary mode observed in the emission

spectra is a nonlinear dynamic mode of solitonic behavior similar to the droplet modes

described in the introduction section and shown in figure 5.1. The transition of the auto-

oscillations from ordinany spin-wave modes into the extra-ordinary mode, the low frequency

of the mode, the exceptionally high signal amplitude, and nonlinear frequency shift support

the picture of a dynamic soliton forming in the nanowire. The soliton mode has been

observed only in the long nanodevices. In the short nanodevices (see nanocontrictions in

Chapter 4), the thermal torque is insufficient to drive any auto-oscillations. In the medium-

long nanowires, the thermal spin torque is comparable to that in the long nanowires, since

the critical currents for the ordinary auto-oscillations are very similar. The absence of

the soliton mode in the medium-long nanowires may be related to the localization of the

soliton boundaries. The dynamic "domain wall" of the soliton is likely to form in an area of

spatially varying magnetic parameters, such as the area where the nanowire fans out into the

leads. The size of the soliton and the size of the wire are thus interrelated. The presented

results call upon efforts to formulate a theoretical model for dynamic solitons in two-magnet

heterostructures. Even in the absence of such model, the results demonstrate (probably

for the first time) that (i) a magnetic solitons can be realized in such heterostructures

and (ii) that while the solitons may be stabilized or destabilized by spin-orbit torques,

they are mainly driven by thermal spin torque. These results may thus open avenues for
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energy-efficient and highly nonlinear paradigms in spintronics applications, in particular in

magnonics and neuromorphic computing.
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Chapter 6

Microwave spectroscopy of a single

van-der-Waals based two-magnet

microstructure

The two-magnet heterostructure approach presented in the previous chapters has

shown an excellent promise for spintronics studies and applications for the following reasons.

First, it allows for accessing static and dynamic properties of magnetic materials, that would

be otherwise difficult to assess. Second, it allows for tailoring the entire device’s magnetic

properties in a way that would be impossible if a single magnetic material is used. This

also includes tailoring of hybrid spin excitation, such as delocalized spin-wave modes. In

this chapter, the idea of two-magnet heterostructures is further developed and applied on

a novel exciting class of materials – van der Waals (vdW) two-dimensional (2D) magnetic

systems.
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6.1 Introduction

Van der Waals’s magnetic systems increasingly draw the attention of spintronics

research due to their extraordinary properties. The systems typically present 2D mag-

netism. Due to their layered structure, the exchange interaction is highly anisotropic, and

the magnetic moments are usually more strongly coupled within the layers than across the

layers. Moreover, the materials can be fabricated in thin films with an integer number of

layers.

The van der Waals materials often have a strong intrinsic spin-orbit interaction

and therefore, can present with notable magnetic anisotropies and, in the case of conducting

materials, with sizeable spin-charge effects. The magnetic anisotropy has the potential to

violate the Mermin-Wagner-Berezinskii theorem and thus to allow for magnetic order in

these 2D magnetic systems at finite temperatures. The atomic flatness of vdW materials

is very conducive to their implementation in the heterostructure. The small volume of

a few-layer vdW film requires small total energies for the manipulation of its magnetic

states, despite a possibly high magnetic anisotropy that stabilizes the magnetic order. The

non-vanishing interaction between the layers allows for a multitude of magnetic states and

structures – in a sense domains with (infinitely) sharp domain walls across the layers.

All these properties of van der Waals materials justify efforts [134, 135] to develop

efficient methods for studying their magnetic properties and concepts for their implementa-

tion in spintronics applications. Here, attention will be given to Iron-Germanium-Tellurium

based van der Waals compound (FGT).
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FGT van der Waals magnets

The chemical composition of the compound studied here is Fe3GeTe2. It shows a

layered van der Waals morphology, as shown in figure 6.1a. The magnetic moments carried

by Fe atoms are located within layers, which are separated from each other by Te atoms.

When deposited onto a substrate, the FGT structure shows an atomically flat surface (see

figure 6.1b) with an integer number of layers, that may vary laterally.

Figure 6.1: (a) Side view of the atomic lattice of FGT. Each colored ball represents iron
(red), germanium (yellow), and tellurium (purple). (b) AFM (main) and optical (upper
right inset) images of a representative thin FGT flake. Source: Ref. [136].

The system undergoes magnetic phase transitions with varying temperatures, as

shown in figure 6.2. As reported by Fei et al. [136], three distinct phases are found: a

paramagnetic phase, a single-domain ferromagnetic phase, and a phase with labyrinthine

domains. The magnetic moments of iron are subject to a large perpendicular magnetic

anisotropy (PMA). A single layer of FGT can be viewed as an Ising type 2D ferromagnet.

The magnetic transitions temperatures depend on the number of layers of the magnetic

system. The first transition can be detected via hysteresis loops, as shown in Refs. [136, 137].

Moreover, the ferromagnet to paramagnet transition temperature was shown to be tunable
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by perpendicular gate voltage [138].

The FGT system is an itinerant magnet. Due to its intrinsic spin-orbit interaction,

FGT presents with an anomalous Hall effect, as shown in Ref. [139]. The AHE was used to

study the phase transitions; it was found that stochiometry may have a significant critical

temperature.

Figure 6.2: The temperature versus thickness of the FGT flake shows the phase diagram.
PM expresses the paramagnetic, FM1 is ferromagnetic with a single-domain, and FM2
exhibits labyrinthine domains. Source: Ref. [136].

Wafer-level growth of FGT was shown by Liu et al. [140] with measured charge

carrier concentration of 1.2 × 1019 cm−3. Crystals grown by chemical vapor deposition,

the carrier concentration was found at 8 × 1013 cm−2 [141]. For obtaining high-quality

FGT structures; however, the exfoliation method from well-characterized, high-quality, bulk

crystals remains the main approach. This is true for many another van der Waals 2D

materials.

Therefore, it was set as a goal for this work to develop a method for studying the

magnetic properties of 2D based heterostructures that are compatible with the exfoliation
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method. The main challenge when exfoliating flakes of 2D material from bulk crystal is that

the flake size (e.g., the flake thickness) is challenging to control. Therefore, the experiment

must allow for cost-efficiently producing multiple heterostructures for testing serial testing

and characterization. Moreover, the lateral size of the flake is typically limited to several

tens of microns.

Magnetic heterostructures with such lateral dimensions are typically too small for

inductive microwave spectroscopy using cavities and coplanar waveguides. Small lateral

dimensions are not a hindrance for microwave spectroscopy using spin-torque ferromagnetic

resonance; in particular, FGT is conductive, has an intrinsic spin-charge effect, and is thus

well suited for such ST-FMR devices. However, a rather elaborate fabrication of such devices

and inevitable variations among them do not allow for direct studies of heterostructure

magnetization dynamics. While the fabrication of such devices has commenced at the end

of this work, the initial experiments needed to be carried out, resorting to another technique.

Such a technique was indeed developed in the course of this work. It involves high-sensitivity

planar resonators and custom-designed microscale heterostructures, which can be extended

to another 2D van der Waals materials beyond this work, in the future.

Integration of FGT in a two-magnet heterostructure

The approach developed in this work involves the fabrication of microscale YIG/FGT

heterostructure, fabrication of planar microresonators, and their consolidation. First, FGT

flakes are deposited onto a YIG microdisk. Through a (small) interfacial exchange cou-

pling and dipolar coupling, the magnetization dynamics of YIG and FGT is supposed to

hybridize. Similar to two-magnet heterostructures described in previous chapters, investiga-
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tions of hybridized magnetization dynamics can allow for studying the magnetic properties

of the 2D magnets as well as explore avenues for future spintronics applications. Second,

the sensitivity of the planar resonators can be enhanced by increasing the quality factor

and the filling factor. The microresonators were proven to perform extraordinarily well with

magnetic systems with even nanoscale sizes [88, 142, 143, 144], where this approach was

further developed for the studies of YIG/2D heterostructures. However, first, integration

of the YIG FGT microstructures with planar microresonators must be accomplished.

6.2 Experimental procedure

YIG micro-disc growth

Since the growth YIG requires a very high annealing temperature, subtractive

nano/micro-fabrication methods for patterning YIG films were used in the previous chap-

ters. However, subtractive methods require deposition of resist onto the surface of YIG.

Especially after the ion milling procedure, the resist may not entirely be removed, and its

residue may contaminate the interface between YIG and FGT. In the course of this work,

a lift-off approach to patterning YIG was therefore developed.

First, the GGG substrates were subject to a standard cleaning procedure and then

prebaked on a hotplate for 1.5min at 180 ◦C to get rid any organic contaminants. Then,

using spin coating, positive resist (for electron beam lithography) PMMA was deposited at

3500 rpm for 45 sec. Thre resist was baked on a hotplate for 1.5min at 180 ◦C. Then, arrays

of circles with a spacing of several millimeters were written using electron beam lithography

at a typical dosage of ∼300 (in the NPGS software). Circles with diameters of 150, 100,
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50, 25µm were written. To develop the PMMA resist, a 1:3 volume mix of Methyl isobutyl

ketone (MIBK) was applied for approximately 45 sec.

YIG deposition was carried out in Dr. Jing Shi’s lab. The substrate was loaded

into the pulsed laser deposition (PLD) chamber, which has a base pressure of 4 × 10−7

Torr. The substrate was gradually heated to 450◦C in high-purity oxygen with the pressure

of 1.5 mTorr with 12 wt.% of ozone. The deposition rate of 1.16A/min was achieved with

a target to substrate distance of 6 cm. YIG layers of 20-30 nm thickness, were deposited.

After deposition, the YIG films were soaked in acetone for at least 30min to remove the

PMMA in a lift-off procedure. The YIG micro-disks on GGG were then annealed at 850◦C

for 200 sec using rapid thermal annealing (RTA) with the flow of pure oxygen. High-quality

structures of YIG disks were so obtained, as shown in figure 6.3. As demonstrated further

below, the lift-off procedure with the post-annealing process did not deteriorate the magnetic

properties of YIG and thus provided a basis for further fabrication steps.

Figure 6.3: Optical image of a YIG micro-disks of thickness 20 nm.
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FGT transfer on YIG

After the YIG microdisks are fabricated, FGT flakes are exfoliated onto them,

which was done through the support of Dr. Jing Shi’s group. The FGT flakes were exfoliated

from a pre-characterized bulk crystal provided by Dr. Boniface Fokwa’s group. A pickup-

transfer optical microscope was used at the SMALL shared facility at MSE building; the

result is shown in figure 6.4. A significant fraction of the YIG was covered by an FGT

flake with a thickness of approximately 50 nm. Experimental data, shown further below,

demonstrate that the proposed technique works with even smaller YIG disks. YIG/FGT

microstructures with smaller lateral dimensions and full coverage of the YIG disks can,

therefore, be realistically fabricated and measured.

Figure 6.4: The YIG micro-disks and FGT flake.

Integration of YIG/FGT with Ω-shaped microresonators

The first approach to integrating the YIG/FGT microstructures with planar mi-

croresonators used in this work followed the pre-established procedures with other magnetic

materials from the literature. It relied on fabricating the YIG disk and the microresonator
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onto the same substrate. Two possible methods were considered: The first would involve

the first fabrication of the YIG disk (including its annealing), then fabrication of the planar

resonator around the disk, and finally exfoliation of FGT. This method was dismissed, as

it would lead to contamination of the YIG surface in the resonator fabrication process.

The second method that was attempted and is described here involves the fabri-

cation of the microresonator onto the GGG substrate. It is followed by the fabrication of

the YIG disk inside the active area of the resonator, using electron beam lithography and

lift-off procedure. After the annealing, the FGT deposition is be carried out.

As figure 6.5 demonstrates, these fabrication steps can be successfully carried out.

However, it was found that the annealing procedure leads to the electrical deterioration

of the microresonator. While structurally no significant changes occur, the metallization

of the microresonator is modified in the annealing step in that it becomes resistive. The

increased resistivity of the microresonator negatively impacts its qualify factor, and thus its

performance. Better suitable alternatives had to be conceived, therefore.

Figure 6.5: The YIG micro-disks inside the Ω-shaped planar resonator micro-coil before
the thermal annealing.
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The two-chip approach

The alternative was found in fabricating the YIG/FGT microstructure and the

microresonator on different chips. By flipping one of the substrates over, the two chip are

positioned such that the YIG/FGT microstructure is located within the plantar resonator’s

micro-coil, as shown in figure 6.6. This procedure is monitors using an optical microscope

and has been carried out in this work manually multiple times, which is very time consuming

and tedious. However, this two-chip approach has proven to be extremely effective for

conducting microwave spectroscopy on a variety of magnetic systems. Although the idea

is relatively straightforward, it was not (or at least not widely) considered in the research

community. The two-chip approach can be supported by developing a rather simple lateral

positioning system because of its benefits.

(a) Step 1 (b) Step 2

Figure 6.6: The flip-chip or two-chip approach

The two-chip approach allows for reusing the microresonators and therefore stream-

lines the serial characterization of magnetic systems. For positioning the chips above each

other, one of the chips must be transparent to allow for optical monitoring of the alignment.

Typically the microresonator chip is first fixed in a microwave circuit holder and connected
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to a coplanar waveguide. It is possible to fabricate the microresonators on a transparent

substrate and keep this on the top during the alignment procedure; however, this alternative

is less time-efficient.

Instead, YIG disks can be grown on transparent substrates. The GGG material

is already optically transparent; however, the two-side polished substrate must be used.

The fabrication procedure of the YIG/FGT involves otherwise the same steps [145] as de-

scribed above. The resulting two-ship device is shown in figure 6.7. The microresonator was

fabricated on (Al2O3) transparent sapphire substrate using a photomask and photolithog-

raphy. The resonator design, as described in chapter 3, consists of an Ω - shaped micro-coil,

stripline, and two large stubs (sidearms). The YIG/FGT microstructure can be places

wither in the center of the micro-coil or at its edge, which affects the symmetry of the

microwave magnetic field and the detection sensitivity.

Figure 6.7: An optical image of a YIG/FGT microstructure and a microresonator that
were integrated using the two-chip approach. Here, both substrates are are transparent.
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Microwave spectroscopy

The microresonators fabricated in this work were characterized using the experi-

mental setup sketched in figure 6.8. A microwave signal is sent through a directional coupler

into the microresonator. The signal is partially reflected and diverted via the directional

coupler into a microwave diode. The reflected signal is minimized when the microwave

frequency matches the natural (eigen-)frequency of the microresonator. It was found that

several eigenmodes of the resonator exist with typical frequencies of 1.8 GHz, 3.6 GHz,

7.9 GHz, and 14.1 GHz.

As shown further below, the natural frequency of 7.9 GHz has the best efficiency for

FMR spectroscopy (highest FMR signal). However, the existence of other modes is rather

beneficial for the experiment, because it allows for FMRmeasurements at various frequencies

even if at reduced efficiency. According to Ref. [88], the sensitivity of the microresonator

may pushed to 2.3 × 109 spins G−1Hz−1/2 at 300 K. However, the exact sensitivity and the

eigenfrequency values may differ from device to device.

The two-chip device was placed into the microwave circuitry and inserted into

the helium-flow cryostat. The devices have proven to be cryogen compatible and mechani-

cally stable, no significant variations of the resonator performance of the FMR signal were

observed. Ferromagnetic resonance measurements were carried out in the field-domain us-

ing field modulation. The data were obtained for various temperatures and angles of the

external magnetic field with respect to the sample plane.
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Figure 6.8: Sketch of the microwave circuitry used for characterization of the microres-
onators and for ferromagnetic resonance on two-chip devices.

6.3 Results and discussion

First, frequency-dependent FMR measurements were performed a bare YIG thin

film at room temperature with a magnetic field applied in the sample plane. Figure 6.9a

shows the demodulated signal at the microwave diode as a function of field and frequency.

The signal is observed over a large range of microwave frequencies, which proves that the

microresonators can be used for broad-band studies. The quantitative evaluation of the

FMR amplitude is shown in figure 6.9b. The amplitude shows a dramatic enhancement in

the frequency range of 7 to 9GHz, which corresponds to the main eigenfrequency of the

microresonator. Estimating the amplitudes demonstrates that FMR measurements with

these microresonators can be carried out on smaller samples in a broad frequency range and

on drastically smaller samples in the frequency range close to the resonator’s eigenfrequency.
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(a) Frequency vs. Magnetic field (b) Amplitude vs. Frequency

Figure 6.9: The FMR characterization of a YIG thin film using Ω-shaped planar microres-
onator.

Frequency-field FMR data were obtained at room temperature as well as at 77K

for out-of-plane configuration. The evaluation is shown in figure 6.10a. The resonance

frequency as a function of field, shown in figure 6.10a, can be fitted with the Kittel equation

(see chapter 3). It was confirmed that the YIG disk presents with magnetic parameters

similar to the expected literature values: the g-factor is 2.01, the effective magnetization is

1903 Oe at room temperature and 2493 Oe at 77K (see figure 6.10a).

The linewidth shows, as expected, a nearly linear dependence as a function of

frequency. Its fit reveals a Gilbert damping constant of 7.8×10−4 and the inhomogeneous

broadening of 7.812 Oe at room temperature. At 77K, as expected, the damping and the

inhomogeneous broadening increase to 2.4× 10−3 and 30.7 Oe at 77K, respectively (see

figure 6.10b).
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(a) Frequency vs. Magnetic field (b) Linewidth vs. Frequency

Figure 6.10: Out-of-plane FMR characterization of a bare YIG thin film at room temper-
ature (red) and 77K (blue).

FMR on YIG/FGT heterostructures

Ferromagnetic resonance on YIG/FGT heterostructures shows in general very sim-

ilar results as those for bare YIG thin film. The spectra seem to originate from the YIG part

of the heterostructure. However, significant differences become prominent upon variation

of temperature and polar angle of the magnetic field (measured with respect to the film

plane).

Figure 6.11 shows a series of FMR spectra on YIG thin film for different angles at

77K. The resonance field increases with when the magnetic field is rotated from in-plane

toward the out-of-plane direction starting from 0◦ to 65◦ with 5◦ steps, which is due to the

shape anisotropy of the YIG thin film.
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Figure 6.11: Angular dependence of FMR spectra of YIG/FGT at 8.1 GHz at 77K with
5◦ steps from 0◦ to 65◦ .

The temperature dependence of the ferromagnetic resonance of a YIG thin film

also follows the expected behavior. Figure 6.12 shows the spectra as a function of field and

temperature, measured at 8.1GHz at an oblique angle of 70◦. The linewidth, evaluated

from these spectra, presents a monotonous dependence on the temperature. As expected,

the linewidth increases with decreasing temperature, since both the damping and inhomo-

geneous broadening increase at low temperature.
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Figure 6.12: FMR on a YIG thin film, and the resonance field and linewidth as a function
of temperature at a polar angle of θ=70◦.

However, the spectra obtained on YIG/FGT heterostructure show notable anoma-

lies. The resonance field is presented as a function of temperature in figure 6.13a. For

the magnetic field applied in the film plane, the resonance field decreases with decreas-

ing temperature, as expected. However, it begins to saturate notably below 130K. For

field angles closer to the out-of-plane direction, such as 75◦, the resonance field first in-

creases with decreasing temperature, which again is expected due to the shape anisotropy

with temperature-dependent effective magnetization. However, at low temperature, below

100K, the resonance field drops. These anomalies point towards an additional, temperature-

dependent, uniaxial perpendicular magnetic anisotropy. This anisotropy is likely induced

in YIG by FGT, which itself is known to possess large perpendicular anisotropy. This

anisotropy could be induced in the YIG by proximity with FGT. This picture, however, as-

sumes that magnetization dynamics measured in the FMR experiment originates from the

YIG. An alternative interpretation based on the experiences with two-magnet systems de-
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scribed in previous chapters is more reasonable: the magnetization dynamics are hybridized

across the YIG and FGT layers. Although a theoretical model for such a scenario has not

yet been formulated, it is reasonable to assume that the perpendicular magnetic anisotropy

in FGT would affect the spectrum as presented in figure 6.13a. A more detailed analysis of

the data provides further support for the hypothesis of hybridized magnetic excitations.

(a) Hr vs. Temperature (b) Linewidth vs. Temperature

Figure 6.13: FMR on YIG/FGT microstructure. Temperature dependence of resonance
field and linewidth for different polar angles of magnetic fields at 8.1 GHz.

In figure , the FMR linewidth is shown as a function of temperature for various

polar angles of the magnetic field. Generally, the linewidth presents an increasing trend

with decreasing temperature, which is similar to the expected behavior for YIG. However,

again, notable anomalies are observed. For some oblique angles, the linewidth suggests

non-monotonic behavior near the temperature of 150K. For large polar angles, approaching

the out-of-plane direction, a prominent peak of the linewidth near 220K emerges. This

temperature corresponds to the critical temperature of the FGT material (see figure 6.2).

A closer look at the resonance line shape, as shown in figure for an angle of 70◦,
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reveals that the signal is dominated by inhomogeneous broadening. As shown in the figure,

for some angles, the broadening is significant and allows us to distinguish two distinct FMR

contributions. It is reasonable to assume that these two contributions originate from the

uncovered YIG and YIG area that is covered with FGT (see figure 6.4).

Figure 6.14: The FMR signal of YIG/FGT at 8.1 GHz, temperature of 190K, and polar
angle of 70◦.

The significant increase of the linewidth near 220K is, however, unlikely to orig-

inate from a proximity anisotropy in YIG due to FGT. At the temperature of 220K, no

particular variation of the induced anisotropy can be expected. However, spin fluctuations

in FGT may increase near the transition temperatures. Indeed, Yi et al. in Ref. [146]

studied low-frequency AC magnetic susceptibility of FGT. As shown in figure 6.15, the dis-

persive and dissipative susceptibility increase dramatically near the transition temperatures

of ∼150K, and ∼220K. The amplitude of these spikes depends on the mutual orientation

of the AC magnetic field and the 2D layer normal vector. The authors identified the tem-

perature regions, separated by critical temperatures, as an antiferromagnetic (AFM) phase,
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a mixed antiferromagnetic/ferromagnetic (AFM+FM) phase, and a paramagnetic phase

(PM). This interpretation of the results is not in line with the results by Fei et al. [136],

shown in figure 6.2. This contradiction may require further discussion; however, it is unam-

biguous that the phase transitions exist and that critical spin fluctuations occur near the

transition temperatures.

Figure 6.15: The real part (a) and the imaginary part (b) of the temperature dependent
AC susceptibility of the FGT. Source: Ref. [146].

By adjusting the polar angle of the magnetic field, multiple FMR measurements

were carried out, and the linewidth was evaluated by fitting the inhomogeneous line shape to

a single spectroscopic response function. This procedure bears some inaccuracy because the

line shape indicates two distinct contributions; however, evaluation of the data by fitting it

to two spectroscopic functions would result in larger inaccuracy due to a significant overlap

of the contributions. Figure 6.16 shows the linewidth as a function of temperature for two

polar angles. It is evident that the linewidth spikes near the critical temperature of 220K.

Furthermore, for θ = 74◦ a small spike near the critical temperature of ∼ 150K is observed.
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Figure 6.16: The linewidth versus temperature of YIG/FGT at angles θ=74◦ and θ=75◦.

The data allows for an interpretation as follows: the apparent linewidth is domi-

nated by inhomogeneity. The inhomogeneity has two major contributions originating from

bare YIG and YIG/FGT heterostructure. Since the areas of covered and uncovered YIG

are in the micrometer range, their spin dynamics are largely independent of each other,

i.e., and there is no lateral hybridization. The apparent resonance field indicates a slight

variation of the proximity induced effective anisotropy, increasing at low temperatures. The

increases of the apparent linewidth indicate a more dramatic effect, occurring near the crit-

ical temperatures of FGT. The critical spin fluctuations of FGT couple to magnetization

dynamics of YIG, resulting in a hybridization of the spin waves across the spin subsystems

of YIG and FGT, where the latter is near a critical point. A very rough estimate of the

coupling strength is 0.03MHz at this oblique angle. The microscopic mechanisms of the

120



coupling cannot be deduced from the data: both dipolar coupling and interfacial exchange

interaction are possible.

6.4 Conclusions and Outlook

In this chapter, an experimental technique was developed and presented to study

spin excitations in microscale magnetic heterostructures. An experimental approach was

developed for fabricating microscale heterostructures incorporating YIG and van der Waals

materials. Ferromagnetic resonance measurements were successfully carried out, varying

temperature and polar angle of the magnetic field. Indications for proximity induced low-

temperature magnetic anisotropy were found. Moreover, hybridization of YIG spin waves

with critical spin fluctuations in FGT near phase transition was observed.

Based on the results, following conclusions for further development of the presented

research direction can be made: The measurements need to be carried out at larger polar

angles, closer to the out-of-plane direction. This angle was so far limited because of the

maximum field achievable in the experiment. The options are a modification of the magnet

to reach higher fields or design the planar microresonators with lower natural frequencies

allowing for lower FMR fields in the perpendicular geometry. Furthermore, measurements

are lower temperature need to be carried out to investigate the proximity induced magnetic

anisotropy. To improve the accuracy of the results, smaller YIG microdisks need to be

designed and fabricated, which would allow for complete coverage of YIG with the 2D

materials. The presented results indicate that the sensitivity of the spectroscopy technique

is sufficient for further miniaturization. Moreover, the definition of electrical contacts on
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the FGT would allow for electrical detection of spin excitations in the FGT spin subsystem,

to be measured in parallel with the inductive FMR described here. Finally, the range of

materials for the ferromagnet/2D-vdW heterostructures should be extended. On the one

hand, the ferromagnetic materials could be chosen to be metallic, which is likely to increase

the interfacial coupling between the ferromagnet and the 2D layer. On the other hand, other

2D materials could be explored, resorting to the two-magnet paradigm presented here.
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Chapter 7

Summary

In the course of this work, the focus was set on exploring the novel spin physics of

two-magnet heterostructures and their potential benefits for future spintronics applications.

While various two-magnet heterostructures are potentially possible, here, the most pressing

idea of combining a magnetic insulator with a magnetic conductor was pursued.

This work’s main achievements include observation of physical phenomena that

have substantial potential for spintronics applications. In YIG/Py systems, an increase in

the effective spin-charge effect was reached. A spin torque oscillator that is thermally driven

and thus most energy-efficient was realized in such heterostructure nano-devices. From the

theoretical point of view, hybridization of spin waves across the layers of the heterostruc-

ture and their thermally driven condensation present a novel critical phenomenon in the

magnon thermodynamics and will hopefully motivate further theoretical efforts. Magnetic

solitons were observed in the YIG/Py nanowires, which is a highly intriguing phenomenon.

First, the results may present the first realization of solitonic auto-oscillatory modes in such
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systems with hybridized spin-wave spectra. On the other hand, the results may present

the first realization of a dynamic soliton driven by thermal spin torque. Furthermore, the

preliminary data on spin-orbit stabilization may also contribute to the novel field of spin-

orbitronics and provide a useful tool for future spintronics applications. The translation of

the two-magnet paradigm and the related knowledge, acquired in this work, to heterostruc-

tures with 2D magnets brings potential benefits for advancing spintronics. The two-magnet

approach allows for exploring 2D magnet’s spin physics via its interaction with the spin sub-

system of the conventional magnet. Moreover, as the hybridization of the YIG spin-wave

modes with 2D critical spin fluctuations shows, such hybridization of spin excitation in

FM/2D heterostructures may provide a critical tool for engineering the spin physics in this

emergent family of magnetic materials. Besides such fundamental aspects of spin physics,

experimental methods of spin-wave spectroscopy were advanced and developed in this work,

which will hopefully be helpful for spintronics research at UCR and beyond.
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Appendix A

MuMax3 simulations codes

A.1 Py/YIG Nanowire
/*
*Py/YIG Nanowire simulations
*Full wire excitation with 5mT sinc pulse
*Code designed to capture information about spinwave modes
*/

/** GEOMETRY **/

length := 3.8e-6 // Sets X
Width := 190e-9 // Sets Y
thickness := 25e-9 // Sets Z

// Introduce thickness for Py and YIG layers.

t_Py := 5e-9
t_YIG := 20e-9

// Calculate relative postion in the grid since (0,0,0)
is located in the center of the world.
// Assuming YIG is the bottom layer.
shift_up := thickness/2 - t_Py/2
shift_down := -(thickness)/2 + t_YIG/2

Nx := 1024 // Grid Size in X
Ny := 32 // Grid Size in Y
Nz := 5 // Grid Size in Z

SetGridSize(Nx, Ny, Nz) //
SetCellSize(length/Nx, width/Ny, thickness/Nz) //
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// Provide variables for shape defintion.
This makes Defregion and SetGeom easier.

cuboid_py := cuboid(length, width, t_Py).transl(0,0,shift_up)
cuboid_yig := cuboid(length, width, t_YIG).transl(0,0,shift_down)

SetGeom(cuboid_py.add(cuboid_yig)) // Sets Geometry Type

// Define regions

DefRegion(0, cuboid_py) // Py Layer
DefRegion(1, cuboid_yig) // YIG Layer

/** END GEOMETRY **/

/** MATERIAL PARAMETERS **/

Msat.SetRegion(0, 800e3) // Py Msat = 800,000 A/m @77K
Msat.SetRegion(1, 175e3) // YIG Msat = 237,000 A/m @77K

Aex.SetRegion(0, 1.3e-11)
// Aex_Py = 1.3e-6 erg/cm --> 1e-6 erg/cm = 10 pJ/m
Aex.SetRegion(1, 3.5e-12)
// Aex_YIG = 3.5e-7 erg/cm --> 1e-6 erg/cm = 10 pJ/m

alphaFree := 0.01 // Used for f(H) sinc
alpha.SetRegion(0, alphaFree)
alpha.SetRegion(1, alphaFree)

Ku1.setregion(1, 5200)
anisU.setRegion(1, vector(0, 0, 1))

g_fct := 2.05 // Used average for Py and YIG
mu_B := 9.2740091523E-24
h_bar := 1.05457173E-34
GammaLL = (mu_B/h_bar)*g_fct

ext_scaleExchange(0, 1, 0.06) // Manipulates Interlayer Exchange

//snapshot(regions)
//save(regions)
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/** END MATERIAL PARAMETERS **/

/** f(H) SETTINGS **/

// Using mT because everything’s in SI, program takes Tesla; 1 mT = 10 Oe
//Bmin:=0.0 //mT
//Bmax:=180.0 //mT
//Bstep:=10.0
//Bstepnum := (Bmax-Bmin)/Bstep
phi_H := 80 //0.1 // 0 degrees = x axis

f_cut := 20.0e9 //Hz
t_cut := 1/f_cut
t_sample := 0.5*t_cut
omega_cut := 2 * pi * f_cut

/** END f(H) SETTINGS **/

/** TABLE SETTINGS **/

tableadd(B_ext)
//tableadd(m.region(0))
//tableadd(m.region(1))
Bapp:=0.0
TableAddVar(Bapp,"Field","mT")
TableAddVar(phi_H,"phi_H","deg")
Amp := 0.005// T

/** END TABLE SETTINGS **/

/** EXCITATIONS **/

alpha = 0.5
print(Bapp)
B_ext.SetRegion(0, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000, 0))
B_ext.SetRegion(1, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000, 0))
// Start Ringdown

//save(m) // Save Relaxed State

m.setRegion(0, uniform(cos(phi_H*pi/180), sin(phi_H*pi/180), 0))
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m.setRegion(1, uniform(cos(phi_H*pi/180), sin(phi_H*pi/180), 0))
relax()

alpha = alphaFree

B_ext.SetRegion(0, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000, Amp*sin(omega_cut*(t-5/f_cut))
/(omega_cut*(t-5/f_cut))))
B_ext.SetRegion(1, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000, Amp*sin(omega_cut*(t-5/f_cut))
/(omega_cut*(t-5/f_cut))))

// There is no harm to save with a small time step for the table
tableautosave(5e-12)
autosave(m,10e-12) // Single Mode Only
run(25e-9)
t = floor(t)

/** END EXCITATIONS **/

A.2 Py/YIG Nanostructure
/*
*Py/YIG Nanowire simulations
*Full wire excitation with 5mT sinc pulse
*Code designed to capture information about spinwave modes
*/

/** GEOMETRY **/

length := 500e-9 // Sets X
Width := 200e-9 // Sets Y
thickness := 25e-9 // Sets Z

// Introduce thickness for Py and YIG layers.

t_Py := 5e-9
t_YIG := 20e-9

// Calculate relative postion in the grid since (0,0,0)
is located in the center of the world.
// Assuming YIG is the bottom layer.
shift_up := thickness/2 - t_Py/2
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shift_down := -(thickness)/2 + t_YIG/2

Nx := 100 // Grid Size in X
Ny := 40 // Grid Size in Y
Nz := 5 // Grid Size in Z

SetGridSize(Nx, Ny, Nz) //
SetCellSize(length/Nx, width/Ny, thickness/Nz) //
//SetPBC(5,5,0)

// Provide variables for shape defintion.
This makes Defregion and SetGeom easier.

cuboid_py := cuboid(length, width, t_Py).transl(0,0,shift_up)
cuboid_yig := cuboid(length, width, t_YIG).transl(0,0,shift_down)

SetGeom(cuboid_py.add(cuboid_yig)) // Sets Geometry Type

// Define regions

DefRegion(0, cuboid_py) // Py Layer
DefRegion(1, cuboid_yig) // YIG Layer

/** END GEOMETRY **/

/** MATERIAL PARAMETERS **/

Msat.SetRegion(0, 800e3) // Py Msat = 800,000 A/m @77K
Msat.SetRegion(1, 235e3) // YIG Msat = 237,000 A/m @77K

Aex.SetRegion(0, 1.3e-11)
// Aex_Py = 1.3e-6 erg/cm --> 1e-6 erg/cm = 10 pJ/m
Aex.SetRegion(1, 3.5e-12)
// Aex_YIG = 3.5e-7 erg/cm --> 1e-6 erg/cm = 10 pJ/m

alphaFree := 0.01 // Used for f(H) sinc
alpha.SetRegion(0, alphaFree)
alpha.SetRegion(1, alphaFree)
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Ku1.setregion(1, 5200)
anisU.setRegion(1, vector(0, 0, 1))

g_fct := 2.05 // Used average for Py and YIG
mu_B := 9.2740091523E-24
h_bar := 1.05457173E-34
GammaLL = (mu_B/h_bar)*g_fct

ext_scaleExchange(0, 1, 0.06) // Manipulates Interlayer Exchange

/** END MATERIAL PARAMETERS **/

/** f(H) SETTINGS **/

// Using mT because everything’s in SI, program takes Tesla; 1 mT = 10 Oe
//Bmin:=0.0 //mT
//Bmax:=180.0 //mT
//Bstep:=10.0
//Bstepnum := (Bmax-Bmin)/Bstep
phi_H := 86 //0.1 // 0 degrees = x axis

f_cut := 20.0e9 //Hz
t_cut := 1/f_cut
t_sample := 0.5*t_cut
omega_cut := 2 * pi * f_cut

/** END f(H) SETTINGS **/

/** TABLE SETTINGS **/

tableadd(B_ext)
//tableadd(m.region(0))
//tableadd(m.region(1))
Bapp:=0.0
TableAddVar(Bapp,"Field","mT")
TableAddVar(phi_H,"phi_H","deg")
Amp := 0.005// T

/** END TABLE SETTINGS **/

/** EXCITATIONS **/

144



alpha = 0.5
print(Bapp)
B_ext.SetRegion(0, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000, 0))
B_ext.SetRegion(1, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000, 0))
// Start Ringdown

//save(m) // Save Relaxed State

m.setRegion(0, uniform(cos(phi_H*pi/180), sin(phi_H*pi/180), 0))
m.setRegion(1, uniform(cos(phi_H*pi/180), sin(phi_H*pi/180), 0))
relax()

alpha = alphaFree

B_ext.SetRegion(0, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000,
Amp*sin(omega_cut*(t-5/f_cut))/(omega_cut*(t-5/f_cut))))
B_ext.SetRegion(1, vector((Bapp)*cos(phi_H*pi/180)/1000,
(Bapp)*sin(phi_H*pi/180)/1000,
Amp*sin(omega_cut*(t-5/f_cut))/(omega_cut*(t-5/f_cut))))

// There is no harm to save with a small time step for the table
tableautosave(5e-12)
autosave(m,10e-12) // Single Mode Only
run(25e-9)
t = floor(t)

/** END EXCITATIONS **/
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Appendix B

E4407B Spectrum analyzer setting

B.1 Field-swept
• Span ⇒ Zero span

• Sweep ⇒ points(screen) ⇒ 401(numbers) ⇒ sweeptime(s) ⇒ 4.00ms

• System ⇒ Alignments ⇒ Auto Align ⇒ OFF

• BW/Avg ⇒ Average off

• Amplitude T-scale ⇒ Scale type ⇒ more ⇒ Y axis unit ⇒Watts ⇒ Ref level
⇒ Scroll bottom (Note that: noise must be visible)

B.2 Frequency-swept
• Window ⇒ 1−3

• BW/Avg ⇒ Res BW=3.MHz, Video BW=3.0MHz, Average= on ⇒ 100

• System ⇒ Alignments ⇒ Auto Align ⇒ ON

• Sweeptime(s) ⇒ Cont

• Frequency ⇒ Manually ⇒ center freq: start freq: stop freq.
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Appendix C

Fitting equation

C.1 Field-modulated FMR signal (H-domain)
2*aA*((1+4*((x-Br)/(2*s))^2)*(2*s))^(-1)
-8*sA*(x-Br)*(((1+4*((x-Br)/(2*s))^2)^2)*((2*s)^2))^(-1)
-16*aA*(x-Br)^2*(((1+4*((x-Br)/(2*s))^2)^2)*((2*s)^3))^(-1)
where,
Br = resonance field
sA = symmetric Lorentzian amplitude
aA = antisymmetric Lorentzian amplitude
s = Half Widthî Half Maxium linewidth (HWHM)

Anti-Symmetric -AHE-----Photovoltage (dispersive)
2*aA*((1+4*((x-Br)/(2*s))^2)*(2*s))^(-1)
-16*aA*(x-Br)^2*(((1+4*((x-Br)/(2*s))^2)^2)*((2*s)^3))^(-1)

Symmetric -SHE or ISHE---- Photoresistance (absorptive)
-8*sA*(x-Br)*(((1+4*((x-Br)/(2*s))^2)^2)*((2*s)^2))^(-1)

C.2 Frequency-modulated FMR signal (F-domain)
dSdB*(1+((x-fr)/s)^2)^(-1)
+dAdB*((x-fr)/s)*(1+((x-fr)/s)^2)^(-1)
+(1/s)*(2*SdfdB*
((1+((x-fr)/s)^2)^(-1))*
(((x-fr)/s)*(1+((x-fr)/s)^2)^(-1))
+AdfdB*((((x-fr)/s)*(1+((x-fr)/s)^2)^(-1))^(2)
–((1+((x-fr)/s)^2)^(-1))^(2))
+2*SdsdB*(((x-fr)/s)*(1+((x-fr)/s)^2)^(-1))^2
+AdsdB*(((x-fr)/s)*(1+((x-fr)/s)^2)^(-1))*(
(2*(((x-fr)/s)*(1+((x-fr)/s)^2)^(-1))^2)/
((1+((x-fr)/s)^2)^(-1))-1))

147



Note:
s = HWHM (half-width half-maximum)
fr = resonant frequency

C.3 Kittel equation (in-plane)
g*(1.3996245042181183e6)/1e9*sqrt((M-K+x)*(x-K))
where,
K=Anisotropy field
M=4piMeff

C.4 Kittel equation (out-of-plane)
g*(1.3996245042181183e6)/1e9*(x-M)
where,
M=4piMeff

C.5 Kittel equation (in-plane) for (111) orientation
(gamma/(2*pi)) * sqrt(
x*(x+uMeff) - B1 * sqrt(x*(x+uMeff)) + 14* (B1^2)
/ 9 + 32 * (B1^2) * cos(6*th*2*pi/360) / 9 )
where,
gamma=gyromagnetic ratio=g-factor*8794100.1204723727529397159511736
uMeff=4piMeff
B1=Anisotropy field

Ref. Sethares J, Tsai T. Magnetic anisotropy of.
IEEE Transactions on Magnetics. 1977 Sep;13(5):1236-7.

C.6 Gilbert damping equation
714.4773451638277*(a/g)*x+b
where,
a=effective Gilbert damping
g=g-factor
b=inhomogeneous broadening

C.7 Two-magnon scattering equation
(Gamma)*(asin(sqrt((sqrt((6.28318530718*x*1e9)^2
+((g*8.794100120472373e6*M)/2)^2)-(g*8.794100120472373e6*M)/2)
/(sqrt((6.28318530718*x*1e9)^2+((g*8.794100120472373e6*M)/2)^2)

148



+(g*8.794100120472373e6*M)/2))))
where,
Gamma=Two-magnon scattering factor
g=g-factor
M=4piMeff

C.8 Spin pumping equation
Symmtric: [Spin-transfer torque (STT) - in-plane- Slonczewski---SHE]
(Vs / ( 1+(((x-Hr)^2)/S^2) ))

Anti-Symmetric: [Field-like Torque - (OOP----AHE)]
(Va* ((x-Hr)/S) / ( 1+(((x-Hr)^2)/S^2) ))

Sum:
(Vs / ( 1+(((x-Hr)^2)/S^2) ))+(Va* ((x-Hr)/S) / ( 1+(((x-Hr)^2)/S^2) ))
where,
Vs=Symmtric componen
Va=Anti-Symmetric
Hr=the resonant field
S=the linewidth
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