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ABSTRACT OF THE DISSERTATION

Exploring Coherent Spin Dynamics in Insulating Antiferromagnetic Systems
by
Shirash Regmi

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, September 2024
Dr. Igor Barsukov, Chairperson

Spin-based electronics or spintronics bear the potential to become an alternative
paradigm to the traditional transistor-based electronics that is currently facing significant
challenges related to energy efficiency, heat management and speed limitations. Under-
standing spin dynamics is essential for functionalizing spintronic devices. Frequency of
operation of spintronic devices is in the range of GHz for ferromagnetic (FM) systems, and
potentially THz for anti-ferromagnetic (AFM) systems.

A segment of my research examines bilayer nanostructures comprising YIG and
Ni for potential application in energy-efficient spintronic devices. Microwave emission
spectroscopy performed on these hybrid magnetic nanodevices in perpendicular geometry
showed the presence of auto-oscillatory mode driven by the spin-Seebeck effect — an effect
that re-uses waste heat in the nanodevice to operate it. We further observed a substantial
non-linear frequency shift at low magnetic fields. This work establishes a proof of concept

for utilizing spin-based mechanisms in the pursuit of energy-efficient spintronics solutions.
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To push the boundaries of spin-based applications, AFM have been proposed.
AFM operates in sub-terahertz to terahertz frequency range compared to FM at gigahertz
frequency range. AFMs are also robust to external magnetic perturbations because of
their zero net magnetization. In this dissertation, I translate the techniques and knowledge
from FM systems to AFM systems and study the coherent spin dynamics in the bulk
insulating antiferromagnetic systems. The magneto-resistive (MR) method is used to detect
antiferromagnetic resonance (AFMR) in bulk Cr203 and Pt micro-structure device of size
10 pm X 200 pm. The successful detection of MR-AFMR set up the path to dive into the
nanoscale AFM system. We achieved electrical detection of antiferromagnetic resonance
signal in a nanodevice of dimension 200nm X 200nm. Additionally, we are also able to
electrically detect the AFMR signal in Fe203/Pt AFM system. The analysis of the study
of the AFMR signal and the angle between the microwave current flow and the c-axis of the
anti-ferromagnetic device suggest that the resonance signal is dominated by the spin-torque
excitation rather than inductive/Oersted excitation. The results of this work pave the road
toward nanoscale AFM spin-torque devices and applications.

As a prospect, we evaluate an alternative approach that relies on inductive exci-
tation of AFM spin dynamics but is less restrictive to the miniaturized device size. We
propose and develop integration of omega-shaped planar micro-resonator with micro-scale
AFM structures. This work explores alternative pathways for hybrid AFM-superconductor

systems and will broaden the experimental palette for the studies of AFM spin dynamics.
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Chapter 1

Introduction

1.1 Motivation

The overarching theme of this dissertation is to explore the physical phenom-
ena that may lead to next generation spin-based computation devices[1, 2]. Conventional
computational electronics are based on transistors, which face challenges related to energy
efficiency due to energy loss from moving charges. Additionally, transistor operation speeds
are limited by band-structure and interfacial effects in semiconductor materials, as well as
inherent impedance problems.

On the other hand, spin dynamics is an inherently low energy and low dissipation
phenomenon. Thus, spin dynamics is energy efficient and reduces heat management issue
which is one of the bottleneck in conventional electronics. Furthermore, the frequency of
operation of spin based devices is in the range of GHz for ferromagnetic (FM) systems, and
potentially THz for anti-ferromagnetic (AFM) systems. Spin based devices are potentially

more versatile because of the rich, partially yet to explore physical phenomena.



Spin based devices have the potential for unconventional computation schemes
beyond the binary logic operations. For examples, information transported by spin waves
can be encoded through multiple parameters of the spin wave such as frequency, amplitude,
phase, as well as time domain parameter like modulation. There have been experimental
realizations of reservoir computing with spin based systems by using metastable spin states
under thermal fluctuations[3, 4, 5]. In addition, spin based neural networks based on
magnetic microscale devices have also been experimentally realized [6, 7]. These proofs of
principle give direction for the advancement of computational technology via spin based
route in the foreseeable future. Furthermore, recent theoretical and experimental works on
spin based quantum computation using magnetic materials reveal the potential of magnet
based quantum information system [8, 9].

The advancement of spin-based computation technologies would benefit greatly
from the exploration of spin dependent physical phenomena that can lead to the develop-
ment of hybrid magnetic devices. These devices could leverage the efficiency of thermal
spin current injection, a promising approach to address the energy consumption challenges
faced by conventional electronics. Furthermore, transferring expertise and ideas from fer-
romagnetic spintronics to antiferromagnetic systems is crucial for expanding the scope and
capabilities of spin-based technologies, potentially unlocking new avenues for innovation
and breakthroughs in the field. With recent advancements in both understanding and
experimental methods, I would like to tackle some of the research topics.

To study energy efficiency, I develop the hybrid magnetic device of ferri/ferro

magnetic system. Using microwave emission spectroscopy, I demonstrate a thermal spin



current driven oscillator, showing the potential for waste heat management & recycling
in conventional ferromagnetic spintronics. On the other hand, I extend the ideas of fer-
romagnetic spintronics to antiferromagnetic systems. I devise, design, and fabricate an
antiferromagnetic spintronics system to study the coherent spin dynamics. I employ the
electrical detection technique which is crucial for advancing towards nanoscale antiferro-
magnetic spintronics. This sets the groundwork towards ultra-fast spintronics applications
based on antiferromagnetic systems. In addition, I also set the preliminary work to study
spin dynamics in antiferromagnet using the planar micro-resonators. This parallel approach
might become useful to potentially allow for exploration of AFM magnon coupling with the

superconducting circuitry of quantum information systems.

1.2 Outline

This dissertation is structured as follows:

Chapter 2 discusses the background relevant to this dissertation.

Chapter 3 explores a hybrid device consisting of a nanoscale bilayer of a ferri/-
ferromagnetic systems. Using microwave emission spectroscopy, I detect thermally driven
auto-oscillation in a perpendicular geometry. This result is particularly important from the
standpoint of energy efficiency because the device effectively harnesses waste heat to induce
a persistent oscillations.

Chapter 4 discusses the development of a novel spectrometer designed for mag-
netic resonance at low temperatures and high magnetic fields. The probe is specifically

tailored for microwave spectroscopy measurements of antiferromagnetic systems. The devel-



opment of this probe progresses in multiple stages, utilizing both machined and 3D-printed
components. Careful design considerations were made to ensure the probe can withstand
thermal stress at extremely low temperatures. Through testing with control samples, we
confirm the probe’s effectiveness, paving the way for future studies on spectroscopy of an-
tiferromagnetic systems.

Chapter 5 focuses on antiferromagnet-based systems, which are gaining attention
due to their spin dynamics in the THz regime, promising ultrafast operational speeds for
spintronics applications. Additionally, the zero magnetic moment characteristic of antifer-
romagnets offers robust protection against external magnetic disturbances. Transferring
the ideas from ferromagnetic system to antiferromagnetic system, I investigate the coherent
spin dynamics in microscale antiferromagnetic system using magnetoresistive methods. The
successful electrical detection paves the way for exploring spin dynamics at the nanoscale,
advancing towards practical applications of antiferromagnetic systems. Ultimately, I detect
the antiferromagnetic resonance signal in a nanocross device.

Chapter 6 introduces preliminary work aimed at measuring antiferromagnetic
spin dynamics using an omega-shaped planar micro-resonator. While antiferromagnetic
thin films typically exhibit limited magnetic moment dynamics, the planar omega resonator
offers an innovative approach to enhance inductive detection capabilities for antiferromag-
netic resonance. Our initial work will involve integrating antiferromagnetic micro-structures
onto the resonator and utilizing electrical circuitry for potential spin current biasing. This
chapter outlines the experimental design, device fabrication, omega shaped micro-resonator

fabrication, and device-resonator integration as foundational steps. Upon successful vali-



dation, we aim to explore the cavitronic effects through the hybridization of magnons and
photons using superconducting planar resonators.

Chapter 7 This chapter is a summary of the dissertation.



Chapter 2

Background

An electron’s spin is a fundamental quantum property and a type of angular mo-
mentum. The flow of angular momentum in a material without net charge transport gen-
erates a spin current [10, 11]. Among the mechanisms driving spin current generation, the
spin Hall effect stands out prominently. In the spin Hall effect, an electric current induces a
transverse spin current due to spin-orbit coupling, a relativistic interaction between a parti-
cle’s spin and its motion [12, 13]. Similarly, the anomalous Hall effect involves the spin-orbit
coupling of electrons in magnetic materials, resulting in spin current generation [14, 15, 16].
Additionally, the spin Seebeck effect demonstrates that a temperature gradient across a
magnetic material can induce a spin current [17, 18, 19]. Moreover, the inverse spin Hall
effect provides a mechanism to convert this spin current back into charge current [20, 21, 22].

In a distinct avenue of spin-charge based phenomena, magnetoresistance, spin
pumping and spin transfer torque play crucial roles. Magnetoresistance describes the de-

pendence of the electrical resistance of a magnetic system on the direction of its magneti-



zation with respect to the direction of current flow [23]. Thus, magnetoresistance provides
a convenient method to access both static and dynamic magnetization (or more generally
order parameter) in the magnetic system. Spin pumping involves the injection of spin angu-
lar momentum from a magnetic material into an adjacent material [24, 25, 26]. Spin torque
refers to the transfer of angular momentum into the magnetic layers and its subsequent
interaction with magnetization [27, 28]. This transferred angular momentum into the mag-
netic layer interacts with the spins in the magnetic layer that can drive the spin precession
or spin wave dynamics [29]. All mechanisms are integral to understanding and manipulating
spin dynamics and spin charge based phenomena.

I will briefly review magnetic systems as they will be essential for understanding
the intricate behaviors and interactions within spin-based phenomena. Additionally, I will
review the concepts of spin waves — also known as magnons and the magnetization dynamics,

as these topics form the foundational basis of this dissertation.

2.1 Magnetic system

A ferromagnetic material possesses the ability to be magnetized or generate a
magnetic field. At the atomic level, these materials exhibit magnetic moments due to the
intrinsic spin and orbital motion of electrons. Generally, the alignment of these magnetic
moments give rise to various magnetic behaviors, such as paramagnetic, ferromagnetic,
ferrimagnetic, and antiferromagnetic. Magnetic materials undergo phase transitions be-
tween different magnetic phases. Such transitions are characterized by specific critical

temperatures. Below these critical temperatures, the material demonstrates spontaneous



magnetization, where the magnetic moments align in a ground state configuration. In the
subsequent sections, we will discuss some of the key magnetic ground states pertinent to

this dissertation.

Poatatit Tty

Figure 2.1: A simplified schematic of the magnetic ground states on a 2-dimensional
plane.  (a)Ferromagnetic ground state.  All the magnetic moments are parallel.
(b) Antiferromagnetic ground state. The neighboring magnetic moments align anti-parallel
to one another resulting in a zero net magnetization. (c)Ferrimagnetic ground state. The
net magnetic moment isn’t zero.

2.1.1 Ferromagnetism

Figure 2.1 (a) is a ground state configuration of a ferromagnet. A ferromagnet has
a spontaneous magnetization even in the absence of an applied external magnetic field. All
the magnetic moments align parallel and form the ground state configuration. This effect
is due to the exchange interaction between the neighboring spins of electrons. A material
is ferromagnetic below the Curie temperature. Iron, cobalt, nickel, permalloy are some of

the ferromagnetic materials.
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Figure 2.2: Adapted from [30]. A layout of spin flop transition in an antiferromagnet. At

some threshold magnetic field, the magnetizations of two sub-lattices make a transition to
the canted state known as spin-flop state.

2.1.2 Antiferromagnetism

Figure 2.1 (b) is a simplified ground state configuration of an antiferromagnet.
In antiferromagnets, the neighboring spins of electrons align anti-parallel such that the
net magnetization is zero. If the exchange interaction[31] between neighboring spins of
electrons is negative, it is favorable for nearest neighbor magnetic moments in different
atoms to be in anti-parallel state resulting in antiferromagnetism. Many antiferromagnetic
system can be interpreted with two sub-lattices of opposite magnetization. Since the net
magnetic moment is zero, the quantity known as staggered magnetization is defined in such
system. Staggered magnetization is the difference of the magnetization in each sub-lattice.
A material is antiferromagnetic below the Néel temperature (Ty).

In the case of magnetic field applied parallel to the magnetizations, an interesting

case known as spin flop occurs at the critical field known as spin-flop field in easy-axis



antiferromagnets. At the spin-flop field, the system snaps into a different configuration as
shown in Figure 2.2. This is known as spin-flop transition.

Some examples of antiferromagnets are: CroOgz, o — FeoO3, MnFo, MnO, NiO.

2.1.3 Ferrimagnetism

In ferrimagnets, the magnetization of two sub-lattices is not equal but it is opposite
such that the material will have a net magnetization. Figure 2.1 (c) is the ground state
configuration of a ferrimagnet. It looks similar to an antiferromagnet, but the two sub-
lattices are not equivalent.

Some examples of ferrimagnets are: YsFe5012, FesOy4, NiFesOy.

2.2 Spin waves and magnon

Spin waves are collective excitation of electrons spins in a magnet [32, 33]. Instead
of individual spins acting on their own, they work together in a coordinated way, causing
these waves to propagate through the material without carrying any electric charge. This
collective behavior makes spin waves a key player in how spin information moves around in
magnetic materials.

Understanding spin waves and magnons is important in areas like spintronics and
magnonics [34, 35]. These fields focus on using spin to process and store information. By
studying how spin waves work, we could develop new ways to make better, more efficient
spintronic devices, potentially leading to advancements in areas like computing and data

storage [36].
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Figure 2.3: Schematic of a spin wave.

2.3 Magnetization dynamics

Magnetization dynamics refer to a process in which the local magnetization vector
in a magnetic material evolves over time in response to any external stimulus or internal
interaction. The magnetization vector typically precesses around an effective magnetic
field [37]. This rotation can be influenced by means of external magnetic fields, spin currents,
or thermal fluctuations, leading to various dynamic behaviors such as oscillations, domain
wall motion, and magnetization reversal. Understanding the magnetization dynamics is
crucial for predicting and controlling the behavior of magnetic materials in technological

applications, from data storage to spintronic devices.
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Figure 2.4: Adapted from [38]. Direction of torques presented in the magnetic system.

The study of magnetization dynamics encompasses a range of phenomena and
mechanisms, including spin waves, spin transfer torque, and damping mechanisms. Spin
wave is a collective excitation of electron spins that can propagate through the material, in-
fluencing the magnetization dynamics. Spin torque, on the other hand, refers to the transfer
of angular momentum to magnetic layers, which can induce changes in the magnetization
orientation and drive dynamic magnetic behaviors. Additionally, damping mechanisms
play a role in dissipating the energy of magnetization dynamics, affecting the stability and
lifetime of dynamic magnetic states. Together, these elements form the foundation for un-
derstanding and manipulating magnetization dynamics in magnetic materials and systems.

The magnetization dynamics in the presence of spin transfer torque can be de-
scribed by Landau-Lifshitz-Gilbert equation [39, 40, 41] including an extra term for the

spin torque (Slonczewski term) [42]:
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dm

d
o = 7(Heg X m) + am X 2 4 Jer(m X (m X o))

dt

Where Heg is the total effective field, a is the damping constant, ¢ is the po-
larization of the incident spin current, and m is the normalized magnetization. The first
term describes the precessional motion of magnetization m which is called field torque. The
second term is the damping torque which characterizes the energy dissipation. It points
toward the equilibrium direction of the magnetization, so that the magnetization tends to
relax back to the equilibrium. The third term is spin-transfer torque. If the polarization of
the spin current is parallel to the equilibrium magnetization then it exerts an anti-damping
spin torque (Slonczewski-torque). It effectively reduces the damping of the system. The
effects of this damping reduction can be categorized into three types: damping, switching

and auto-oscillations as shown in Figure 2.5.

Damping Switching Auto-
modification oscillations
J;ﬁ“’f‘-’-‘-“x ’;\!r.:_{ -
272 7INS, PTANSS
AR (SCTT o0

Figure 2.5: Adapted from [28]. Spin torques leading to different configurations: Damping
modification, triggering switching at high-damping current, and causing auto-oscillation at
critical current.
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Chapter 3

Auto-oscillations in two-magnet

hybrid nanodevices

3.1 Introduction and motivation

Spin torque driven spin dynamics [43] is an important functionality in the modern
spintronic applications [44, 45, 46] such as spin-torque memory [47, 48, 49] and spin-torque
oscillators [50, 51]. Spin torque memory is a non-volatile magnetic memory device that has
the potential to become an extremely high-performance memory. Spin torque oscillators
are used in microwave assisted magnetic recording and as neurons in magnetic neural net-
works [52]. For neuromorphic computing it is important to develop spin torque oscillators
with strong and tunable nonlinearities [53].

There are several instances when the spin-torque driven auto-oscillations have been

realized [51, 54, 55, 56]. Figure 3.1 (a) is a system of bilayer of ferrimagnetic insulator YIG
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Figure 3.1: (a) Adapted from [54], Spin Hall effect driven spin torque oscillator in a bilayer
system of YIG and Pt. The YIG layer sits on the top surface. (b) Adapted from [55], Spin
Seebeck effect driven spin caloritronic oscillator in a bilayer system of Pt and YIG. The
Pt layer sits on the top surface. (c¢) Adapted from [56], Spin Seebeck effect driven spin
caloritronic oscillator in a bilayer system of YIG and Py. The Py layer sits on the top.

and a non-magnetic metal Pt. In this system, auto-oscillations have been shown by means
of spin Hall effect in Pt [54]. Figure 3.1 (b) is a similar system as in Figure 3.1 (a), except
this system has Pt layer on the top instead of YIG layer as in 3.1 (a). In this system as well,
the auto oscillatory modes have been shown. However, in this system the auto-oscillations
are driven by spin Seebeck torque. This result is particularly important because the waste
heat is being recycled that opens the door to achieve energy efficiency [55]. Figure 3.1 (c)

is a bilayer hybrid system of ferrimagnet YIG and ferromagnet Py. In this system also the
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spin Seebeck torque driven auto oscillations have been shown [56]. In this chapter, I would
like to show our hybrid system of YIG and Ni as a spin torque oscillator. This architecture
may increase the functionality and performance, and open up the avenues for new physics.

We systematically perform the magnetoresistance (MR), spin torque ferromagnetic
resonance (ST-FMR), and microwave emission spectroscopy experiments. But first, I would

like to introduce the materials and nano-fabrication procedures.

3.2 Materials of choice and nano-fabrication procedure

3.2.1 Introduction to materials

For this experiment, our choice of materials is Yttrium Iron Garnet (YsFe5012
or YIG) and Nickel (Ni). YIG is a ferrimagnetic insulator that has a Curie tempera-
ture of about 560 K and an extremely low magnetic damping in the order of about 107°
range [57, 58, 59, 60]. Nickel is an elemental ferromagnetic metal. It has a Curie tempera-
ture of about 628 K. The substrate used for the device preparation is Gadolinium Gallium

Garnet (Gd3GasO12 or GGG) with (111) surface orientation.

3.2.2 Nanodevice fabrication

The nanodevices are fabricated through a multi-step process:
The YIG thin films were provided by Prof. Jing Shi’s group. The growth of YIG of about
20nm was carried out on a single crystal substrate GGG (111 surface orientation) using

pulsed laser deposition technique [61, 62, 63]. After the YIG deposition [64], annealing
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procedure was performed at around 820°C. We can see the great crystallographic and
epitaxial order in the transmission electron microscopy (TEM) image in Figure 3.2 (a) for
the GGG/YIG interface.

This step was followed by the deposition of 5nm of Ni on top of the YIG film
in the room temperature setup. The deposition was done using RF magnetron sputtering
with 4 mTorr of Argon gas pressure, and 10~7 Torr system pressure. The growth rate of Ni
is about 0.6 A/s at 75 Watts DC power. Then the Ni was capped with a thin layer (2nm)
of Aluminum oxide to prevent oxidation of Ni.

As a next step the device structure was patterned on the surface. The fabrication
of the nanodevices was carried out using the electron beam lithography (EBL). After the
thorough cleaning of the specimen with acetone and isopropanol, the YIG/Ni bilayer film
was first coated with the negative resist MAN-2401 of around 100 nm thickness. The spin
coating was performed at the rate of 3500 rpm for 45 seconds. The resist was soft baked on
a hot plate for 1 minute at 90 °C.

The resist was patterned into nanowires and leads using EBL with the nanometer
pattern generation system (NPGS) software. The typical write current was 15 pA and area
dose of about 200 - 300 xC/cm?. The center to center distance and line spacing were set
to 1nm. After the EBL writing, the developer (maD-525) was applied for 60sec, and the
sample was rinsed with HPLC water for 3 min.

After defining the patterns, the sample was ion-milled at an incident angle of
65 deg for several minutes (according to calibration such that YIG/FM material is etched

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

17



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

remaining resist was removed using sonication in acetone.
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Figure 3.2: (a) Transmission electron microscopy image showing the crystallographic and
epitaxial order of the GGG and YIG interphase. (b) Optical microscopy image of the
YIG/Ni bilayer device system. There are three nanowires in the picture. (c) Scanning
electron microscopy image of a single YIG/Ni nanowire’s active region. The dark shade is
the nanowire active region. The bright shade is the GGG substrate.

Figure 3.2 (b) shows the microscopy image of the device, and Figure 3.2 (c) shows

the scanning electron microscopy image of the active region of the device. The developed

device is a nanowire. There are two sizes of the device: 900 nm X 4 ym and 900 nm X 7 pm.

3.3 Magnetoresistance (MR) measurement

The change in resistance of a material under an applied magnetic field is known as
magnetoresistance (MR) [23]. In ferromagnetic metals, the resistance depends on the direc-
tion of its magnetization with respect to the direction of electric current flow in the material.
This effect is known as anisotropic magnetoresistance (AMR) [65]. The magnetoresistance

phenomenon provides a convenient method to access the magnetization vector in a magnetic
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system. This method can be employed for read out of both static magnetization and spin
dynamics [66]. In this section, I present the systematic study of the magneto-transport phe-
nomenon in the parallel and perpendicular directions of applied magnetic field with respect

to the plane of the device.
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3.3.1 Magnetoresistance with in-plane magnetic field
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Figure 3.3: (a) The experimental result of the magnetoresistance measurment of a YIG/Ni
bilayer nanowire when external magnetic field is applied in the device plane but transverse
to the nanowrie axis. (b) The micromagnetic simulated result for the nanowire. It shows
the polar angle dependence of magnetization as a function of applied external magnetic
field. The blue curve is the magnetization of Ni and the red curve is the magnetization
of YIG. (c¢) The micromagnetic simulated result for the nanowire. It shows the azimuthal
angle dependence of magnetization as a function of applied external magnetic field. The
blue curve is the magnetization of Ni and the red curve is the magnetization of YIG.

We apply a magnetic field within the plane of the device but transverse to the
nanowire axis. The field is swept from -6000 Oersted to +6000 Oersted. Figure 3.3 (a) is
the resistance of a device as a function of the applied external magnetic field. We observe

that there is a decrease in the resistance as the external magnetic field increases, which is
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consistent with the anisotropic magneto-resistance (AMR) of a Ni[65, 67, 68]. If we consider
¢ to be the angle between magnetization and electric current direction, the AMR can be

written as:

pXX(¢) = ppara + (ppara - pperp) . COS2((Z§)

where the variation of the longitudinal resistivity p;, is called the anisotropic
magnetoresistance as a function of the angle ¢. The ppara, and pperp are the resistivities for
¢ = 0 and 90 deg respectively.

Alongside the experiment, we also run the micromagnetic simulations based on
finite element approach. The simulations are carried out using MuMax? [69] software pack-
age that shall be discussed in section 3.4.3 in detail. The simulation results presented in
Figure 3.3 (b), (c) are also consistent with the experimental result. We observe similar
behavior of magnetoresistance in both cases. This may be coming mostly from the shape
anisotropy of the nano-wire. In addition we see some jumps like behavior, which look like

Barkhausen-like noise, and which is not consistent with the uniform coupling of the layers.

3.3.2 Magnetoresistance with out-of-plane magnetic field

We run the measurements with magnetic field out of the device plane. In Figure
3.4 (a), we again see the behavior that is consistent with the anisotropic magnetoresistance.
However, in this case we need a larger field to saturate the magnetization of Ni to out-
of-plane. We also perform the micromagnetic simulation. We see the saturation behavior

of YIG and Ni in the simulated Figure 3.4 (b), (c). At the intermediate fields, we see the
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Figure 3.4: (a) The experimental result of the magnetoresistance measurment of a YIG/Ni
bilayer nanowire when external magnetic field is applied perpendicular to the device plane.
(b) The micromagnetic simulated result for the nanowire. It shows the polar angle depen-
dence of magnetization as a function of applied external magnetic field. The blue curve
is the magnetization of Ni and the red curve is the magnetization of YIG. (c¢) The mi-
cromagnetic simulated result for the nanowire. It shows the azimuthal angle dependence
of magnetization as a function of applied external magnetic field. The blue curve is the
magnetization of Ni and the red curve is the magnetization of YIG.

snapping of YIG magnetization that is partially reproduced in the micromagnetic simulation
as well. Based on the experimental results and the micromagnetic simulations that we have
run, we can conclude that there is a non-uniform interlayer exchange coupling between the

YIG and nickel that goes beyond the dipolar coupling in this nano-structure.
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3.4 Magnon Spectroscopy

We explore magnon modes in our YIG/Ni bi-layer nano-structure. Here we observe
the spin torque ferromagnetic resonance (ST-FMR) [70, 71, 72] responses as a function of
applied microwave and external magnetic field. We use the microwave signal generator
to source the driving current at microwave frequency. Besides the generation of oscillating
Oersted field, the microwave current also generates the spin current in a transverse direction
to the flow of microwave current and the spin polarization of microwave current carriers. The
spin current is then transferred across the interphase of Ni and YIG. These transferred spins
act as a torque and generates the coherent magnetization precession at the GHz frequency.
Magnetization precession in response to such excitation leads to resistance oscillations due
to the magnetoresistive effects. Since both the current and resistance oscillations are at the
same microwave frequencies, they can mix and result in a rectified voltage. This voltage is
proportional to the resistance oscillations and thus to the oscillations of the magnetization
(or more generally magnetic order). In addition to this so-called photovoltage effect, another
effect exists — photoresistance refers to difference of the sample resistance in and out of the

resonance due to the magnetoresistance under a DC current.

Vphotovoltage = <I(t) . R(M(t)» X <10R0 Ccos (wt) CcOos (wt + 77)>t

VPhOtOTGSiStanCG = <IDC : [R(M(t))(infresonance) - R(M(t))(outfoffresonance)pt

Here, we present the study done on different configurations of external magnetic

field vs the device axis.
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The schematic for the ST-FMR experimental setup is presented in Figure 3.5 [73].
Microwave generator generates the high frequency current that travels through the mi-
crowave cables to the device under test. Bias-tee is used to separate high and low frequency
signals that come out of the device. Low frequency signals are collected in the lock-in am-
plifier. We use the field-modulation technique to modulate the magnetic field at a small
frequency [74]. The modulation frequency is used as a reference frequency for the lock-in

amplifier.

H mod

Lock In DC Current

AC Amplifier Source
Moeodulation

out l %
H ] Microwave
Bias Tee Generator

Figure 3.5: Adapted from Ref. [73]. Schematic representation of a spin torque ferromag-
netic resonance (ST-FMR) measurement setup. A magnetic device or device under test
(DUT) is wire-bonded to the coplanar waveguide (CPW) and sits in between the pole
pieces of electromagnet. The CPW board is designed to include a SMA connector, which
is connected to the microwave generator and a DC current source via the microwave port
of the bias-tee. This setup implements the use of magnetic field modulation.

3.4.1 Magnon spectroscopy with in-plane magnetic field

The magnetic field is applied in the transverse direction of the nanowire device
that sits on the plane of the substrate. The measurement is done at zero direct current.
We observe that the spin waves emerge from about 2 GHz. The rectified voltage disappears

at about 1kOe. From MR plot in Figure 3.3, this is approximately the region where YIG
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magnetization starts to saturate along the direction of the external magnetic field. We only
observe the modes where YIG is continuously saturating.

Now we carry out the same measurement but in the presence of a finite direct cur-
rent. In this case, the ST-FMR signal consists of both rectified voltage and photo-resistance.
However, the photo-resistance contribution does not allow us to observe the signal beyond
1kOe magnetic field. This observation is quite unusual and different from the previously

done study on the hybrid magnetic system of YIG/Py bilayer nanostructure [56].
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Figure 3.6: Color plot of ST-FMR measurement in a YIG/Ni bilayer nanowire at 77 K.
The external magnetic field is applied in the device plane and transverse to the device axis.
(a) with zero direct bias current, (b) with finite direct current bias.

3.4.2 Magnon spectroscopy with out-of-plane magnetic field

We apply the magnetic field perpendicular to the nanowire device plane. We
observe multiple modes. However, the signal is very weak. Now we change the direction of

the field sweep. Comparing both of the directions’ sweep results, hysteretic-like behavior is
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Figure 3.7: Color plot of ST-FMR measurement in a YIG/Ni bilayer nanowire at 77 K
and zero direct bias current. The external magnetic field is applied perpendicular to the
device plane. (a) External magnetic field swept from -4000 Oe to 44000 Oe. (b) External
magnetic field swept from +4000 Oe to -4000 Oe.

observed. Based on the FMR responses of in-plane and out-of-plane applied magnetic field
configurations, there is an indication of a weakly coupled spin system with a very unusual

magneto-resistance.

3.4.3 Micromagnetic simulations for out-of-plane magnetic field

To further support our experimental results, we also perform the micromagnetic
simulation based on finite element approach. The simulations were carried out using
MuMax? [69] software package, running on high performance GPUs on a computer. In
these simulations, the time-dependent solution of the magnetization vector field is calcu-
lated. A model of a magnetic device is first created and divided in cells (meshing procedure).
For each cell, Landau-Lifshitz equation is solved. The effective field is the combination of
exchange field, dipole field, externally applied field, magnetic anisotropy field, and thermal

fluctuation field. The dipole field and the exchange field in one cell depend on the magne-
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Figure 3.8: (a) Color plot of micromagnetic simulation of ST-FMR in a YIG/Ni bilayer
nanowire at 77K and zero direct bias current. The external magnetic field is applied
perpendicular to the device plane. The field is swept from 0 to 6000 Oe. The red colored
mode that is visible in between 0 to 4000 Oe is a non-aligned mode. (b) The schematic
representation of magnon modes in the presence of external magnetic field (H). The orange
color is YIG magnetic moment and blue color is Ni magnetic moment. The YIG and Ni have
different magnetic moments. So, they require different amount of magnetic fields to align
them together. A non-aligned mode is when the magnetic moment and external magnetic
field are not parallel.

tization orientation of other cells (via nearest-neighbor exchange, and via long-range dipole
interaction), and thus couple the Landau-Lifshitz equations for all the cells.

We run the simulations for the out-of-plane external magnetic field. The simu-
lation shows the presence of both aligned and non-aligned modes. Aligned modes appear
when the external magnetic field and the magnetization vector are parallel to each other.
On the other hand, non-aligned modes appear when the equilibrium magnetization direc-
tion and the external magnetic field are not parallel to each other. In Figure 3.8 (b), we
can see the equilibrium magnetization direction in the presence of different magnetic field

magnitude.
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3.5 Microwave emission spectroscopy and auto-oscillations
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Figure 3.9: (a) Adapted from [73], Schematic of field modulated microwave emission spec-
troscopy. (b) Spectrum Analyzer, operating range: 9kHz to 26.5 GHz. (c¢) Ultra low-noise
microwave amplifier, operating range: 1-15 GHz. (d) The bias tee offers the ability or detect
DC current in a bias microwave circuit operating in the range of 2 MHz-45 GHz.

When a spin current is injected into the ferromagnetic material, it can exert anti-
damping spin torque to the magnetization and lead to auto-oscillations. When the anti-
damping torque compensates the effective damping torque of the magnetic material, a GHz
range persistent auto-oscillation dynamics can be excited [51, 54, 55, 56, 75, 76]. These mag-
netization oscillations translate into resistance oscillations due to magnetoresistive effects.

The oscillating resistance translates into RF voltage signals under a DC electric current

28



supplied to the sample. We measure this RF voltage signal using a Spectrum Analyzer
(SA) setup.

The schematic of the microwave emission spectroscopy is presented in Figure 3.9 (a)
[73]. The generated RF voltage signals are small. These signals are pre-amplified (Figure
3.9¢) before being sent to the spectrum analyzer. The filters and mixers on the spectrum
analyzer are adjusted to pick up on a single frequency. The signal is then sent to the lock-in
amplifier, where the magnetic field modulating frequency is used as a reference frequency.

Figure 3.10 is a microwave emission spectroscopy performed for a short nanowire
at a constant frequency of 3.2 GHz. In microwave emission spectroscopy, we supply the DC
current, apply the magnetic field and look at the microwave emitted from the nanowire
through the spectrum analyzer. The magnetic field is applied perpendicular to the device
plane. At low current we do not observe any signal. At about 7mA we observe a sudden
onset of microwave emission. These are the clear signatures of auto oscillations. In fact,
we see multiple auto-oscillatory modes that correspond to non-aligned modes. One of the
modes that passes through the zero field region is interesting, which corresponds to a strong
nonlinear frequency shift [53].

Now we take a long nanowire. We observe the auto-oscillation at a much lower
critical current as shown in Figure 3.11. This is associated with Ohmic heating. In the long
nanowire, more heat is confined than in the short nanowire that results in lower threshold
of supplied DC current. However, our device’s top layer is a ferromagnetic metal that has
an intrinsic spin charge conversion effect. We also know that the spin-orbit torque driven

by spin charge effect mechanism is an odd function of electric current. So, we do the
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Figure 3.10: Color plot of a microwave emission spectroscopy of a short (900 nm X 4 pm)
nanowire of YIG/Ni bilayer at 3.2 GHz microwave frequency and 77 K. The magnetic field
is applied perpendicular to the device plane, and is swept from -6000 Oe to +6000 Oe. At
about 7mA, we observe a sudden onset of microwave emission — auto-oscillation mode.
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Figure 3.11: Color plot of a microwave emission spectroscopy of a long (900 nm X 7 pm)
nanowire of YIG/Ni bilayer at 3.2 GHz microwave frequency and 77 K. The magnetic field
is applied perpendicular to the device plane, and is swept from -6000 Oe to 46000 Oe. At
about 3mA, we observe a sudden onset of microwave emission — auto-oscillation mode. The
auto-oscillation is driven by spin-Seebeck effect.
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measurement under the reverse polarity of the current. We observe the symmetric modes
at both positive and negative magnetic fields, and DC current. We also can verify that the
auto-oscillation modes threshold current is about the same in both current polarities. This
is a strong indication that the auto-oscillation generated in the system is from spin-Seebeck
torque [55, 56] as it is independent of the polarization of electric current and only depends

on the temperature gradient between the magnetic hetero-structures.

3.6 Summary and outlook

In summary, we have fabricated and studied two magnet hybrid nano-structures.
We found weak but complex interfacial coupling that leads to weakly hybridized magnon
modes. We observe auto-oscillation when the direction of magnetization of Nickel is oblique,
and the YIG magnetization is nearly saturated in the out-of-plane configuration. We ob-
serve a strong non-linear frequency shift of the auto-oscillation near zero field. We conclude
that the auto-oscillations observed in our two magnet hybrid nano-structure are driven by
spin-Seebeck effect. A strong nonlinear frequency shift might be particularly important for
the neuromorphic system. Furthermore, our work shows the proof of concept that energy
efficient thermally driven auto-oscillations can be achieved and give room for further in-
crease in functionality of two magnet hybrids, and for merging the spin-orbitronic and spin

caloritronic concepts.
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Chapter 4

Development of low-temperature

high-magnetic field insert

4.1 Motivation

Low temperature environment serves as a home to a lot of interesting physics.
They are also crucial for spintronic applications [36]. At low temperatures, thermal fluctu-
ations are reduced, which helps maintain the coherence of electron spins. Low temperature
minimizes scattering mechanisms that can disrupt the orientation and transport of electron
spins, thus leading to a longer spin lifetime and more controlled spin dynamics. Low tem-
perature conditions facilitate efficient spin injection and detection due to reduced thermal
fluctuations.

On the other hand, high magnetic fields are of great importance as well to reach

various magnetic phases such as spin flop phase transition in some antiferromagnets. We
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Figure 4.1: Physical property measurement system (PPMS) Dynacool.

may need a high magnetic field to overcome high anisotropy field [77] and the exchange
interaction.

We need magneto-transport measurements to access spin transport through mag-
netoresistance (MR) effect [23]. Microwave spectroscopy helps us evaluate magnetic prop-
erties like anisotropy, damping, and inhomogeneity. For the microwave spectroscopy ex-
periments, we’ll use both inductive and electrical methods, such as spin pumping [26] or
magnetoresistive techniques. Ultimately, we need to integrate magnetotransport with in-
ductive and electrical microwave spectroscopy for our research.

We use the Physical Property Measurement System (PPMS) Dynacool by Quan-
tum Design available that provides the magnetic field 0-14 T and temperature range 1.5 K-
400K. In a series of self-designed inserts, commercial insert, custom-designed parts and

adaptations, and software adaptation, we have achieved this goal.
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4.2 Design of insert

The PPMS system has a cylindrical bore of 1inch diameter and 36 inches length.
To fit inside the PPMS bore, multi-component probe insert was developed as a multi-step
process. The design encompasses a structural layout consisting of a rod with a bracket at
its lower end that is attached with a puck that establishes electrical connectivity with the
PPMS. Using the SolidWorks software, the general assembly, bracket, coil bobbins, coplanar
waveguide (CPW) holder, and a new peg were designed. While the bracket underwent
precise machining, the other components were crafted through 3D printers in the lab.

The insert was optimized prioritizing non-magnetic mechanical parts. A rubber
was also used to address thermal stress concerns. The objective was to engineer a measure-
ment solution that integrated 3D printed plastics and metallic elements. The final insert

was an assembly that fits perfectly and works well with the PPMS system.

4.3 Design of Coplanar Waveguide

The coplanar waveguides (CPW) are designed [78] for a wide range of techniques
with a specific measurement of a central line width on a 30 mil standard Rogers 4350 board.
They’re made of a mix of Copper and Gold (Cu/Au). These coplanar waveguides are 50 {2
impedance-matched and over 40 GHz bandwidth that can support the signals ranging from
a few hundred megahertz to tens of gigahertz.

Figure 4.4 (a,b) are the pictures of broadband coplanar waveguide; (a) is the

waveguide suitable for inductive or spin pumping type of measurements, and (b) is the
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Figure 4.2: The sketch of general assembly of the bracket. The bracket is the bottom part
of the insert where coplanar waveguide and all the components sit together in a compact
setting. The drawing was created by my lab-mate Erik Hagen.

(b)

Figure 4.3: The final version of low-temperature high-magnetic field insert developed
for PPMS Dynacool. (a) The overview of the insert from top to bottom. (b) A machine
shopped sample holder bracket where multi-components including the coplanar waveguide
sit compactly.
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Figure 4.4: (a) Image of a coplanar waveguide for inductive or spin pumping type of
measurements. This waveguide has a continuous central conducting channel between two
SMA ports. (b) Image of a coplanar waveguide for spin torque type of measurements. This
waveguide has a discontinuity in the central conducting channel between two SMA ports.
(c) Image of a coplanar waveguide holder that sits inside the bracket. At the central region
of the holder a slanted trench is designed to fit the temperature sensor. The holder is locked
in place with a peg.

waveguide that has a discontinuity in the central conducting channel, thus making it suitable
for spin torque type of measurements. Figure 4.4 (c) is a 3D printed waveguide holder for
the probe insert. The waveguide holder has a temperature sensor placing area built within

it.

4.4 Microwave and low-frequency connections

The cryogenic insert for the PPMS system incorporates specialized microwave
components tailored for operating in low-temperature environments. These components
encompass microwave connectors, low and high-frequency current circuitry deliberately en-
gineered to function optimally under cryogenic conditions and high magnetic fields. To

facilitate seamless connectivity from the interior to the exterior of the PPMS bore, an RF
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feedthru is utilized on a KF-40 flange as shown in Figure 4.5 (¢). Moreover, implementation

of semi-rigid cables within the insert enables microwave transmission up to 40 GHz.

Figure 4.5: (a) Low frequency connection breakout box. The box has BNC connectors.
These connectors are connected with low-frequency cables. One end of the breakout box is
connected to the PPMS system, and the BNC ports are used to connect to our measurement
equipments. (b) RF-feedthru used for microwave transmitting between the interior and
exterior of the PPMS bore. (c¢) RF-feedthru utilized on a KF-40 flange.

For the low frequency connections, I assemble the breakout box from a metallic
enclosure as shown in Figure 4.5 (a). The BNC connectors are added on the breakout box.

These BNC connectors are wired with low frequency cables. The breakout box serves as a
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bridge between PPMS and measurement equipments for the low frequency channel. I tested
the performance of the breakout boxes with a signal generator and an oscilloscope. All these
components and parts collectively form a robust system, enhancing the insert’s capacity for
microwave transmission and establishing a reliable means of uninterrupted measurements
and signal transference from the cryogenic environment of the PPMS system. Choosing
and combining these components show the detailed planning needed to make a specialized

insert that works well in the desired cryogenic and high magnetic field environment.

4.5 Magnetic field modulation

The magnetic field modulation technique [74] is a reliable way to obtain the signal
free of non-magnetic background noise. In this method, the external magnetic field is
modulated using the coils made out of copper wire. The lock-in amplifier sources us the
required output AC voltage that is transmitted to the sound amplifier that amplifies the
AC voltage.

Figure 4.6 (b) shows modulation coil assembled in the insert. It is very important
to ensure that the modulation field stays way below the linewidth field of the signal. If not,
over-modulation artifacts such as linewidth broadening may occur. We should calibrate the
modulation field by measuring and fitting the linewidth as a function of modulation current
amplitude, and choose the modulation amplitude appropriately.

The modulation field amplitude is proportional to the modulation voltage, and
based on our design and construction the modulation current may be approximated by

magnetic field for the Helmholtz’s coil [79]:
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Figure 4.6: (a) The sketch of a coil bobbin drawn by my lab mate Erik Hagen. The coil
bobbin is used as a holder for modulation coil setup. (b) An image of a modulation coil
sitting on a coil bobbin, which is wrapped around the bracket. The coil bobbin is tightened
with two screws, and it sits firmly on place.
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where pg is the permeability of the free space, R is the radius of the coil, N is the

number of turns in each coil, and 1,04 is the current through the coil.

4.6 Software adjustments

To facilitate the interaction between the computer and the PPMS for conducting
measurements with the cryostat insert, a Python API serves as the bridge. This API
functions as the intermediary, enabling communication and control between the computer
and the Quantum Design (QD) socket server. The QD socket server acts as a communication
interface that allows the computer to establish a connection with the MultiVu software
of the PPMS. Through the Python API, specific protocols and commands are utilized

to configure and interact with the QD socket server, establishing the necessary port for
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seamless communication. This setup allows for the remote control and automation of the

PPMS, enabling the initiation and management of measurements in the PPMS.

4.7 Benchmarking

The successful test run, Figure 4.7, on 10nm thin film Permalloy (Py) sample
marks a significant milestone in the development of the experimental apparatus. The test
spectrum is measured with the magnetic field applied along the easy plane of the film at
20 Kelvin. The frequency of 7 GHz is used with the nominal power at the source of 7dBm.
The 3% field modulation is used.

The observed ferromagnetic resonance [80] spectrum validates the functionality of
the equipment and affirms that it is capable to detect and characterize essential properties
of the measured material. The test run stands firmly as a proof to the insert’s reliability and
functionality. The presence of both the raw data and the corresponding graphical represen-
tations stored in the drive underscores the thoroughness of the experimental process. This
achievement not only corroborates the effectiveness of the developed apparatus but also
sets the stage for further investigations and discoveries that could significantly advance our
understanding of material science and its applications in diverse fields. Now, we are all set

to perform the microwave spectroscopic measurements in the anti-ferromagnetic materials.
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Figure 4.7: Field modulated ferromagnetic resonance signal on a 10nm thin Py layer
measured using the low-temperature and high magnetic field insert developed by me. The
observed signal serves as a proof of insert’s performance.
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Chapter 5

Electrical readout of coherent spin
dynamics in an insulating

antiferromagnetic crystal

5.1 Introduction and motivation

In the last decade, antiferromagnetic spin systems have moved to the forefront
of spintronics research as highly promising candidates for the future of information tech-
nologies [81, 82]. Antiferromagnets (AFMs) have ~1000 times faster spin precession than
ferromagnets with frequencies lying in the terahertz (THz) regime [83]. In AFMs, many in-
triguing spin phenomena are expected that go beyond the ferromagnetic spin systems. For
instance, spin excitation (magnon) in easy-axis AFMs can carry positive and negative spin

polarization, providing a potential extraordinary means for advanced computation schemes.
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AFMs possess no stray fields and can thus be used for spintronics applications with large
device-per-area density [83]. For the very same reason, however, AFMs are weakly suscep-
tible to excitation by magnetic fields and require another means of spin manipulation.

The interfacial spin torque phenomena may provide a route for energy-efficient and
versatile spin control [84, 85]. Antiferromagnetic spin dynamics has been directly observed
in bulk systems using optical methods [86]. By using neutron scattering, antiferromagnetic
magnons have also been observed in bulk [87]. THz antiferromagnetic resonance (AFMR)
signal from spin pumping has been detected in bulk [88, 89, 90| in the sub-terahertz fre-
quency range.

Antiferromagnetic resonance signal from spin pumping has also been measured
by our group in the gigahertz frequency range close to the spin flop region, which opened
the way towards exploring the anti-ferromagnetic spin dynamics using state-of-the-art GHz
electronics. In spin pumping detection technique, the inverse spin Hall voltage scales with
the size of the device, but the modern day technologies demand nanoscale devices. Thus, it
is very important for us to scale our anti-ferromagnet based devices down to nanoscale. In
this chapter, I explore the spin dynamics in bulk antiferromagnets with thin layer of non-
magnetic metal using the magneto-resistive antiferromagnetic resonance technique at the
microscale. If we succeed, we will move our way towards the spin-torque antiferromagnetic
resonance at nanoscale devices. But, first I would like to start with the discussion of the

materials of choice, and the fabrication procedures.
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Figure 5.1: Frequency vs magnetic field relation at 0 K in bulk Cr203. Magnon’s degener-
ate energy state at 0T splits into left hand (LH) and right hand (RH) mode as we increase
the external magnetic field. After the spin flop (SF-R) field at 6T, quasi-ferromagnetic
(QFM-R) mode is excited. 1 is a misalignment angle between the c-axis and the external
magnetic field. When the misalignment is present we observe the Goldstone-like mode (GS-
R).

5.2 Materials of Choice

In our experimental pursuit, the choice of the materials is chromium oxide (Cr203)
and platinum (Pt), each possessing unique and defining characteristics. Cr203 is a uniaxial
antiferromagnetic insulator, characterized by its easy axis aligned along the c-axis of the
corundum crystal type with hexagonal lattice [91, 92, 93]. The critical Néel temperature for
Cr203 is around 308 K. Figure 5.1 shows the overview of the antiferromagnetic resonance

modes in Cr203. The antiferromagnetic resonance frequency is approximately at 165 GHz
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Figure 5.2: Color plot of frequency vs magnetic field relation of an inductively measured
antiferromagnetic resonance signal in a bulk Cr203 at 5K. 1 is the left handed mode, 2 is
the Goldstone-like mode, and 3 is the spin flop mode.

at 0T and a spin flop field is at 6 T at 0 K. Figure 5.1 also shows the Left Handed mode (LH),
Right Handed mode (RH), Spin Flop mode (SF-R), Quasi-Ferromagnetic mode (QFM-R),
and Goldstone mode (GS-R) as a function of applied magnetic field. Figure 5.2 is the
color-coded plot for the left-hand resonance mode of Cr203 that is measured inductively.
Platinum (Pt) is a non-magnetic heavy metal. Due to high atomic number, Pt has
a significant spin-orbit interaction. This enables Pt to generate a pure spin current owing

to the spin Hall effect (SHE) [12, 13, 94].
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Figure 5.3: Adapted from [95]. Schematic of the depiction of spin Hall effect (SHE). This
effect generates the pure spin current by means of spin dependent scattering of conduction
electrons due to spin-orbit interaction.

5.3 Nano and micro-fabrication

The bulk Cr203 with the pre-defined crystal plane and c-axis were purchased
from the SurfaceNet GmbH. I did the fabrication on (11-20) plane and (0001) plane Cr203

crystals.
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Figure 5.4: Adapted from [96]. Crystal planes and orientations.

5.3.1 Fabrication of a nano-cross device

The following steps were used to prepare the nanodevice:
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Sputter deposition: I deposited a 5nm of Pt on top of the bulk Cr203. The
deposition was done using AJA sputtering with 4 mTorr of Ar gas pressure and 107 Torr
of system pressure with 18 Watts DC power.

Electron beam lithography: Next step is to pattern the device structure on
the surface. Fabrication of the nanodevice was carried out using the electron beam lithog-
raphy (EBL). After the thorough cleaning of the specimen with acetone, and isopropanol,
the Cr203/Pt film was first coated with the negative resist MAN-2401 of around 100 nm
thickness. The spin coating was performed at the rate of 3500 rpm for 45seconds. The
resist was baked out on a hot plate for 1 minute at 90 °C.

The resist was patterned into nanowires and leads using EBL with the nanometer
pattern generation system (NPGS) software. The typical write current was 15 pA and area
dose was about 200 - 300 C/cm?. The center to center distance and line spacing were set
to 1nm. After the EBL writing, the developer (maD-525) was applied for 60seconds, and
the sample was rinsed with HPLC water for 3 minutes.

Ion-milling: After defining the patterns, the sample was ion-milled at an incident
angle of 65 deg for several minutes (according to calibration such that Cr203/heavy metal
material is etched up to the substrate: Pt etching rate is 3.7nm/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.

Final nano-cross device: Figure 5.5 is a scanning electron microscopy image of
a nano-cross device fabricated on a Cr203 crystal substrate. The pattern visible on the

top is a Snm thick platinum layer. The zoomed-in image shows the device’s active region
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Figure 5.5: Scanning electron microscopy image of the nano-cross device on a Cr203 bulk
crystal. The pattern visible is thin layer (5nm) of Pt. The larger pads are for wire-bonding
to provide an electrical connections to the device. The inset figure is the nanowire that is
200 nm wide and 10 pm long.

that has a width of 200nm and length of 10 um. The larger pads are for wire-bonding to

provide an electrical connections to the device.

5.3.2 Fabrication of a "pizza device"

I followed the following procedures to prepare the pizza device.

Photo-lithography: The photolithography process was performed after complet-
ing standard cleaning procedure of the substrate. The substrate was pre-baked on a hotplate
for 2 minutes at 180 °C to remove any organic solvent residues. I applied the s-1813 positive
photoresist and spin coated at the rate of 4000 rpm for 45 seconds to receive a thickness of
1.3 um. The resist was soft baked for 1 minute at 115°C.

An optical mask was designed in the lab and fabricated commercially in the course
of this work. The optical mask was aligned with the substrate. The patterns were exposed

for 10 seconds with "flood type exposure" under UV light. The s-1813 resist becomes soluble
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in the developer after exposure, in contrast to negative resist, where the unexposed areas
are soluble in the developer. The developing was done using the MIF-319 developer for
60 seconds. The substrate is now ready for metal deposition.

Sputter deposition: I deposited a 5nm of Pt film on top of the bulk Cr203.
The film was deposited at room temperature using the magnetron sputtering with 4 mTorr
of Ar gas pressure and 1077 Torr of system base pressure. The deposition rate of Pt was
0.36 A /s at 18 Watts DC power.

Lift-off: The deposition of Pt was followed by the lift-off process. I soaked the
specimen in acetone for about 15 minutes. I checked the device under the microscope for
any residues. The remaining resist was removed by sonication.

Final "pizza" device:

Figure 5.6: Optical microscopy image of the micro-structure device on a Cr203 bulk
crystal. The pattern visible is thin layer (5nm) of Pt. The device is a microwire of 10 um
wide and 200 um long. The microwire extend to the larger pads on both ends. The larger
pads are used for wire-bonding to provide an electrical connections to the device.
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Figure 5.6 shows the optical microscopy image of the final "pizza" device. The shiny
patterns are the platinum deposited on the Cr203 crystal. There are eight micro-structure
wires in the pizza-device. Each wire is 10 um X 200 ym. All the wires pass through the
center making the center large. The wire ends on both ends with wire-bonding pads for

electrical connections to the pizza device.

5.4 Excitation and detection techniques

5.4.1 Inductive excitation, microwave transmission detection

A magnetic material to be measured is placed directly on top of the coplanar
waveguide. The microwave frequency propagates through the waveguide. This microwave
generates an oscillating magnetic field in a circular fashion around the direction of the
microwave propagation. The generated magnetic field, also known as Oersted field, induces
an excitation of the spin in the direction perpendicular to the easy axis of the magnetic
material. When the spin excitation frequency and the driven microwave frequency comes
into a resonance, the microwave transmission through the waveguide drops. This is an
inductive way to perform the measurement (Figure 5.7). The resonance signal can be

collected with the lock-in amplifier or a nano-voltmeter.

5.4.2 Inductive excitation, magneto-resistance detection

This process involves excitation by the Oersted field and the detection by magne-

toresistance (MR) technique. The MR detection requires spin-charge conversion. Since the
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Figure 5.7: The microwave current flowing through coplanar waveguide (CPW) generates
an Oersted field or high frequency field transverse to the direction of microwave current
flow. The Oersted field excites spin waves in the bluk Cr203 crystal sitting on a coplanar
waveguide. The microwave transmission is converted into a measurable voltage signal using
the microwave diode.
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Figure 5.8: Depiction of inductive excitation and magneto-resistive detection of spin
dynamics. High frequency magnetic field induces magnetization dynamics in the magnetic
material. This oscillating magnetization couples with the electron spins in the metallic layer
resulting in the resistance oscillations due to magnetoresistive effect.
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magnet is an insulator, we need a conducting overlayer that would facilitate interfacial spin
transport and ensuing spin to charge conversion. We send the direct current through the
metallic layer to conduct electric charge and probe the resistance. The spin waves excited
by Oersted field and other torques interact with electrons in the metallic layer and transfer
angular momentum to it. This spin current is then converted into resistance fluctuations
via spin-Hall magnetoresistance (SMR) [97, 98, 99], which can be described by the equation

below.

M -G
P:/)0+AP[1—COSQ< 7 )]

The difference in the magneto-resistance when it is in-resonance and out-of-resonance
mixes with the direct current; thus giving a photo-resistance effect. The magnetoresistive
effect helps us probe the spin dynamics of the underlying magnetic materials. This tech-
nique opens up the avenue to interface the conductor and magnetic insulator for the next

generation spintronic devices.

5.4.3 Spin-torque excitation, magneto-resistance detection

In this technique, we excite the magnetic resonance by spin torque [27, 28] in
addition to Oersted field. The surface metallic layer is used to conduct a microwave current.
Theis high frequency current generates the spin current in a transverse direction to the
flow of current and the spin polarization of current carriers. The spin current is then
transferred across the interface of metal and magnetic material. This transferred spin

current exerts a torque on the spins of a magnetic material and generates the coherent spin

52



Vrectified )

TN

R (I(t)
Metal W ]Tf A ]S

ARM V), —T) |

Figure 5.9: Depiction of spin torque excitation and magnetoresistive detection. High
frequency microwave current flows through the metallic layer that generates the spin current
in the transverse direction. This spin current is injected into the magnetic material that
exerts a spin torque to induce magnetization dynamics in the magnetic material. This
oscillating magnetization couples with the electron spins in the metallic layer resulting in
the resistance oscillations due to magnetoresistive effect.

precession at the drive frequency in the magnetic material. Spin precession in response to
such excitation leads to resistance oscillations due to the magnetoresistance effect. Since
both the current and resistance oscillations are mostly at the same frequency, they can mix
and result in a rectified voltage. This voltage is proportional to the resistance oscillations
and thus to the oscillations of the magnetization (or more generally magnetic order). In
addition to this so-called photovoltage effect under microwave current, another effect exists
— photoresistance refers to difference of the sample resistance in and out of the resonance

due to the magnetoresistance under a direct current.
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5.5 Adaptation to pulse modulation

We introduce the pulse modulation technique in our electrical detection of anti-
ferromagnetic resonance experiment in order to reduce the background noise and to facilitate
the detection of the weak signals. In the pulse modulation setup, a microwave frequency is
modulated with a low frequency square wave. Figure 5.10 is the picture of the microwave
source generator used in my experiment that can also generate the pulse internally. The
BNC cable connects the pulse generator Video OUT port in the microwave generator to
the Reference-In port in the lock-in amplifier. This configuration enables the generation
of microwave pulses from few Hz to several kHz range. We choose the optimum value as
required. The final signal received from the device is collected with lock-in amplifier. The

microwave pulsing frequency is used as a reference frequency for the lock-in amplifier.

==

UNIVERSITY OF CALIF.

Figure 5.10: Microwave signal generator up to 40 GHz.
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5.6 Magnetoresistive (MR) detection of AFMR modes

This section involves the experiment performed to study anti-ferromagnetic reso-
nances in Cr203/Pt in a microwire (pizza shaped device) due to the inductive excitation
and magneto-resistive detection technique alongside inductive excitation and microwave
transmission detection. I perform the experimental measurements of the antiferromagnetic
resonance and do the systematic study of the magnetoresistive spin-to-charge conversion of
coherent spin dynanmics at the interface, and evaluate the resonance behavior as a function
of microwave power, DC current, temperature and crystallographic orientation. Achieving
this result is an important milestone in paving the road towards the AFM spin-torque de-

vices.

5.6.1 MR-AFMR on out-of-plane c-axis device

In this section, I present the results of the measurements done in a bulk Cr203
(0001) plane that has the c-axis perpendicular to the device plane. The 5nm of platinum
on the top surface acts as a conducting surface. The measured device is a microwire of
about 10 um wide on the pizza device. Figure 5.11 is the picture of the device that is ready
to be measured. The device sits with its face facing the top of the coplanar waveguide
central conducting channel. Silver paint is used to extend the wirebonding pads from the
device to the other side as in Figure 5.11. The copper wire connects the silver paint to
low frequency circuitry in the probing insert. The magnetic field is applied along the c-axis

of the device. We excite the magnon modes inductively, and detect the signal simulta-
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Figure 5.11: Image of the pizza device ready for MR-AFMR measurement. Bulk
Cr203/Pt with out-of-plane c-axis pizza device sits with its face down on coplanar waveg-
uide of the PPMS insert. Silver paint is used to extend the wirebonding pads from the
device. The copper wire connects the silver paint to low frequency circuitry in the insert.

neously using microwave transmission and magnetoresistive detection techniques. For the
microwave transmission, the resonance mode is directly observed using the microwave diode
that converts the microwave signal into directly measurable voltage signal. For the magne-
toresistive detection, the resistance oscillations couple with the probing direct current, and
the photo-resistance voltage is measured directly with lockin amplifier.

Figure 5.12 is the result of inductive and magnetoresistive measurement. The
measurement is done at 1.5 mA direct current at 50 K. The microwave frequency is 11 GHz
and the microwave power is 20 dBm nominal at the source. We sweep the magnetic field from

0 Tesla to 9 Tesla initially to locate the narrow range of fields where interesting physics is
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observed, and continue the experimental measurements in the narrow region of interest. We
observe two resonance signals for both transmission and magnetoresistance measurements.
The left signal is the low-frequency excitation mode, i.e. left hand mode (LHM). The LHM
signal amplitude in the magnetoresitive xy channel is about 6 nV, which is extremely small.
The right side signal is Goldstone-like mode, with a comparable magnitude. The Goldstone
mode is visible at a relatively low microwave frequency range. The Goldstone mode may
have originated because of the misalignment between the external magnetic field and the
c-axis (which is inevitable in experiment), and the anisotropy within the basal plane of

Cr203.

Temperature dependence of resonance signal for out-of-plane c-axis

The microwave transmission method of detecting the resonance signal was done
for the purpose of comparison to conclude that the signal obtained with magneto-resistive
technique is indeed an anti-ferromagnetic resonance signal. The results corroborate that
the signals were consistent in both techniques.

Now, we would like to do further analysis of the signal as a function of temperature.
The magnetic field is applied perpendicular to the device plane. We use the microwave of
15 GHz at 19dBm nominal power at the source. A finite direct current of 1.5 mA is applied
through the wirebonding pads on the pizza device. We look at the temperature dependence
of the MR-AFMR resonance signal on the longitudinal (xx) channel in Figure 5.13 (a),
and transverse (xy) channel in Figure 5.13 (b). xx channel is along the probing current,

and xy is transverse to the probing current. We observe that the amplitude falls as we go

57



(2)

0.26 —

- Inductive AFMR
Z 11GHz, 50 K, 1.5mA, 20dBm
g
a

0>° 0.2595 |- /4 \

Left hand mode | Goldstone mode
(b) 4 6
MR-AFMR

3425

z |
2
>
342
B 1 I L I L
Magnetic field (T)

Figure 5.12: Antiferromagnetic resonance signal of a bulk Cr203/Pt microstructure device
of dimension 10 ym X 200 pm with the out-of-plane c-axis. The resonance signal is measured
at microwave current of 11 GHz with 20 dBm nominal power at the source, and 1.5 mA direct
current. The measurement is carried out at 50 K. (a) Microwave transmission detection of
AFMR signal. (b) Magnetoresistive detection of AFMR signal of transverse (xy) channel.

higher in temperature. Both of the channels have excitation amplitude maximized at low
temperature. xx channel signal falls steeply after 150 K. xy channel signal falls immediately
at around 10 K and show a consistently falling thereof, which is similar to the one performed
on the previous studies of Cr203 [100]. The resonance signal amplitude in xx is about 0.5 uV
at 10 K and that in xy is about 0.05 4V at 10 K which is about an order of magnitude smaller
than xx. The typical decrease of any signal to charge conversion has been also been observed

in the previous study [100].
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Figure 5.13: The temperature dependence of magnetoresistive antiferromagnetic res-
onance (MR-AFMR) signal of bulk Cr203/Pt microstructure device of dimension
10 pm X 200 pm in the out-of-plane c-axis device. The measurement parameters are 15 GHz
at 20 dBm nominal source power microwave current and 1.5mA direct current. (a) MR-
AFMR signal vs temperature in the longitudinal (xx) channel. The microwave current

flows through the xx channel. (b) MR-AFMR signal vs temperature in the transverse (xy)
channel.

5.6.2 MR-AFMR on the in-plane configuration

In this section, I present the results of the measurements performed in a bulk
Cr203 (11-20) plane that has the c-axis within the device plane. The 5nm of platinum
on the top surface acts as a conducting material. The device measured is about 10 ym
wide on the pizza-like device. The device sits with its face facing the top of the coplanar
waveguide central conducting channel. Silver paint is used to extend the wirebonding pads
from the device to the other side as in Figure 5.11. The copper wire connects the silver
paint to low frequency circuitry in the probing insert. The magnetic field is applied along
the c-axis of the device. We excite the magnon modes inductively, and do the simulataneous
detection of transmission and magnetoresistive signals. For the magnetoresistive detection,

we detect the signal on both the longitudinal (xx) channel and transverse (xy) channel,
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Figure 5.14: Antiferromagnetic resonance signal of a bulk Cr203 /Pt microstructure device
of dimension 10 pgm X 200 pm with the in-plane c-axis. The external magnetic field is applied
along the c-axis. The resonance signal is measured at microwave current of 15 GHz with
20 dBm nominal power at the source, and 1.5 mA direct current. The measurement is carried
out at 50K. (a) Microwave transmission detection of AFMR signal. (b) Magnetoresistive
detection of AFMR signal in the longitudinal (xx) channel. The microwave current flows
through the xx channel. (c¢) Magnetoresistive detection of AFMR signal in the transverse
(xy) channel.

with xx channel along the probing direct current. The signals are collected with the lock-in
amplifier.

Figure 5.14 is the result of inductive and magnetoresistive measurements. The
measurement is done at a direct current of 1.5mA at 50 K. The microwave frequency used
is 15 GHz at 19 dBm nominal power at the source. We sweep the magnetic field from 0 Tesla

to 9 Tesla initially to locate the narrow range of fields where interesting physics is observed,
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and continue the experimental measurements in the narrow region of interest. We observe
the two resonance signals. The signals are strong for both transmission and magneto-
resistance. The left signal is low frequency excitation or left handed mode (LHM) and the
right signal is Goldstone-like mode. The LHM signal in the transmission is about 1mV,
in the xy channel is about 10 4V, and in the xx channel is about 6 V. The Goldstone-like
mode signal amplitude in the transmission is about 0.4 mV, in the xy channel is about is

about 2.3 4V, and in the xx channel is about 1.2 uV.

Temperature and microwave power dependence of the resonance signal

We are able to detect the magnetoresistive signals on both xx and xy channels.
Now we would like to do further analysis of the signal as a function of the temperature and
also the microwave power.

We look at amplitude of the antiferromagnetic resonance signal on the xx chan-
nel and xy channel. XX channel is the one along the probing current, and xy is the one
transverse to the probing current. The magnetic field is within the device plane along the
c-axis. We use the microwave of 15 GHz at 19 dBm nominal power at the source and a direct
current of 1.5mA. In Figure 5.15, we make a plot of amplitude of the MR-AFMR, signal
with varying microwave power on the left and temperature on the right. For the microwave
power dependence, the power plotted on the x-axis is the calculated power in milliWatt
at the coplanar waveguide. We observe that the amplitude grows linearly with microwave
power. There is no non-linear behavior visible until 2 mW power, except some noisy be-
havior at very low power. This is expected because the signal to noise ratio is extremely

low at very low power. Furthermore, for the temperature dependence, we observe that the
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amplitude of the signal falls as we go higher in temperature. We can clearly see that the
excitation amplitude is maximal at low temperature on both the xx and xy channels. This
temperature dependence profile is consistent with observations made in the out-of-plane

configuration, and the previously done studies [88, 100].
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Figure 5.15: The dependence of magnetoresistive antiferromagnetic resonance (MR-
AFMR) signal of bulk Cr203/Pt microstructure device of dimension 10 gm X 200 ym in
the in-plane c-axis device. The external magnetic field is applied along the c-axis. The
microwave current flows along the longitudinal (xx) channel. The xy is the transverse chan-
nel. (a) MR-AFMR signal amplitude of both xx and xy channels vs microwave power at
the coplanar waveguide. Measured at 15 GHz, 1.5mA DC and 50K. (b) MR-AFMR signal

amplitude of both xx and xy channels with varying temperature. Measured at 15 GHz,
10 dBm at source, and 1.5 mA direct current.

5.6.3 MR-AFMR conclusion and moving forward

We have successfully measured the antiferromagnetic resonance using magnetore-
sistive detection technique in bulk Cr203 and 5nm Pt microstructure devices in both in-
plane and out-of-plane c-axis of the crystal orientations. This is an important milestone

to achieve. As opposed to inductive or spin pumping, magnetoresistive detection is inde-
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pendent of the device size, so the proof of concept that the signal is detected using MR
technique strengthens the possibilities to detect the resonance signal at nano-scale device
using spin torque excitation technique. It helped us pave the path towards antiferromagnet
based spintronic devices at nanoscale. The next section discusses the spin torque antiferro-

magnetic resonances.

5.7 Spin torque antiferromagnetic resonance (ST-AFMR)

After the successful detection of antiferromagnetic resonance using magnetore-
sistive detection technique, I present the experiment performed to study the resonances in
antiferromagnet with a thin layer of non-magnetic heavy metal in a nano and microscale de-
vices due to the spin torque excitation [101, 102] and magneto-resistive detection technique
as mentioned in section 5.4. I evaluate the resonance behavior as a function of microwave
power, DC current, temperature, and crystallographic orientations. For the in-plane con-
figuration, as a part of detailed analysis of the origin of the resonance signal, I perform
the angular dependence measurements of the signal. In addition, I analyze the spin-flop
transition amplitudes as a function of DC current density, microwave power, temperatures,

and angles between the microwave current and the external field.

5.7.1 ST-AFMR in a nano-cross device, out-of-plane Cr203/Pt

In this section, I present my experimental results of the spin torque induced anti-
ferromagnetic resonance in the bulk Cr203 (0001) plane that has the c-axis perpendicular

to the device plane. The 5nm of platinum on the top surface acts as a conducting sur-
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Figure 5.16: Image of the bulk Cr203/Pt nano-cross device sitting on the sample holder.
The device is wirebonded and ready for ST-AFMR measurement.

face. I prepared the device that is a nano-cross of dimension 200nm X 10 ym. Figure 5.16
is an image of the nano-cross device that is wirebonded and ready to be measured. The
device with the microwave current is longitudinal (xx) channel, and the transverse device
is xy channel. T would like to mention that the transverse channel has microwave detec-
tion region of 200nm X 200 nm area. We apply the magnetic field along the c-axis that is
perpendicular to the device plane. We excite the magnon modes[103] by spin torque and
Oersted field. We do simultaneous detection of the resonance signals on both xx and xy
channels. The resonantly precessing spin wave modes in the antiferromagnetic layer induce
the resistance oscillations in the non-magnetic layer. These resistance oscillations couple
with the microwave current, and generate the rectified voltage signal. The signal is then

feed into the low frequency signal pre-amplifier; the pre-amplified signal is measured with
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Figure 5.17: The ST-AFMR signal of a bulk Cr203/Pt nanocross device of dimension
200nm X 10 um in the out-of-plane c-axis device. The resonance signal is measured at
microwave current of 25 GHz with 20dBm nominal power at the source, 1.2mA direct
current. The measurement is carried out at 50 K. (a) Resonance signal amplitude of channel
xx. This is also the longitudinal channel where microwave current flows. (b) Resonance
signal amplitude of channel xy. This is the transverse channel in the nanocross device.

the lock-in amplifier. The pulsed microwave modulation frequency of 400 Hz square wave
is used as a reference frequency for the lock-in amplifier.

The measurement is performed at a direct current of 1.2mA at 50 K. The mi-
crowave frequency is 25 GHz and the microwave power is 20 dBm nominal at the source.
We sweep the magnetic field from 0 Tesla to 9 Tesla initially to locate the narrow range of
fields where interesting physics is observed, and continue the experimental measurements in

the narrow region of interest. Figure 5.17 (a) and (b) are the plots of the ST-AFMR mea-
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Figure 5.18: The frequency vs resonant field plot for longitudinal channel on a bulk
Cr203/Pt nanocross device of dimension 200 nm X 10 ym in the out-of-plane c-axis device.
The resonance signal is measured at 20dBm nominal power at the source, 1.2mA direct
current. The measurement is carried out at 50 K.

surements for longitudinal (xx) and transverse (xy) channels respectively. The resonance
signals are observed on both xx and xy channels. The xx channel has the active detection re-
gion of 200 nm X 10 um, and xy channel has the active detection region of 200 nm X 200 nm.
xx channel resonance signal amplitude is about 2 4V, and xy channel signal amplitude is
about 1 uV. The observed resonances on both xx and xy channels are left-handed mode.
This can be confirmed by looking at the frequency vs resonant field plot in Figure 5.18,
which is plotted for the xx channel. Figure 5.18 correlates to the left-handed antiferromag-
netic resonance modes that I presented in Figures 5.1 and 5.2. We also observe the spin
flop at around 6 T. The spin flop jump voltage is about 4 1V in the xx channel, and about

2 14V in the xy channel.
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Microwave power, temperature, and direct current dependence of the ST-

AFMR signal, out-of-plane nano-cross Cr203/Pt device
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Figure 5.19: The dependence of ST-AFMR signal of bulk Cr203/Pt nanocross device of
dimension 200 nm X 10 um out-of-plane c-axis with: (a) Resonance signal amplitude with
microwave power at the device. Measured at 25 GHz, 1.2mA DC and 50 K. (b) Resonance
signal amplitude with varying temperature. Measured at 25 GHz, 10dBm at source, and
1.2mA DC. (c) Resonance signal amplitude with varying direct current density. Measured
at 25 GHz, 10 dBm at source, and 50 K.

We are able to detect the ST-AFMR signal on a nanodevice. Now I further analyze
the signal as a function of the microwave power, temperature, and direct current.

We look at amplitude of the antiferromagnetic resonance signal on the xx channel.

XX channel is the one along the microwave current. The external magnetic field is applied
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along the c-axis and perpendicular to the device plane. We use the microwave of 25 GHz at
19 dBm nominal power at the source and a direct current of 1.2mA. Figure 5.19 (a,b,c) shows
the plot for the ST-AFMR signal strength with varying microwave power at the device,
temperature, and direct current density respectively. For the microwave power dependence,
the power plotted on the x-axis is the calculated power in microWatt at the device. We
observe that the symmetric component signal is small. For anti-symmetric component,
the signal grows linearly with power. There is no non-linear behavior visible until 1.5 yW
power; after this the non-linear effect may have come into effect. This can be expected
as the heating effect from the microwave power become more prominent at higher power.
For the temperature dependence, we observe that the signal for anti-symmetric component
falls as we go higher in temperature. The amplitude is maximal at low temperature; the
signal becomes very weak above 150 K. The symmetric component of the signal is small.
For the direct current density dependence, we observe the signal for both anti-symmetric
and symmetric component. The anti-symmetric component signal amplitude is stronger.
The signal shows a linear behavior in the beginning, and it shows some non linear effect at
higher current density. The non linear effect may have originated from the heating by the
current. We also perform the measurement with negative current. The data is similar to

the positive current.
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Figure 5.20: The dependence of spin flop voltage signal of bulk Cr203/Pt nanocross
device of dimension 200 nm X 10 um in the out-of-plane c-axis device: (a) spin flop voltage
signal amplitude with microwave power at the device. Measured at 25 GHz, 1.2mA DC
and 50K, and (b) spin flop voltage signal amplitude with varying temperature. Measured
at 25 GHz, 10dBm at source, and 1.2mA DC.

AFMR Spin-Flop signal analysis

If we look at the ST-AFMR signal in figure 5.17, we see a substantial amount of
spin flop transition voltage. I would like to present some analysis of the spin flop voltage
signal as a function of microwave power at the device, and temperature.

Figure 5.20 shows the amplitude of the spin flop for the xx channel with varying
the microwave power at the device (left) and temperature (right). For the microwave power
dependence, the power plotted on the x-axis is the calculated power in microWatt. We
observe that the amplitude of the spin flop signal grows linearly with power. For the
temperature dependence, we observe that the signal falls as we go higher in temeprature.
The amplitude is maximum at low temperature; the signal becomes very weak at around

150 K.
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Resistance and magnetoresistance of a nanodevice

I measure the resistance of a nanowire at 200 K. Figure 5.21 (a) is a plot of resis-
tance vs probing current density. The measurements are taken in the presence of various
external magnetic fields. A field at -4 T is below the spin flop region, and -9 T is above
the spin flop region. I have also performed the measurements for negative current. The

resistance and current dependence is consistent and show no abnormalities.
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Figure 5.21: (a) Electrical resistance vs current density of a nanocross device measured
at 200 K. The measurement is done at positive and negative current at -4'T, and only at
positive current at -9T. A field at -4 T is below the spin flop and a field at -9 T is above

the spin flop. (b) Magnetoresistance measurement of a nanocross device measured at 50 K.
1mA direct current is used.

I also perform the magnetoresistance measurement of the nanowire at 1 mA direct
current at 50 K. The measurement is done in the absence of microwave current. I vary
the magnetic field at the rate of 100 Oe/sec from +9T to -9T and measure the electrical

resistance. Figure 5.21 (b) is the spectrum of the magnetoresistance. The spectrum shows
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asymmetric behavior between the spin flop at the positive and negative field. This may be

due to misalignment of the c-axis & external magnetic field, and some surface effects.

5.7.2 ST-AFMR in a microwire, Cr203/Pt

Figure 5.22: Microstructure wire (pizza-like device) of Cr203/Pt in-plane c-axis configu-
ration ready for ST-AFMR measurements.

In the previous section, I presented the results of the ST-AFMR in a nanocross
device. In this section, I would like to perform the detailed analysis of the spin torque
induced resonances [101, 102] and present my experimental finding for the measurements
carried out in the pizza-like microstructure (10 um X 200 pum) device. For this experiment,
I use the bulk Cr203 (11-20) that has c-axis on the plane of the device. Figure 5.22 shows
the photograph of the device. The device with the microwave current is xx channel, and the
transverse device is the xy channel. The external magnetic field is applied along the c-axis in

the device plane. The magnon modes are excited by spin torque and Oersted field. The spin
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waves in the antiferromagnetic layer induce the resistance oscillations in the non-magnetic
layer. This resistance oscillations couple with the microwave current and generates rectified
voltage signal. The signal is then fed into the low frequency signal pre-amplifier; the pre-
amplified signal is measured with the lock-in amplifier. The pulsed microwave modulation

frequency of 400 Hz square wave is used as a reference frequency for the lock-in amplifier.
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Figure 5.23: The ST-AFMR signal of a bulk Cr203/Pt microstructure pizza-like device
of dimension 10 pm X 200 gm in the in-plane c-axis device, with external magnetic field
along the c-axis. The resonance signal is measured at microwave current of 22 GHz with
19 dBm nominal power at the source, and 7.0 mA direct current. The measurement is carried
out at 50 K. The angle between the c-axis and the microwave current flow (xx) channel is

235degree. (a) Resonance signal amplitude of channel xx. (b) Frequency vs resonant field
relation plot for the left handed mode.

Figure 5.23 (a) is a plot for a single ST-AFMR measurement spectrum for the
xx channel. The measurement is performed at a direct current of 7.0mA at 50 K. The
microwave frequency used is 22 GHz with 19 dBm nominal value of microwave power at the
source. The magnetic field is swept from 0T to 9T initially to locate the narrow range of

fields where interesting physics is observed, and continue the experimental measurements
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in the narrow region of interest. We observe the resonance signal by varying the external
magnetic field. The resonance signal observed is clearly visible with an amplitude of about
6 4V. The resonance field is around 5T. We also observe the spin flop region slightly above
6 T. The spin flop amplitude is about 3.7 uV. Figure 5.23 (b) is the frequency vs magnetic
field plot for the ST-AFMR measurements. We can compare Figure 5.23 (b) with Figure

5.2 and confirm that the resonance mode is a left handed mode.
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Figure 5.24: The ST-AFMR signal of a bulk Cr203/Pt microstructure pizza-like device of
dimension 10 pm X 200 pm in the in-plane c-axis device. The resonance signal is measured
at microwave current of 22 GHz with 19 dBm nominal power at the source, and -4.0 mA
direct current. The measurement is carried out at 10 K. The angle between the c-axis and
the microwave current flow (xx) channel is 101 degree. xy is the transverse channel (a) ST-
AFMR signal amplitude of xy channel at negative field. (b) ST-AFMR signal amplitude of
xy channel at positive field. (¢) ST-AFMR signal amplitude of xx channel at negative field.
(d) ST-AFMR signal amplitude of xx channel at positive field.

Figure 5.24 show the plots of ST-AFMR measurements taken for xx and xy chan-
nels for both polarities of external magnetic field at -4mA direct current at 10 K. The
resonance signals are clearly visible in both xx and xy channels for both field polarities.
The resonance signal amplitude in xy channel for both field polarities is very small; the

resonance signal amplitude in xx channel for both field polarities is about 1.5 uV. We also
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Figure 5.25: The ST-AFMR signal of a bulk Cr203/Pt microstructure pizza-like device of
dimension 10 gm X 200 gm in the in-plane c-axis device. The resonance signal is measured
at microwave current of 22 GHz with 19dBm nominal power at the source, and 4.0 mA
direct current. The measurement is carried out at 10 K. The angle between the c-axis and
the microwave current flow (xx) channel is 101 degree. xy is the transverse channel (a) ST-
AFMR signal amplitude of xy channel at negative field. (b) ST-AFMR signal amplitude of
xy channel at positive field. (¢) ST-AFMR signal amplitude of xx channel at negative field.
(d) ST-AFMR signal amplitude of xx channel at positive field.

observe a big dip around spin-flop region. As we go higher in temperature, the dip disap-
pears and it becomes just a steep fall without the dip, like in Figure 5.23 (a).

Figure 5.25 shows the plots of ST-AFMR. measurements taken for xx and xy chan-
nels for both polarities of external magnetic field at 4 mA direct current at 10 K. The

resonance signals are clearly visible in both xx and xy channels for both field polarities.
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The resonance signal amplitude in xy channel for both field polarities is very small. Com-
paring the resonances in Figures 5.24 and 5.25, the signal strengths are very similar in both
cases. The xx-channel signal retains its sign under reversing the magnetic field polarity,
and changes the sign under reversing the direct current polarity. However, the xy-channel
signal retains its sign under reversing the direct current polarity, and changes the sign under

reversing magnetic field polarity.
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Figure 5.26: The ST-AFMR signal of a bulk Cr203/Pt microstructure pizza-like device of
dimension 10 pm X 200 pm in the in-plane c-axis device at zero direct current, and 22 GHz
with 19 dBm microwave current. The measurement is carried out at 10 K. The angle between
the c-axis and the microwave current flow (xx) channel is 101 degree. xy is the transverse
channel (a) ST-AFMR signal amplitude of transverse (xy) channel at negative field. (b)
ST-AFMR signal amplitude of longitudinal (xx) channel at negative field.

76



Figure 5.26 shows the plots of ST-AFMR signal at zero direct current. When we
use direct current, our signals have the contribution from both photo-voltage and photo-
resistance effect. The zero direct current would only have the rectification effect. We observe
the signal from rectification on both channels: xx and xy. The signals are visible; however,
the resonance signal amplitudes are in the range of nanovolts. I will talk more about the
photo-voltage and photo-resistance contributions during the angular dependence analysis

of the resonances.

Direct current density, microwave power, and temperature dependence of the

ST-AFMR signal, in-plane c-axis microwire

We are able to detect the ST-AFMR signal on a microstructure device with in-
plane c-axis. We have the f-H plot and the single spectrum plot for both xx and xy channels
at both polarities of the fields. Now I present further analysis of the resonance signal as
a function of the direct current density, microwave power and temperature. The analysis
is performed only on the longitudinal (xx) channel. The microwave current of 22 GHz
at 19dBm nominal power at the source is supplied along the xx channel. The external
magnetic field is applied along the c-axis within the device plane.

In Figure 5.27: (a) is the plot of the resonance signal amplitude vs current den-
sity, (b) is the plot of resonance signal amplitude vs resonant field, and (c) is the plot of
the resonance signal amplitude vs fine step current density. We observe the resonance sig-

nals for both symmetric and anti-symmetric component with varying current density. The
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Figure 5.27: The current density dependence of ST-AFMR signal of bulk Cr203/Pt
microstructure pizza-like device of dimension 10 ym X 200 ym in the in-plane c-axis device.
The microwave current of 25 GHz with 19 dBm nominal power at the source flows through
longitudinal (xx) channel. The angle between the xx channel and the c-axis is -33 degree.
The measurement is carried out at 50 K. (a) Symmetric and anti-symmetric resonance signal
amplitude with varying current density. (b) Resonance field with varying current density.
(¢) Symmetric and anti-symmetric resonance signal amplitude with varying direct current
density with the current density values taken between the first and second point of figure
a.

anti-symmetric component signals show some fluctuations and irregularities. The symmet-
ric component signals have no irregular patterns; they show linear behavior until about
300 A/m?2. After this some non-linear effect starts to appear. Figure 5.27 (c) is a fine step
measurement of the ST-AFMR, signal with current dependence. We observe a linear depen-

dence for both symmetric and anti-symmetric component signals. Figure 5.27 (b) represents
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Figure 5.28: The plot shows the symmetric and anti-symmetric resonance signal amplitude
with varying microwave power at the device in a bulk Cr203/Pt microstructure pizza-like
device of dimension 10 ym X 200 um with in-plane c-axis. The direct current of 4 mA and
microwave current of 25 GHz flow through longitudinal (xx) channel. The angle between
the xx channel and the c-axis is 213 degree. The measurement is carried out at 50 K.

the relation of the resonant field as a function of the applied current density. The applied
current induces the heat on the surface and thus affects the resonant field non-linearly after
a certain threshold current density.

Figure 5.28 is a plot for ST-AFMR signal with varying microwave power at a direct
current of 4mA. The power plotted on the x-axis is a calculated power at the device. We
observe that the amplitude for both anti-symmetric and symmetric component of the signal

grows linearly with power. There is no non-linear behavior visible for both components.
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Figure 5.29: The plot shows the absolute values of symmetric and anti-symmetric reso-
nance signal amplitude with varying temperature in a bulk Cr203 /Pt microstructure pizza-
like device of dimension 10 pm X 200 gm with in-plane c-axis. The direct current of 4mA
and microwave current of 25 GHz at 19dBm nominal power at the source flow through
longitudinal (xx) channel. The angle between xx channel and the c-axis is 55 degree. The
measurement is carried out at 50 K.

Figure 5.29 is a plot for the temperature dependence of the absolute value of the
ST-AFMR signals when the angle between the c-axis and the microwave current direction
is b5 degree. We observe that the signal for anti-symmetric component is lower than the
symmetric component. The signal amplitude is high at very low temperature; then we
observe a dip in the signal. At around 200 K the signal picks up the maximum value before
the amplitude starts to fall with a very high slope. The temperature dependence reflects a

behavior with double peak.



AFMR Spin-Flop transition analysis, in-plane c-axis microwire
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Figure 5.30: The dependence of spin flop signal amplitude of bulk Cr203/Pt microstruc-
ture pizza-like device of dimension 10 pum X 200 um with in-plane c-axis. The microwave
current of 25 GHz flows through longitudinal (xx) channel. The angle between xx channel
and c-axis is 55 degree. (a) Spin flop signal amplitude with varying temperature. The direct
current of 7mA flows in the xx channel along with microwave current. (b) Spin flop signal
amplitude with varying microwave power at the device at 50 K. The direct current of 7mA
flows in the xx channel. (c¢) Spin flop signal amplitude with varying current density at 50 K.

If we look at the ST-AFMR signal in Figure 5.23, we see a substantial amount
of spin flop transition voltage. I would like to present the analysis of the spin flop voltage

signals as a function of temperature, microwave power at the device, and direct current

density.
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Figure 5.30 shows the amplitude of the spin flop for the xx channel with varying
temperature (a), the microwave power at the device (b) and direct current density (c). For
the temperature dependence, we observe that the signal falls as we go higher in temperature.
The spin flop signal amplitude is about 4 pV at 10 K. The amplitude is maximum at low
temperature; the signal become very weak at around 100K and stays low thereafter. For
the microwave power dependence, the power plotted on the x-axis is the calculated power
in milliWatt. We observe that the amplitude of the spin flop signal grows linearly with
power, and the signal doesn’t show any non-linear behavior. For the direct current density
dependence, the spin flop voltage signal grows linearly with the current strength, and the

signal doesn’t show any nonlinear behavior that may originate from the heating effect.

Resistance and magnetoresistance measurements

Initially, I started out by measuring the electrical resistance of the microwire device
as a function of applied direct current at 50 K. I also measured the electrical resistance as
a function of temperature at 7mA applied direct current. The resistance measured showed
no abnormal behavior.

Then I proceed to perform the magneto-resistance measurements. The magnetic
field is swept from -9 Tesla to +9 Tesla, and the electrical resistance of the microwire device is
measured using the nano-voltmeter as a function of the applied external magnetic field. The
measurement is carried out at 10 mA direct current at 50 K in the absence of the microwave
current. The result is plotted in Figure 5.31 (a). We observe the peak at the spin flop

transition field on both polarities of the magnetic field. Peaks at both field polarities look
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Figure 5.31: Magnetoresistance measurement of a bulk Cr203/Pt microstructure pizza-
like device of dimension 10 pum X 200 yum with in-plane c-axis. The direct current flows
through the longitudinal (xx) channel. The angle between the xx channel and the c-axis
is 235 degree. The measurement is carried out at 50 K. (a) Resistance vs magnetic field
without the microwave current. The direct current of 10mA is used. (b) Resistance vs
magnetic field with the microwave current of 25 GHz and 19dBm nominal power at the
source. The direct current of 7mA is used.

similar in behavior. The resistance level on different field polarities is slightly off. This
may be coming from the device not being thermally stable. Waiting for longer time before
starting the measurement might circumvent this issue.

I also perform the magnetoresistance measurement in the presence of the mi-
crowave current. The magnetic field is swept in a small region of field from +4.5T to

+7.5T, and the resistance is measured with the nano-voltmeter. The measurement is car-
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ried out at 7mA direct current, 25 GHz microwave current, and 19 dBm microwave nominal
power at the source at 50 K. In Figure 5.31 (b), we observe the peak at the spin flop transi-
tion. The spin flop behavior looks similar in both cases of with and without the microwave
current. The left handed anti-ferromagnetic resonance peak is also observed at around 5.4 T

in the presence of microwave current.

Angular dependence analysis and discussion of the photo-voltage and photo-

resistance contribution

In this section, I present the experimental results performed in a microstructure
wire of a pizza-device to study the spin torque antiferromagnetic resonance (ST-AFMR)
signal as a function of the angle between the c-axis and the direction of the microwave cur-
rent flow. The microwave current flows on the Pt layer that sits on the top of Cr203. This
microwave current excites the magnon modes resonantly in the underlying Cr203 by spin
torque and Oersted field. Experimental operating parameters are microwave frequency of
25 GHz, nominal power at the source of 19dBm, temperature of 50 K, and a direct current
of 4mA. The external magnetic field is applied along the c-axis in the device plane. The res-
onance signal is pre-amplified before being collected with a lock-in amplifier. Figure 5.32 is
the symmetric and anti-symmetric component of the ST-AFMR signal plotted with respect
to the angle between c-axis (also the external magnetic field) and the direction of microwave
current flow. The Oersted field contribution is the least when the microwave current flows
perpendicular to the external magnetic field because the Oersted field oscillation is parallel

to the external magnetic field. We observe that the signal amplitude is non-zero at around
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Figure 5.32: The plot shows the angular dependence of ST-AFMR signal of a bulk
Cr203/Pt microstructure pizza-like device of dimension 10 gm X 200 um with in-plane c-
axis. The direct current of 4 mA, and microwave current of 25 GHz with 19 dBm nominal
power at the source flow through the longitudinal (xx) channel of the device. The x-axis is
the angle between xx channel and the c-axis. The measurement is carried out at 50 K.

90 degree. This may mean that the resonance signal has a non-zero contribution from the
spin torque excitation.

By means of angular dependence measurement, I plan to differentiate the photo-
voltage and photo-resistance contributions in the resonant signal. For each angle, I perform
the direct current dependence measurement; I plot the resonance signal strength vs the
applied direct current, and I fit the data with a straight line. From fitting, I extrapolate

a slope and an intercept values. I repeat the measurements at different angles and collect
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Figure 5.33: The angular dependence of the slope and intercept of ST-AFMR signal of
a bulk Cr203/Pt microstructure pizza-like device of dimension 10 pm X 200 ym with in-
plane c-axis at 50 K. The microwave current of 25 GHz with 19 dBm nominal power at the
source flows through the longitudinal (xx) channel of the device. The angle on the x-axis
of the plot is the angle between xx channel and the c-axis. At each angle, the current
dependence measurement is performed. The ST-AFMR signal from the current dependence
is plotted against each other and fitted with a straight line to extrapolate the values of the
slope (6Viiope) and the intercept (6Viptercept). (a) The slope (6Viiope) vs angle between the
microwave current flow (xx) channel and the c-axis. (b) The intercept (6Vintercept) Vs angle
between the microwave current flow (xx) channel and the c-axis.

the values of slope and intercept. In Figure 5.33, I plot dVope and 0 Vingercept Versus angle
between the c-axis and the microwave current direction. The slope indicated the photo-
resistance contribution, illustrating its linear relationship with DC current. Conversely, the

intercept revealed the photo-voltage contribution, with a non-zero value indicating rectifi-
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cation effects in the signal. The observed angular dependence highlighted the presence of
rectification effects across various angles.

The angular dependence results (Figures 5.32 and 5.33) exhibit complex behavior.
After each measurement at a specific angle, the sample was removed from the system, re-
wire-bonded at a different angle, and then reinserted into the PPMS system. This process
inevitably introduced misalignment between the crystal’s c-axis and the external magnetic
field. Such systematic errors have contributed to the observed complexity in the angular
behavior, however, the overall trend remains clear — the spin waves are excited at angles
with prohibitively small Oersted field contribution, thus necessitating the presence of spin

torque.

Magnetostriction in Cr203: Discussion

The magnetostriction effect in Cr203 has been highlighted by Prof. Jing Shi. The
deformation happens at the spin-flop field of about 6 Tesla and doesn’t change above and
below the spin flop field. The deformation along the axis parallel to c-axis is 2.8 X 107°,
and along the axis perpendicular to the c-axis is —0.4 x 107°. The relative volume change
is 2 x 1075 [104].

In the spin flop jump, two oppositely oriented spins suddenly undergo a phase
transition such that both the spins cant almost 90 degree from the c-axis. These two
spins, however, are still facing away from each other. In Figure 5.23 (a), the spin flop
jump may have been affected by the magnetostrictive effect. However, our ST-AFMR
signal is the left hand mode that has the resonant field below the spin flop field. This

resonantly excited mode precesses at a very small angle, perhaps 1 or 2 degree, which is
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much less compared to the spin flop transition angle of about 90 degree. So, we could say
that the magnetostriction has no or very minimal contribution (if any) for the left hand
mode resonance signal. Besides, the resistance change by the deformation length of 0.28
micrometer only changes the resistance or voltage at less than a microvolt range. Our signal

strength is stronger and in the range of 5-10 microvolt.

5.7.3 ST-AFMR in a microwire, Fe203 /Pt

After exploring the spin dynamics in Cr203, we move our way towards Fe203.
Fe203, commonly known as hematite, behaves as an antiferromagnet below the Néel tem-
perature of around 950 K [105, 106]. In this section, I present the ST-AFMR experiments
and results performed on Fe203 crystal with a thin layer of Platinum on the surface. Fe203
has no magnetostriction effect, so it would be a good comparison to observe the qualitative
differences and similarities in the signals between Fe203 and Cr203. But first I would like

to start with the fabrication process of the device.

Fabrication of Fe203 /Pt microwire

The device for this experiment and study was fabricated and provided by Prof.
Jing Shi’s group. The following steps were used to prepare the device:

Sputter deposition: 5nm of Pt film was deposited on top of the bulk Fe203.
The film was deposited at room temperature using the magnetron sputtering with 4 mTorr
of Ar gas pressure and 1077 Torr of system base pressure. The deposition rate of Pt was

0.36 A /sec at 18 Watts DC power.
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Photo-lithography: The photolithography was performed after completing the
standard cleaning procedure of the substrate. The substrate was pre-baked on the hotplate
for 2minutes at 110°C to remove any organic solvent residues. The negative photoresist
s-5214 was applied and spin coated at the rate of 4000 rpm for 45seconds to receive a
thickness of 1.3 um. Then the resist was soft baked for 1 minute at 115°C.

An optical mask was used to pattern the design. The mask was aligned with the
substrate. The patterns were exposed for 10 seconds with "normal exposure" under the UV
light. The substrate was baked again for 10 minutes at 110°C. Then the substrate were
exposed for 3minutes with "flood type exposure" under the UV light. The s-5214 resist
becomes insoluble in the developer after exposure. The developing was done using AZ300
developer for 60 seconds.

Etching: After defining the patterns, the sample was ethched using the induc-
tively coupled plasma universal etching system with vacuum load lock. Chlorine based gas
was used for etching thin Pt metal. The 300 Watt RF system produces a high density, low-
pressure, low energy inductively coupled plasma. The total time for etching was around

30 sec.

Measurements and results

In this section, I present the experimental results of the anti-ferromagnetic reso-
nance measurements performed in the bulk Fe203 (10-10) plane that has the c-axis in the
device plane. The 5nm thin layer of Pt is fabricated on top of Fe203. The measured device
is a Hall bar of dimension 250 yum X 2mm. As discussed in section 5.4.3, I perform the

measurements of the antiferromagnetic resonance by spin torque excitation and magnetore-
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sistance detection technique. The device with the microwave current is our longitudinal
(xx) channel, and the transverse device is the xy channel.

Case I: Microwave current is parallel to external magnetic field and the
c-axis of the device
A schematic of the device with wiring and axes is presented in Figure 5.34 (a). We send the
microwave current through the channel that is parallel to the c-axis. External magnetic field
is applied along the c-axis that is within the device plane. The magnon modes are resonantly
excited by spin torque and Oersted field. The resonantly precessing spin wave modes in the
antiferromagnetic layer induce the resistance oscillations in the non magnetic layer. The
resistance oscillations couple with the microwave current and generate the rectified voltage
signal. The signal is then feed into a low frequency signal pre-amplifier; the pre-amplified
signal is measured with lock-in amplifier. Pulsed microwave modulation frequency of 400 Hz
square wave is used as a reference frequency for the lock-in amplifier.

The microwave frequency of 19 GHz is used with 19dBm nominal power at the
source. The measurement is carried out at a direct current of 3.5 mA at 50 K. The magnetic
field is swept from 4.5 T to 7.5 T. Figure 5.34 (c) and (d) are the plots of the ST-AFMR
measurements for the xx, and xy channels respectively. The resonance signal is observed on
both xx and xy channels. The xy channel resonance signal is very weak. The xx channel
resonance signal is clearly visible with the signal amplitude of about 0.1 £V. The resonance
field observed for 19 GHz is about 5.5T. We also observe the spin flop around 7T. The

spin flop jump voltage strength in the xx channel is about 0.6 V. Figure 5.34 (b) shows
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Figure 5.34: Case I: The microwave current of 19 GHz with 19 dBm nominal power at the
source and direct current of 3.5 mA flow through longitudinal (xx) channel. The xx channel
is parallel to the c-axis of the Fe203/Pt device. The magnetic field is applied parallel to the
c-axis. The device is a Hall bar of dimension 250 ym X 2mm. (a) Schematic of the Hall bar
device and the electrical wiring. (b) Frequency vs resonant field plot of the resonance signal
of the device. (c¢) Resonance signal amplitude of the transverse (xy) channel. (d) Resonance
signal amplitude of the longitudinal (xx) channel.

the driving microwave frequency vs external magnetic field relation. This plot is consistent

with the expected frequency vs magnetic field relation established in prior studies [107].
Case II: Microwave current is perpendicular to the external magnetic

field and c-axis of the device

The schematic of the device with the wiring and the axes is presented in Figure 5.35 (a).

We send the microwave current through the xx channel that is transverse to the c-axis. The
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magnetic field is still applied along the c-axis. The magnon modes are resonantly excited

by spin torque and Oersted field.
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Figure 5.35: Case II: The microwave current of 19 GHz with 19 dBm nominal power at the
source and direct current of 3.5 mA flow through longitudinal (xx) channel. The xx channel
is perpendicular to the c-axis of the Fe203 /Pt device. The magnetic field is applied parallel
to the c-axis. The device is a Hall bar of dimension 250 ym X 2mm. (a) Schematic of the
Hall bar device and the electrical wiring. (b) Resonance signal amplitude of the transverse
(xy) channel. (c) Resonance signal amplitude of the longitudinal (xx) channel.

In case II, the experimental parameters used are still the same as in case I: direct
current of 3.5mA, microwave current of 19 GHz at 19 dBm nominal power at the source, the
temperature of 50 K, and 400 Hz microwave pulse modulation. The signal is collected with

the lock-in amplifier. The field sweep region is 4.5 T to 7.5 T. Figure 5.35 (b) and (c) are the
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plots of the ST-AFMR measurements for both xx and xy channels. The resonance signal is
observed on both xx and xy channels. The xy channel resonance signal is very weak. The
xx channel resonance signal is clearly visible with the signal amplitude of about 0.2 uV. The

spin flop is also observed at around 7'T. The spin flop jump voltage strength is about 0.5 uV'.

Discussion:
We are able to detect the resonance signal in Fe203/Pt device on both the cases: microwave
current parallel to the c-axis and microwave current perpendicular to the c-axis. The mea-
surement parameters used on both cases are same. The microwave current perpendicular
to the c-axis has a better signal strength than the parallel case. When the microwave is
supplied perpendicular to the c-axis (also perpendicular to the external field direction), it
generates oscillating Oersted field that is parallel to the external magnetic field. When the
high frequency (Oersted) field and external magnetic field are parallel we have the least
contribution from the inductive excitation. However, we have the stronger signal strength
when microwave is perpendicular to the c-axis. This may mean that the observed resonance

signal have more contribution from the spin torque excitation than the Oersted excitation.

5.8 Summary and outlook

Following the popularity of antiferromagnets because of their robustness to ex-
ternal magnetic perturbation and high excitation frequency range, we pursue the study
of coherent spin dynamics in the antiferromagnetic system and pave the way toward the

applications of antiferromagnet based spintronic device at the nanoscale.
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We start with the magnetoresistive detection of the antiferromagnetic resonance
in the bulk Cr203 and 5nm Pt microstructure devices in both in-plane and out-of-plane c-
axis of the crystal orientations. After the successful detection of the AFMR signal using the
magnetoresitive technique, we move our way toward the ST-AFMR at the nanoscale. We
design and fabricate the nanodevice. We detect the ST-AFMR signal in the nanoscale device
with the c-axis out-of-plane. The detected signal is clearly visible. Signals are present on
both the xx (longitudinal) and xy (transverse) channels. For the purpose of detailed study,
we fabricate the pizza structure device on the in-plane c-axis Cr203 crystal. We perform
the angular dependence measurement, and we also perform the current dependence for each
angle. This helped us discern the photo-voltage and photo-resistance contributions present
in the signals.

We also do the ST-AFMR measurement in bulk Fe203 and 5 nm of Pt microstruc-
ture device with the in-plane c-axis. We observe the signal for both the xx (longitudinal)
and xy (transverse) channels. Although the xy channel signal is weak, the xx channel signal
is clearly visible. We found that the microwave current perpendicular to the c-axis has
stronger signal than microwave current parallel to the c-axis. This may have suggested
that the resonance signal may have been dominated by spin torque excitation rather than

Oersted excitation.
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Chapter 6

Development and adaptation of
planar micro-resonator to boost
inductive detection of

antiferromagnetic spin dynamics

6.1 Motivation and introduction

The previous chapter demonstrates that we were able to achieve the milestone
of electrical detection of antiferromagnetic resonance on laterally confined structures down
to the nanoscale limit. The electrical detection method makes it possible to detect spin
fluctuations in antiferromagnets independent of their thickness. Thus, electrical detection

method applies to both thin films, and bulk crystals shown in the previous chapter, which
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can be considered quasi-infinite in the vertical direction. Antiferromagnetic resonance in
films has remained a significant challenge and hurdle to overcome for the advancement of
the antiferromagnetic spintronics [108, 109]. Inductive measurements of AFMR on thin
films are principally difficult since they require a substantial dynamics magnetic moment
of the sample, which antiferromagnets generally lack. Moreover, antiferromagnetic thin
films show complex, yet to be understood, structure-magnetism correlations that are likely
to negatively affect our ability to detect and utilize antiferromagnetic resonance — that
is until the structure-magnetism issues are resolved. While we commence our efforts to
exploit electrical detection of AFMR in antiferromagnetic structures confined in all three
dimensions — to ultimately work with a (quasi-) discrete AFM spin wave spectrum and to
be able to inject substantial spin current densities — in parallel, another approach is needed
that would significantly increase inductive detection capabilities.

Such an approach involves planar microwave micro-resonators[110, 111], which
offer nearly ultimate detection sensitivity for micro- and nano-structures and should al-
low to compensate for antiferromagnet’s low dynamics magnetic moment. Such resonators,
as I will show, require multi-step device fabrication and a lot of effort. However, once
proven successful, this approach offers big advantages[112, 113]. Primarily, micro- and
nano-structures antiferromagnetic structures could be used with a secure inductive detec-
tive feedback and excitation technique. At the same time, the implementation of planar
resonators allows for concurrent electrical detection and spin-current biasing of the sam-
ple. Moreover, implementation of planar resonator would potentially allow for exploration

of possibilities for coupling of antiferromagnetic magnons with quantum-electrodynamics
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circuits (cQED) for further translation of antiferromagnetic spintronics into the realm of
hybrid quantum systems [114, 115].

We plan to use omega shaped planar micro-resonator with AFM micro-structure
integrated on the resonator to increase the inductive detection capabilities. The measure-
ment setting will also be optimized for electrical detection and spin current biasing with
the electric circuitry fabricated within the substrate with the Cr203 micro-structure. If
successful, we plan to use the large critical field superconducting material as a planar res-
onator with smaller dimensions AFM integrated together to explore the cavitronic effects
of coupling/hybridization of magnons to resonator photons. But, first I will talk about the

multi-step fabrication procedure.

6.2 Device and micro-resonator fabrication

This section talks about fabrication and preparation of the device and the omega

shaped micro-resonator.

6.2.1 Device fabrication

Our choice of the device is a microstructure of Cr203 with a thin layer (5 nm) of Pt
on the top. The device is fabricated using focused ion beam (FIB) system by our collaborator
at Helmholtz-Zentrum Dresden-Rossendorf (HZDR) research laboratory in Germany .

A scanning electron microscopy is used to locate the specific site in the specimen
for extraction. The identified site is precisely milled with a FIB system, and then extracted

from the region with a micro-manipulator. The removed crystal part is transferred onto
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the sapphire substrate. Figure 6.1 (a) is the optical microscopy image of the Cr203 crystal
used for the sample extraction. Figure 6.1 (b) is the scanning electron microscopy image of

the extracted sample after being transferred to the sapphire substrate.

Figure 6.1: (a) The optical microscopy image of the Cr203 crystal. (b) The scanning
electron microscopy image of the extracted piece.

6.2.2 Omega shaped planar micro-resonator fabrication

I fabricate the normal metal omega shaped planar micro-resonator on the m-plane
(10-10) sapphire crystal substrate. The following procedures were followed:

Photomask: The photomask with omega pattern was designed and commercially
fabricated. Figure 6.2 is the schematic of the omega resonator. The omega (2) shaped region
is the active part. The active element is a micro coil that generates a strong and localized
magnetic fields. A microscale or even nanoscale sample placed 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 micro-resonator changes.
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Figure 6.2: Schematic of the omega shaped planar microwave micro-resonator. The num-
bers represent the length in the units of micrometer.

Photolithography: The photolithography was performed after the standard
cleaning procedure of the substrate with acetone, isopropanol, and DI-water. The sub-
strate was pre-baked on the hot plate for 2min at 180°C. I applied the s-1813 positive
photoresist on the substrate and spin coated at the rate of 4000 rpm for 45 sec to obtain the
thickness of about 1.3 um. After spin coating, the resist was soft baked for 1 min at 115°C.

The negative mask was used. The patterns were exposed for 12sec with "flood-
type exposure" under the UV light. The s-1813 resist become soluble in the developer. The
developing was done using the MIF-319 developer for 60 sec.

E-beam evaporation: The metallization of the resonator was done using e-beam
evaporators of the Temescal BJD system with the system base pressure of about 2.6 X
1076 Torr. Three layers of metals were deposited. The first layer contains Titanium (Ti)

of 5nm thickness, and acts as an adhesion layer for the next layer which is copper (Cu).
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The copper was deposited around 400 nm in thickness. The capping layer of Gold (Au) was
deposited to prevent the underlying layers from oxidation.

Lift off: The remaining resists and residues were cleaned using acetone.

6.2.3 Superconducting omega shaped planar micro-resonator fabrication

Figure 6.3: Scanning electron microscopy image of YBCO film. Image on the left is face 1
of the film and image on the right is face 2 of the film.

Alongside the normal metal planar micro-resonator, I also fabricate the supercon-
ducting planar micro-resonator for future use.

The resonant excitation of Cr203 spin dynamics at lower frequencies occurs at
high magnetic field. So, micro-resonator fabricated from superconducting material must
retain superconductivity at high field. Therefore, our choice of superconducting material
is Yttrium Barium Copper Oxide (YBCO) because of its very high upper critical field of
about 100 T. YBCO also has a critical temperature of around 88 K [116], which is above the
boiling temperature of liquid nitrogen; thus, allowing a plenty of usefulness to the science

research.
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Figure 6.4: Optical microscopy image of superconducting omega shaped planar micro-
resonator. The shiny region is the superconducting region that is sitting on sapphire (10-10)
substrate.

YBCO/Au is sourced from Ceraco. Figure 6.3 is the scanning electron miscroscopy
image of the YBCO film. It is polished on both sides. The film is on 10 mm X 10 mm Al203
wafer with a thickness of 0.5 mm. The sapphire substrate is m-plane (10-10). The thickness
of YBCO film is 330 nm with 50 nm Au layer on top.

We carried out following steps to prepare the final resonator from YBCO/Au film:

Photolithography: The photolithography was performed like the one for normal
metal planar resonator as we discussed above.

Etching: After the photolithography, the sample was ion-milled to etch the metal.
Then the residue were cleaned with acetone. Figure 6.4 is the optical image of the super-

conducting omega shaped planar micro-resonator.
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Figure 6.5: Measurement setup to characterize the eigen-frequency of omega shaped planar
micro-resonator.

6.3 Eigen-frequency characterization of micro-resonator

After the device is fabricated, I perform the eigen-frequency characterization of
the micro-resonator using the setup as shown in Figure 6.5. A microwave signal is sent
through a directional coupler into the micro-resonator. The signal is partially reflected and
diverted via the directional coupler into a microwave diode. The reflected signal magnitude
is minimized when the microwave frequency matches the eigen-frequency of the omega
resonator. The measurement was performed at room temperature (around 293 K) and low
temperature (30K). In Figure 6.6, it is observed that the eigen frequency is 5.84 GHz at
30K, and 5.80 GHz at room temperature. The frequency shift between low temperature

and room temperature is very small.

6.4 Integration of Cr203/Pt device with planar micro-resonator

Now that we have characterized the planar resonator, we would like to integrate

the resonator and the device to make it ready for microwave spectroscopy measurements.
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micro-resonator. (a) Measurement done at 30 K. (b) Measurement done at 293 K.

The integration of Cr203/Pt device on the non-superconducting planar resonator has been
a very challenging task. The micro-structure of Cr203 is on one substrate and the planar
resonator is on the other. The micro-structure needs to perfectly sit on the micro-coil in the
resonator to feel the maximum strength of the high-frequency magnetic field. We flip one of
the substrate over and position the Cr203 device and micro-coil located in the resonator.
This procedure is carried out under the optical microscope. After trying for hours and

multiple failed attempts, we finally were able to align the device and the micro-coil as

shown in Figure 6.7.

6.5 Microwave spectroscopy: Results and discussion

Figure 6.8 is the integrated device of planar resonator and Cr203 that is ready
to be measured. We perform microwave spectroscopy measurements at 30 K. We drive

the external frequency of 5.86 GHz using the microwave source generator, microwave cable
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Figure 6.7: Optical microscopy image of Cr203 micro-structure device integrated on the
micro-coil of the non-superconducting omega-shaped planar micro resonator.

Figure 6.8: Integrated Cr203/Pt micro-structure device and non-superconducting omega-
shaped planar micro-resonator sitting on a sample holder and ready for microwave spec-
troscopy measurement. The copper wire on the top is for electrical detection and spin
biasing purpose.
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and the coplanar waveguide assembly. The coplanar waveguide is electrically connected to
the omega shaped planar micro-resonator. The microwave traveling in the planar micro-
resonator creates the Oersted field encircling the propagation direction of the wave. The
Oersted field excites the spins in Cr203. This resonance excitation leads to resistance
oscillations due to the magnetoresistance effect that is detected via lock-in amplifier. The
lock-in amplifier is referenced with the internal square wave of 400 Hz microwave pulse
modulation frequency.

We sweep the magnetic field from 4.5T to 7.5T in both forward and reverse
directions. Figure 6.9 below is the result of the microwave spectroscopy performed at
5.86 GHz and 100 times spectral averaged data for the forward (from 4.5T to 7.5T) and
reverse (from 7.5T to 4.5T) directions. The resonance signal is not clearly visible. It is
expected to be in between 5T to 6 T at 30K based on the frequency vs magnetic field
relation from the experiment performed in Cr203 in the previous chapter. However, the
hysteretic behavior is realized as we sweep the fields in different direction. Figure 6.10 is
the corresponding Cr203/Pt microwave spectroscopy measurement for 7 GHz performed at
50 K for the broadband coplanar waveguide where we have observed only a slight hysteretic
behavior.

Comparing the results in both cases: with the omega shaped planar micro-resonator
and broadband coplanar resonator; the resonance signal is almost invisible in both cases.
The misalignment in the c-axis and the external magnetic field direction leads to a very

weak or no signal at lower frequencies zone. However, in both cases the hysteretic be-
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Figure 6.9: Microwave spectroscopy measurement of Cr203/Pt on a omega shaped planar
micro-resonator performed at 30 K. The red curve is the data when the magnetic field is
swept from 4.5'T to 7.5T. The blue curve is the data when the magnetic field is swept from

75T to4.5T.

havior is present. The hysteretic behavior of the omega shaped planar micro-resonator is

substantially larger versus the broadband coplanar resonator.

6.6 Summary and outlook

Antiferromagnetic dynamics on thin films is more difficult compared to the bulk
dynamics. As a parallel approach to increase the inductive detection capabilities for an-
tiferromagnetic materials, we performed a preliminary study in the omega shaped planar

micro-resonator.
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Figure 6.10: Microwave spectroscopy measurement of Cr203/Pt on a broadband coplanar
waveguide (CPW) resonator performed at 50 K. The red curve is the data when the magnetic

field is swept from 4.5T to 7.5T. The blue curve is the data when the magnetic field is
swept from 7.5T to 4.5T.

We successfully fabricated the Cr203 micro-structure onto the sapphire substrate
using the focused ion beam technique. We also implemented the electrical circuitry for
electrical detection and spin biasing. We fabricated micro-resonator device using photo-
lithography. We had to put an immense effort in order to align and integrate the micro-
structure Cr203 device onto the micro-resonator chip.

After successfully integrating the device and the resonator, we performed the mi-
crowave spectroscopy. The results from our microwave spectroscopy show some hysteretic
behavior, but the resonance signal is not visible. Perhaps the signal is very weak. As per
Cr203 frequency vs magnetic field results in the previous chapter, the resonance signal mag-

nitude is much stronger and clearly visible in the frequency range of 19-25 GHz. We need
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to fabricate the omega shaped planar micro-resonator that has eigen frequency in the above
range such that the possibility of seeing the resonance signal in Cr203 increases. Upon suc-
cessfully validating the proof of concept of integrated micro-structure antiferromagnet and
omega shaped planar micro-resonator, we plan to use the superconducting planar resonator

as the next step.
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Chapter 7

Conclusion

In this dissertation, energy efficiency has been explored in ferromagnetic system.
The established techniques and knowledge of ferromagnetic system are extended to antifer-
romagnetic systems.

Our research examined two magnet hybrid nano-structures, uncovering intricate
interfacial coupling resulting in weakly hybridized magnon modes. We observed auto-
oscillation phenomena in configurations where Nickel magnetization was oblique and YIG
magnetization nearly saturated in the out-of-plane setting. We concluded that the auto-
oscillation observed is driven mainly by spin Seebeck effect. Furthermore, a pronounced
nonlinear frequency shift of auto-oscillation near zero field was observed that might hold a
significance for potential applications in neuromorphic systems.

Due to resilience to external magnetic perturbations and high excitation frequency
range, we dive deeper into studying the coherent spin dynamics within antiferromagnetic

systems by utilizing the pre-established techniques and knowledge from ferromagnetic sys-
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tems. Beginning with magnetoresistive detection of antiferromagnetic resonance (AFMR)
in bulk Cr203 and Pt microstructure devices, we progressed to nanoscale systems. These
efforts resulted in a successful electrical detection of antiferromagnetic resonance signals in
nanocross device of size 200nm X 200nm. We also analyzed and explored the resonance
signals at various angles between the microwave current flow and the c-axis of the device.
Additionally, our exploration extended to bulk Fe203. We found that the microwave cur-
rent perpendicular to the c-axis of the device has stronger signal than microwave current
parallel to the c-axis. This may have suggested that the resonance signal may have been
dominated by spin torque excitation rather than inductive or Oersted excitation.
Recognizing the challenges inherent in studying antiferromagnetic dynamics in
thin films, we proposed an alternative detection methods, including an omega-shaped pla-
nar micro-resonator. Despite successful fabrication and integration efforts, microwave spec-
troscopy results showed limited visibility of resonance signals, possibly due to signal weak-
ness. To address this, future endeavors will focus on optimizing resonator design to enhance
signal detection, ultimately aiming to validate the integration of micro-structure antiferro-

magnets with planar resonators for advanced applications.
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