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Abstract

Spin-torque and spin Hall nano-oscillators are nanoscale devices (about 100 nm)
capable of producing tunable broadband high-frequency microwave signals ranging
from 0.1 GHz to over 65 GHz that several research groups trying to reach up to
200 - 300 GHz. Their development is ongoing for applications in high-frequency
nanoelectronic devices and systems, such as mobile phones, wireless networks, base
stations, vehicle radars and even medical applications.

This thesis covers a wide range of characterizations of spin-torque and spin
Hall nano-oscillator devices that aim to investigate their current and magnetic field
dependency, as well as to suggest improvements in these devices to optimize their
application in spintronics and magnonics. The work is primarily based on experi-
mental methods for characterizing these devices by building up new measurement
systems, but it also includes numerical and micromagnetic simulations.

Experimental techniques: In order to characterize the fabricated nanodevices
in a detailed and accurate manner through their electrical and microwave responses,
new measurement systems capable of full 3D control over the external magnetic
fields will be described. In addition, a new method of probing an operational device
using magnetic force microscopy (MFM) will be presented.

Spin-torque nano-oscillators: We will describe remarkable improvements
in the performance of spin-torque nano-oscillators (STNOs) that enhance their
integration capability with applications in microwave systems. In nanocontact (NC-)
STNOs made from a conventional spin-valve stack, though with thicker bottom
electrodes, it is found the auto-oscillations can be excited with higher frequencies at
lower threshold currents, and with higher output powers. We also find that this idea
is useful for tuning spin-wave resonance and also controlling the thermal budget.
Furthermore, a detailed study of magnetic droplet solitons and spin-wave dynamics
in NC-STNOs will be described. Finally, we demonstrate ultra-high frequency
tunability in low-current STNOs based on perpendicular magnetic tunnel junctions
(p-MTJs).

Spin Hall nano-oscillators: Characterizations of spin Hall nano-oscillator
(SHNO) devices based on different structures and materials with both conventional
and novel methods will be described. A detailed study of the current, temperature,
and magnetic field profiles of nanogap SHNOs will be presented. In addition, we
show the current and magnetic field dependence of nanoconstriction-based SHNOs.
Moreover, it is shown that multiple SHNOs can be serially synchronized, thereby
increasing their output power and enhancing the usage of these devices in appli-
cations such as neuromorphic computing. We show synchronization of multiple
nanoconstriction SHNOs in the presence of a low in-plane magnetic field. Finally,
there is a demonstration of the results of a novel method for probing an operational
SHNO using MFM.



Keywords: nanoelectronics, spintronics, nanomagnetism, ferromagnetic
materials, microwave oscillators, magnetization dynamics, spin waves,
giant magneto-resistance, spin Hall effect, spin-torque nano-oscillators,
spin Hall nano-oscillators, numerical modeling, electrical characteriza-
tion, microwave characterization, magnetic force microscopy.



Sammanfattning

Spinntroniska oscillatorer dr ca 100 nm stora nano-komponenter som kan generera
avstamningsbara mikrovagssignaler over ett mycket stort frekvensomrade. Frekven-
somradet stricker sig i dagslaget fran 0,1 GHz till 6ver 65 GHz och flera forskn-
ingsgrupper forsoker att nd upp till 200-300 GHz. De spinntroniska oscillatorerna
baseras pa en effekt som kallas spinnvridmoment och de foérsta oscillatorerna kallades
dérfor spinnvridmomentsnano-oscillatorer (eng. spin torque nano-oscillators) som
vanligtvis forkortas STNO:er. De senaste aren har man dven anviant den s.k. spinn-
Hall-effekten och oscillatorer baserade pa detta forkortas darfor SHNO:er. Bada
sorternas oscillatorer 4r under kraftig utveckling for att kunna anvindas inom olika
hogfrekvenstillimpningar som t.ex. mobiltelefon, tradlosa natverk, basstationer,
fordonsradar och dven medicinska tillampningar.

Denna avhandling técker ett brett spektrum av olika métningar pa STNO:er och
SHNO:er for att bestimma deras strom- och magnetfiltsberoenden samt foresla for-
béttringar av deras design for att anvinda dem inom spinntronik och magnonik.
Arbetet bygger i forsta hand pa experimentella metoder for att utveckla nya mét-
system, men det innehaller ocksa numeriska och mikromagnetiska simuleringar.

Experimentella tekniker: For att kunna gora detaljerade och noggranna
métningar, som funktion av strém genom komponenten samt magnetfilt runt kom-
ponenten, har tva nya méatuppstallningar utvecklats, bada med malet att enkelt
kunna variera styrka och riktning pa det magnetiska filtet i tre dimensioner.
Dessutom presenteras en ny metod for att studera komponenterna med s.k. mag-
netkraftsmikroskopi (MFM).

STNO:er: Avhandlingen presenterar visentliga forbattringar av prestanda hos
STNO:er genom att 6ka tjockleken pa det understa metall-lager som hela STNO:n
ar uppbyggd pa. I sidana forbattrade STNO:er kan mikrovagssignaler med hogre
frekvens, hogre uteffekt, och lagre troskelstrom realiseras. Dessutom far kompo-
nenterna béattre virmeledningsférmaga sa att de kan klara hogre drivstrommar.
Vidare beskrivs en detaljerad studie av magnetdroppsolitoner och spinnvagsdynamik
i STNO:er. Slutligen beskrivs en ultrahog frekvensavstdmbarhet i STNO:er baserade
pa magnetiska tunnlingselement med s.k. vinkelrat anisotropi.

SHNO:er: Avhandlingen beskriver ocksd métningar pa SHNO:er baserade
pé olika strukturer och material, studerade med bade konventionella och nya metoder.
En detaljerad studie av temperatur och magnetfiltsprofiler i s.k. nano-gap-SHNO:er
presenteras. Dessutom presenterar avhandlingen detaljerade studier av magnet-
faltsberoendet hos s.k. nano-fortrangnings-SHNO:er. Vidare har det visat sig att
flera sadana SHNO:er kan synkroniseras seriellt och darigenom fa en kraftigt 6kad
uteffekt. Detta mojliggor i forlangningen ocksa s.k. neuromorfiska berdkningar.
Avhandlingen visar att en kedja av sadana SHNO:er ocksa kan synkroniseras dven
vid ldga magnetfilt. Slutligen beskrivs de férsta métningarna pa SHNO:er med
hjalp av MFM.
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Chapter 1

Introduction

Nanoscale magnetic materials have attracted considerable attention in recent decades
in terms of novel magnetic structures [1], nanocomposite magnets [2], spintronic
devices [3, 4], domain-structure and domain-wall motion for applications in recording
devices [5], microelectromechanical systems (MEMS) [6], telecommunications [7],
and the aerospace industry [8], as well as biosensors [9, 10], energy applications [11],
and more recently neuromorphic computing [12].

Specifically, the utilization of the spin degree of freedom and the discovery
of spin-transfer torque [13] have revolutionized nanoelectronic systems based on
spintronic devices [14]. The origin of spintronics lies in giant magnetoresistance
(GMR), which Albert Fert and Peter Griinberg separately discovered in 1988 in
ferromagnetic (FM)-nonmagnetic (NM) metallic multilayers [15, 16] and for which
they jointly won the 2007 Nobel Prize in Physics [17, 18].

Spintronics components are now the basis of all magnetic hard disk drives, where
they implement high-performance nonvolatile magnetic random access memory
(MRAM) [5, 19, 20]. Moreover, microwave spintronics has the potential to transform
the design of high-frequency microwave systems [21] and it shows great promise
for magnetic field sensors [22] and as an enabler of spin-wave logic devices as an
alternative to today’s transistor-based computer logic [23, 24]. It also has potential
to contribute to microwave-band wireless communication—for example, 4G mobile
phones currently utilize frequencies up to 2 GHz, and 5G technology is being designed
to use frequencies up to 100 GHz [25].

Spin-torque and spin Hall nano-oscillators [26, 27, 28, 29, 30] are two examples of
nanosized spintronic devices that can generate GHz microwave frequencies and are
highly promising for a variety of applications. Spin-torque nano-oscillators (STNOs)
are CMOS-integrable [31, 32, 33] and have highly tunable frequencies for applications
in microwave technology [34], where strong frequency dependence on a magnetic
field is an advantage. This makes the technology an excellent candidate for the the
next generation of magnetic field sensors [22].
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In STNOs, spin-transfer torque (STT) [35, 36, 37] from a direct spin-polarized
current drives and controls the auto-oscillation of the local free-layer magnetization
which, through its oscillating magnetoresistance, transforms the direct current into
a tunable microwave voltage. Recent investigations have shown that the spin Hall
effect (SHE) in a nonmagnetic film with a strong spin-orbit interaction (e.g., Pt and
W) [38, 39, 40] can induce pure spin currents that may be used to exert enough STT
onto an adjacent ferromagnetic thin film to drive the spin-wave auto-oscillations.
This is the basis of SHNO device functionality.

Thesis Outline

The aim of this thesis is to develop spintronic devices for use in real applications as
signal generators and sensors in nanoelectronic circuits and computing devices. A
wide range of characterizations of spin-torque and spin Hall nano-oscillator devices is
performed in order to investigate their current and magnetic field dependencies and
to propose improvements for optimizing the applicability of nano-oscillator devices
in spintronics [14] and magnonics [41]. The work is primarily based on experimental
methods of characterizing the developed devices by building new measurement
systems, but also includes numerical and micromagnetic simulations in order to
gain a better understanding of the operational mechanisms of the devices and to
confirm the experimental results. The main material of the thesis is presented in
three chapters:

1. Fabrication and Experimental Techniques:

This chapter has 2 sections:

i) Fabrication processes: the process of fabricating the spin-torque and spin Hall
nano-oscillator devices is briefly described.

ii) Measurement techniques: After fabrication, all the devices were characterized
by their electrical and microwave responses in an external magnetic field under the
application of dc and microwave currents. Since anisotropic magnetic materials and
the spin-torque effect are angle dependent, studying magnetic films and devices for
room temperature applications requires the use of a probe station equipped with
high-frequency tools capable of changing the magnetic field’s direction with respect
to the sample plane. This chapter presents the general methodology followed in
characterizing the devices and introduces two new measurement systems that allow
full 3D control of the external magnetic field. In addition, a new method of probing
an operational nanodevice using magnetic force microscopy (MFM) is presented.

2. Spin-Torque Nano-Oscillators:

In this chapter, remarkable improvements in the performance of spin-torque nano-
oscillators (STNOs) are described, with the support of experimental results and
simulations. The auto-oscillation dynamic properties of nanocontact spin-torque
nano-oscillators (NC-STNOs) constructed from a conventional spin-valve stack—
though with thicker bottom electrodes—are described, and auto-oscillations with
higher frequencies at lower threshold currents and higher output powers are demon-
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strated. Further, it is shown that using a thicker copper layer for the bottom electrode
is useful in tuning the spin-wave resonance and controlling the thermal budget in
NC-STNOs. Further, we present two types of NC-STNO in oblique magnetic fields
with detailed studies characterizing their high-frequency responses, as well as their
magnetic droplet solitons and spin-wave dynamics. Finally, we introduce a low-
current STNO based on perpendicular magnetic tunnel junctions (p-MTJs) with
ultrahigh frequency tunability.

3. Spin Hall Nano-Oscillators:

This chapter describes the characterizations of spin Hall nano-oscillator (SHNO)
devices based on different structures and materials, using conventional and novel
methods. A detailed study of current and induced magnetic field, as well as the
temperature profiles of nanogap SHNOs, are presented. This is be followed by
descriptions of the dependencies on current and in-plane magnetic fields of nanocon-
striction spin Hall nano-oscillators based on NiFe/Pt and NiFe/W. It has been
shown that multiple SHNOs can be serially synchronized, thereby increasing their
output power and enhancing the value of these devices in applications. Here we
show the dependency of synchronization in multiple of nanoconstriction SHNOs on
a low in-plane magnetic field. Finally, we present the results of a novel method of
probing an operational nanoconstriction-based SHNO using MFM.






Chapter 2

Theoretical Background

2.1 Magnetism and Magnetic Materials

Applied physics aims to use and study basic materials for a range of different
purposes, such as semiconductor physics, optics, photonics, and quantum physics,
with the aim of developing advanced microelectronic and nanoelectronic devices and
systems, including data communications systems, memory systems, sensor systems,
optical and electro-optical systems, and power supplies. In particular, to develop
rapid memory systems, wireless communications, and sensitive sensors, spintronics
is being used to design nanoelectronic components based on the the magnetic prop-
erties of materials. Magnetic random access memory (MRAMSs), signal generators,
and magnetic sensors are among the most significant devices based on spintronics.

Magnetic materials are the basis of all spintronics devices. Spin is an exclusively
quantum mechanical phenomenon carried by elementary particles as an intrinsic
form of angular momentum [42]. Various situations are found in atoms: in most, the
electrons occur in pairs with opposite spins, which give rise to mutually canceling
magnetic fields. On the other hand, some materials—the ferromagnetic materials
such as‘ nickel, cobalt, and iron—have unpaired electrons that generate a net mag-
netic field and which significantly respond to external magnetic fields. On the other
hand, as a result of the Zeeman effect, ferromagnetic materials have a spin split
density of state which causes spin polarization in electrons [43]. As a result, current
flowing through these materials becomes spin polarized.

Ferromagnetic materials possess an intrinsic resonance mechanism, called ferro-
magnetic resonance (FMR) [44]. The actual FMR frequency depends on the material,
and typically lies in the microwave regime, ranging from a few GHz to tens of GHz.
By exciting and driving the FMR by applying an external magnetic field and sending
an electric current through the material, the spin-transfer torque effect will drive
the oscillation [13].
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The output electrical oscillations arise from the giant magnetoresistance effect
(GMR), for which the Nobel Prize in Physics was awarded in 2007 [15, 16]. Based on
physical phenomena such as GMR, the spin Hall effect (SHE) [45, 46], spin-transfer
torque (STT)[35, 36, 37], and tunneling magnetoresistance (TMR) [47, 48], various
magnetodynamical mechanisms can be excited in magnetic thin films and devices
using dc electrical currents. For example, since the late 1990s, improvements in
the GMR and TMR effects have driven the development of hard disks, which now
employ GMR-based and TMR-based sensor heads to read the weak magnetic fields
of magnetic domains pointing either up or down, representing stored zeros and ones.

2.2 Anisotropic Magnetoresistance

In ferromagnetic materials, the dependence of electric resistance on the orientation
of the current flow with respect to the magnetization direction is called anisotropic
magnetoresistance (AMR) [49]. This angular dependency of resistance is described
by:

p=p.+(p|=p.) cos’d (2.1)

where p, and p, represent the resistivity of the ferromagnet when current flow and
magnetization direction are in the perpendicular and parallel states, respectively,
and @ is an arbitrary angle between these two. AMR arises as the effect of both
spin-orbit coupling and the magnetization on the charge carriers.

2.3 Giant Magnetoresistance

Giant magnetoresistance (GMR), which was discovered in magnetic multilayers by
Albert Fert and Peter Griinberg (for which they jointly won the Physics Nobel
Prize in 2007 [15, 16]), refers to the variation in resistance of ferromagnetic (FM)-
nonmagnetic (NM) metallic multilayers. Fert and Griinberg showed that, in a
multilayer structure consisting of magnetic and metallic thin films (their study used
Fe and Cr layers), the resistance depends on the magnetization orientation of the
magnetic layers. This leads to low resistance for parallel and high resistance for
antiparallel ferromagnetic layers (Figure 2.1) [50].

In addition, the magnetoresistance (MR) ratio quantifies GMR effect:

_Rap-Rp

MR
Rp

(2.2)

Here R 2 p is the resistance in the antiparallel structure and Rp is the resistance
in the parallel structure. For spintronics applications, a high value of GMR ration is
required. In these structures (Figure 2.1), we can have two situations describing the
flow of current:
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Figure 2.1: Schematic of the basic GMR concept. Overall resistance is high when
the directions of the magnetic layers are in antiparallel alignment; resistance is low
when they are in parallel alignment.

1. Current in plane (CIP), where the current flows parallel to the layers;

2. Current perpendicular to plane (CPP), where the current flows perpendicularly
to the magnetic layers, increases scattering events and thus the MR ratio.

To achieve the spin-transfer torque effect which will be described later, a high
spin-polarized current is required. This can be achieved in CPP structures by
fabricating specific geometries like nanopillar or nanocontact.

2.4 Tunneling Magnetoresistance

In tunneling magnetoresistance (TMR), the layer structure is similar to that of
GMR, except that the ferromagnetic layers (the reference layer and the free layer)
are separated by an ultrathin insulating layer. In magnetic tunnel junctions (MTJs),
electrons can tunnel through the thin insulating layer, the probability of which
depends on the relative magnetization direction between the two ferromagnetic
layers. Then, as with GMR, resistance is low when the magnetization orientations
of the free and reference layers are parallel, and resistance is high when the layers
are antiparallel to each other. The TMR ratio in a MTJ is defined as:

2P, P
TMR= "2 (2.3)
1-P P
where P; and P, are the spin polarizations of the ferromagnetic layers:
Dy — Dy .
p==1 0 o1 9 (2.4)
DiT + Dil

Here, at the Fermi energy level of the ferromagnet, D;; and D;; are the density
of up-spin and down-spin electrons. In addition, while the GMR ratio is on the order
of a few percent (1%-2%) [51], the TMR ratio may exceed 150% [52, 53].
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2.5 Spin-Transfer Torque

As discussed in the previous sections, structures with antiparallel moments have
higher electrical resistance. In addition, calculations have shown that the spin-
polarized current that flows perpendicular to the plane in these structures can
transfer angular momentum between the layers and thus cause a torque on the
magnetic moments [36, 35, 50].

To experimentally observe this phenomenon, it has proven necessary to use
a soft magnetic material with high spin polarized density. Experiments on the
small scale have shown that, in a structure with the current perpendicular to
plane (CPP), this can be achieved using a thick magnetic layer (fixed layer) to
polarize the current while the other layer is thin (free layer) and causes spin-transfer
effects. These CPP structures are called spin valves (SVs) [54, 55, 13]. Magnetization
dynamics refer to the time evolution of the magnetic properties of the system;
they can help us understand basic phenomena and may also possess industrial
applications. The dynamics of magnetic domains are generally described by the
Landau-Lifshitz—Gilbert (LLG) equation with an additional Slonczewski spin-torque
term (Figure 2.2):

OM SN
—_— = M x H,
5 Y(M x H )

UMV 5 (M x Hoe 2.5
+ MO[MX(MXHCﬁ)] (2.5)

oo !

Here M is the magnetization direction, ﬁcﬁ‘ is the effective magnetic field, and
~v is the gyromagnetic ratio. The first (blue) term is called the Larmor precession
and describes how the direction of magnetization precesses around the effective
magnetic field. Also, « is the Gilbert damping parameter, and the second (red) term
is related to Gilbert damping, which forces the magnetization vector to skew around
the effective field direction. The effective field can described as:

oF

oM’
where E is the sum of all magnetic energies, including the Zeeman, exchange, dipolar,
and spin-orbit energies [56]. The third (green) term in Equation 2.5 represents the
Slonczewski-Berger torque or spin-transfer torque (STT) which describes a current-
induced torque, which is oriented antiparallel to the Gilbert damping, resulting from

Heg = - (26)

the nonparallel alignment of the current polarization P with M. A sufficiently large
antidamping torque from this term, can overcome the natural damping and leads to

—
the steady-state precession of M (oscillation in the ferromagnet).
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Figure 2.2: Illustration of the terms in the Landau-Lifshitz—Gilbert—Slonczewski
(LLGS) equation (Equation 2.5). The first (blue) term corresponds to a circular
precession around ﬁeg, while the second (red) contribution describes Gilbert damping,
which leads to a damped movement around the effective field direction. The third (green)
term is the spin-transfer torque, which can compensate the damping by sufficiently
large spin-polarized currents and causes steady-state precession.

Figure 2.3 shows the most common configuration of the magnetic film stack
of a spin-torque nano-oscillator (STNO) consisting of a fixed ferromagnetic layer,
a nonmagnetic spacer, and a free ferromagnetic layer. In this type of STNO, the
injection of a perpendicular electrical current causes spin torque and then oscillation
in the free layer.

Happlied

applied

NiFe

Cu

Fixed
ferromagnetic
layer

T

Figure 2.3: Schematic representation of a STNO (side view) consisting of a fixed
ferromagnetic layer, a nonmagnetic spacer, and a free ferromagnetic layer.
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2.6 Spin Hall Effect

In 1879, Edwin H. Hall discovered that a potential difference can be generated across
a conductor when it carries a current subject to a transverse magnetic field [57]. This
effect is called the Hall effect, and can be described as the Lorentz force acting on
the moving electrons. Shortly after this discovery, he also found a similar effect in the
ferromagnetic materials, nickel (Ni) and cobalt (Co). He realized that the transverse
voltage depends not only on the magnetic field, but also on the magnetization
direction of the ferromagnetic material. This effect is known as the anomalous Hall
effect (AHE) [58]. The AHE provides direct evidence of spin-dependent forces with
opposite signs to the electrons, which transforms to a charge imbalance on the
sides of the conductor on account of the net spin polarization in the ferromagnetic
material.

The spin Hall effect (SHE) is conceptually similar to the AHE in nonmagnetic
materials. When a current passes through a nonmagnetic material in the SHE, it will
not be polarized, and since there is no spin imbalance in a nonmagnetic material, the
spin-dependent charge separation will not result in a measurable voltage. However,
in nonmagnetic materials, the spin-dependent transverse potential difference leads
to the separation of electrons of opposite polarities towards the opposite edges of
the material without a charge imbalance (Figure 2.4). [59, 60, 38, 61, 62, 63] The
spin Hall angle (SHA), ©gy, quantifies the conversion efficiency between charge
current and pure spin current, and can be calculated based on the following [63]:

s
O'I E
C
IIh

Ogy = (2.7)

where o3, and og, are respectively the transverse spin Hall conductivity and the
longitudinal charge conductivity of the material. The SHA is usually given as a
percentage, and may be either positive or negative. According to its relatively high
SHA with high conductivity, platinum (Pt) is the most commonly used material for
implementing the SHE. [38, 64] However, for a thin-film device with W, the SHA as

high as ©sg=33 % has been reported. [65]
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Figure 2.4: Illustration of spin Hall effect concept.




Chapter 3

Fabrication and Experimental Techniques

3.1 Device Fabrication Process

In this section, the process of fabricating the spin-torque and spin Hall nano-oscillator
devices is briefly described.

Sputter deposition

Sputtering deposition is a technique of forming multilayer magnetic materials using
a sputtering machine. In the present work, an AJA ATC Orion-8 is used, shown in

Figure 3.1: AJA Sputtering Machine at KTH.

11
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Rotational holder

.~ Substrate

Figure 3.2: (a) Inside of the AJA sputtering machine chamber, which has seven guns
that can deposit materials from seven different targets. (b) Schematic of the sputtering
Process.

Figure 3.1. This machine consists of a high vacuum (HV) chamber, equipped with
confocal sputtering guns arranged circularly in the bottom of the vacuum chamber
(Figure 3.2(a)). As illustrated in Figure 3.2(b), the samples are mounted facing down
onto the substrate holder, and to start the process a neutral gas such as argon is
employed to sputter and then deposit very small pieces of the target material onto
the substrate. The position of the targets and their angles, based on the distance
from substrate, as well as the rotation of the substrate, can be selected to deliver a
uniform thickness on a 4" wafer Si substrate or a square piece of sapphire.

To obtain good performance from the spin-torque nano-oscillator (STNO) and
spin Hall nano-oscillator (SHNO) devices described in this thesis, roughness should
be kept to a minimum through a carefully controlled deposition rate. This rate
in turn depends on the calibration of the deposition pressure and on the applied
power, which should be set optimally. The setting details of sputtering process of
fabricated STNO and SHNO devices are e.g. available in Paper III [66] and Paper
IX, respectively.

Magnetometry

Following the sputtering process and fabrication of the magnetic single layer
or multilayer, it is important to determine the magnetic anisotropy of the sample,
before the device fabrication. Since, we need to make sure that the sample stack
has the expected switching mechanism and magnetization reversal of individual
layers and their interactions. One way of this study is magnetometry. In this thesis,
alternating-gradient magnetometer (AGM) shown in Figure 3.3, is used which is
one of the most common magnetometers. This system measures hysteresis loops of
magnetic structures in both in-plane and out-of-plane orientations of the applied
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Figure 3.3: AGM measurement system at KTH with a probe holding a sample to
measure hysteresis loop at the in-plane magnetic fields.

field. For each of these orientations, the AGM has its specific probes which we
employ them.

Etching

Once we have a uniform wafer of a single or multiple layers of the desired
magnetic properties, it is time for the fabrication process. To fabricate electronic
devices, etching is commonly used to form and separate the elements.

In the process of fabrication of our devices, the following two etching techniques
were employed:

1. pure argon sputter etching was used to define the device boundary and to
form the active area.

2. fluorine-based reactive ion etching (RIE) steps were used to produce openings
in the insulation layer.

Lithography

The final phase in the fabrication of the STNOs and SHNOs involves several
lithography steps to define different microsized and nanosized features of our devices.
Electronic devices such as NC-STNOs and SHNOs are fabricated using lithography.
There are different scales involved in these devices, from the nanometer to the
micrometer scale, and multiple lithography steps are thus necessary to produce the
different parts. For example, to fabricate the NC-STNOs presented in this thesis,
five lithography steps were used to fabricate high-quality devices. Depending on
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Figure 3.4: (a) SEM image of a mesa with an EBL-manufactured nanocontact and
two bottom contacts etched in SiO2. (b) SEM image of a fabricated device with GSG
measurement pads.

the size of the feature, two systems were utilized. For manufacturing of resolutions
below 650 nm, an XLS 7500/2145 i-line stepper was employed and for nanosized
features (less than 100 nm), an electron-beam lithography (EBL) system was used
(Figure 3.4(a)). After fabrication of the NC-STNOs, each wafer usually contains 28
dies, each of which has 40 rows and 9 column; each die thus has 360 devices shown
in Figure 3.4(b). [67]

3.2 Measurement Techniques

3.2.1 Spin-Transfer Torque Ferromagnetic Resonance

The term ferromagnetic resonance (FMR) describes the collective movement (pre-
cession) of the magnetization in a ferromagnetic material in the presence of an
external magnetic field. In conventional FMR measurements, a low-amplitude radio

Bias-T
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Figure 3.5: Schematic of the ST-FMR measurement set-up. The microwave source
provides a pulsed output with a modulation frequency of ~ 100 Hz, which is synchronized
to the lock-in amplifier for detecting the resulting dc mixing voltage while the external
field is swept. The illustrated device is a NC-STNO.
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frequency (rf) field is applied to excite the oscillation of the magnetic moment in a
ferromagnetic thin film under the resonance frequency condition of fgelq = fose, which
results in a dramatic reduction in the effective damping. However, in spin-torque
FMR (ST-FMR) [68, 69, 70, 71, 72], a combination of both rf and dc currents is used
to drive the excitations of the magnetic moments, causing the collective precession
of the spins in the free layer of STNO and SHNO devices under an external dc
magnetic field. This collective spin precession results in a time-varying resistance
which, multiplied by the applied microwave current of the same frequency, generates
a dc mixing voltage that can be measured using the ST-FMR measurement set-up
schematically illustrated in Figure 3.5. The magnitude of the output voltage is
typically small (on the order of ©V), so to enhance the signal-to-noise ratio, a lock-in
type measurement is used to modulate the amplitude of the microwave current.

3.2.2 Microwave and DC Measurements

The NC-STNO and SHNO devices are characterized by the electrical microwave
signal generated from the spin-torque-driven precession of magnetization. The result
of this precession is to create a time-varying angle between the bias current and
the magnetization direction of the FM layer, leading to a rapid oscillation of the
device in the GHz range. As shown in Figure 3.6, this output will be experimentally
decoupled from the applied dc current and detected as an ac voltage signal using a
broadband (up to 40 GHz) bias-T in the measurement circuit. Since the microwave
signals generated have very low power spectral density (PSD), a low-noise amplifier
(LNA) with a gain of 240 dB and a noise figure on the order of <3 dB are added

Bias-T
1] , Spectrum
1 Analyzer
| nc | Low noise
e amplifier
H . Current source &
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. nanovoltmeter
Fixed layer 0. pplied

Figure 3.6: Schematic of the microwave measurement set-up for characterization of
the manufactured NC-STNOs and SHNOs up to 40 GHz. The applied dc bias current
results in auto-oscillation signals captured at the rf port of the bias-T and amplified by
a low noise amplifier to raise their levels above the noise floor of the spectrum analyzer.
The external field can be applied using an electromagnet or a permanent magnet in
various in-plane and out-of-plane directions. The illustrated device is a NC-STNO.
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to increase the power of the signals above the noise level of the spectrum analyzer
so as to be able to detect them. The spectrum analyzer used to measure amplified
signals throughout this thesis is a Rohde & Schwarz FSU-46 and FSU-67, generally
operated in frequency-sweep mode with a resolution bandwidth (RBW) of 1 MHz
and a video bandwidth (VBW) of 10 kHz. For the dc current source and electrical
measurements (resistance), the combination of a Keithley 6221 current source and a
Keithley 2182A nanovoltmeter is used with the measurement set-up. A stand-alone
Keithley 2400 source meter has also been successfully employed. Furthermore, an
external magnetic field with variable magnitude up to 1.8 T was applied at the
desired angle.

In our actual measurement set-up, to probe our fabricated devices, we constructed
a transmission line consisting of high-frequency components (Figure 3.7). In all
the measurements, the positive current is defined by electrons entering the device
through the ground-signal-ground (GSG) microwave probe (GGB Industries) and
cables for high-frequency measurements (up to 40 GHz). Using a bias-T, direct dc
current was applied only to the device, while allowing the generated microwave
signal to pass through to a Miteq low-noise amplifier (gain 41 dB; bandwidth 0.1-40
GHz) for final detection using a spectrum analyzer.

For controlling the measurements, a platform in LabVIEW™ was used to set
the desired values for dc current and magnetic field amplitude, as well as magnetic
field angle, and to continuously run a large set of measurements automatically.
This platform also stores the data systematically and has the ability to subtract
background noise from the obtained spectra. To characterize the spectra acquired
in the frequency domain, a dedicated MATLAB program postprocessed the data.

Figure 3.7: Transmission line for microwave measurements consists of 1) microma-
nipulator, 2) GSG microwave probe, 3) bias-T, and 4) low noise amplifier.
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The data was first corrected for amplifier gain and for losses from the impedance
mismatch of the fixed 50 €2 in the measurement transmission line, associated with
the variation in device resistance. The properties of the auto-oscillation that occur in
the spectra were extracted by fitting the data with a symmetric Lorentzian function
to collect the linewidths and the integrated output powers.

3.3 Developed Measurement and Characterization Systems

After fabrication, all the nanodevices are characterized by their electrical and
microwave responses in the presence of an external magnetic field under application
of dc or rf currents. Here, two newly developed autonomous measurement systems
are introduced; one is capable of full 3D control of the direction of the external
magnetic field (See Paper I) [73]. The general techniques for characterizing devices
using these systems, as well as a new method of probing an operational nanodevice
using magnetic force microscopy (MFM) (See Paper 1I), will now be presented.

Since anisotropic magnetic materials and the spin-torque effect are angle-
dependent, in studying magnetic films and devices for room-temperature appli-
cations, it is essential to use a probe station equipped with high-frequency tools
capable of altering the magnetic field’s direction with respect to the sample plane, so
that theoretical results may be validated. We here demonstrate two newly developed
microwave probe stations with motorized rotary stages for adjusting the magnitude
and angle of the applied magnetic field. In the first system, the magnetic field is
provided by an electromagnet and can be adjusted from 0 to ~ 1.4 T, while the
polar angle (#) with respect to the sample plane can be varied from 0° to 360°. In
the second system, the magnetic field is provided by a Halbach array permanent
magnet which can be rotated and translated to cover the full range of polar (6)
and azimuthal (p) angles (field angle within the sample plane) with a tunable
magnitude of up to ~ 1 T. Both systems are equipped with microwave probes and
high-frequency instruments to allow for microwave characterization up to 40 GHz.
Software programs also are developed to automatically perform continuous large
sets of electrical and microwave measurements.

Unfortunately, only a few probe stations with rotational fields are commercially
available. To rotate the magnetic field, either the magnet or the sample may be
rotated. Typically in homemade stations, the field is positioned at different angles
by rotating the sample [74]; however, this is inevitably accompanied by vibrations
that negatively affect measurement performance and signal stability, by the device
to be measured being damaged by the probe, or by connectivity between the device
and the probe contact wedge being lost. Moreover, because of the manual mounting
of the probe and centering of the samples, the results may not be reproducible
with respect to the magnetic field angle after remounting, recentring, and repeating
measurements. Even in probe stations with a rotational field, such as a projected
field electromagnet (for example, from GMW Associates) [75] or a homemade vector
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magnet [76] the field uniformity is poor and the field magnitude is usually limited to
a few kOe. Such probe stations typically use a complex and expensive PID controller
to apply the variable magnetic field. Further, since angular field dependence of
magnetic films and devices is expected, it would be useful to have a system that
can automatically adjust the desired range of the angle and magnitude of the field
in order to fully characterize the sample; however, this capability is not commonly
available.

To overcome these problems and allow the addition of new capabilities, we have
designed new systems to rotate an electromagnet and a permanent magnet, instead
of the sample. In commonly used high-field measurement systems [77], when out-of-
plane fields are to be applied, the sample holder is generally positioned horizontally
between the poles of an electromagnet to allow the sample to be placed on the
holder. In order to adjust the field angle, the sample holder is then rotated with
a controllable stepper motor around the horizontal axis, leading to the problems
mentioned above. To avoid such problems and have the sample in a fixed position,
the magnet should be rotated. However, due to the size and weight of high-field
electromagnets, it is necessary to employ an efficient design. Here we demonstrate
autonomous microwave probe stations with a rotary stage that adjust the magnitude
and angle of the magnetic field by rotating the electromagnet. In this system, the
magnetic field from the electromagnet can be adjusted using the output voltage
from a power supply and the gap size between the poles from 0 to ~ 1.4 T, using
which the full 360° out-of-plane rotation with respect to the sample plane () from
0° to 360° is achievable. Moreover, in characterizing devices, it is valuable to have
the freedom to apply the magnetic field in any direction. To this end, a system
with full motion control has been designed and built; this applies the magnetic
field in three-dimensional space (polar angle) relative to the sample plane. This
novel system has been designed to orient the direction of the magnetic field using a
permanent Halbach array of magnets. This system is not only capable of covering
the pure polar (#) and azimuthal (¢) angles both from 0° to 360° independently, but
can also cover the full range of angles in three-dimensional space (all combinations
of 6 and ¢) with a tunable magnetic field up to ~ 1 T. Furthermore, the homemade
nonmagnetic sample holders in both systems are equipped with microwave probe
and cables and use high-frequency instruments, allowing the operational frequencies
of the sample to be studied up to 40 GHz. Also, the specially designed software
programs can automatically run these apparatuses based on a user-defined range
of magnitudes and angles of the magnetic field, thus avoiding time-consuming and
unreliable experiments. In addition, some of the experimental results presented in
this thesis show the capability of these autonomous systems. For example, spin-
transfer torque ferromagnetic resonance (ST-FMR) measurement of nanocontact
spin-torque nano-oscillators (NC-STNO), and study of angular field dependence
of high-frequency responses in NC-STNOs, as well as the angular dependence
of anisotropic magnetoresistance (AMR) in a nanogap spin-Hall nano-oscillator
(SHNO). The following sections explain all the steps employed in the modeling,
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optimization, and production of these autonomous systems and sample tests which
also were presented in Paper I [73].

3.3.1 Field Rotational Microwave Probe Station

The proposed high-frequency (up to 40 GHz) measurement system has been designed
based on the rotation of an electromagnet that applies a large magnetic field (up to
~ 1.4 T). In this system, where the probe position does not move and the sample is
centered in a reproducible manner, the precise angles needed for measurement and
reproducible sample centering can be obtained. Furthermore, since the field and not
the sample rotates, there is less vibration. This system can improve measurement
performance to obtain high-frequency responses from magnetic films and devices
with high accuracy. It is clearly not reasonable to rotate such a large electromagnet
around the horizontal axis (X axis). Instead, the optimum approach is to mount the
sample holder along the vertical axis (Z axis) and then to rotate the magnet around
the Z axis (Figure 3.8). In the field rotational probe station, in order to rotate the
electromagnet, a stepper motor was used to apply uniform out-of-plane magnetic
fields at any angle relative to sample plane (#). To apply the magnetic field at angles
in three-dimensional space, the desired ¢ angle (the in-plane angle with respect to
the flowing current direction) can be adjusted by misaligning the contact pads of
the device with respect to the probe. Based on the design of the fabricated devices
tested using this probe station, ¢ can vary from -30° to 30° (in total 60°). The
contact pads could also be designed so as to allow coverage of the full range of ¢.
All components were mounted on a heavy optical table so that measurements could
be performed without transferring even small vibrations to the sample.

(C) For mounting

on the stand

To mount the
micromanipulator

(d)

Sample
position

Figure 3.8: (a) Rotary stage with mounted electromagnet. Schematics of (b) ad-
justable stand for sample holder, (c) holder for micromanipulator, and (d) sample
holder for the field rotational measurement system.
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The electromagnet rotary stage

We designed and built a rotary stage for the electromagnet using a B4872TS
rotary table from Velmex mounted on an optical table. A thick circular aluminum
plate was then attached to the table as a holder for the electromagnet. Finally, a
3470 c-frame electromagnet from GMW Associates, with reversible plane cylindrical
40 mm and tapered 20 mm face diameter poles, was mounted on top of the holder [78].
The gap between the poles in the electromagnet can be adjusted from 0 to 75 mm with
a good field uniformity which detailed information is available on Reference [79].
The assembled rotational electromagnet is illustrated in Figure 3.8(a). We also
purchased a BOP50-8ML power supply from KEPCO with maximum 8 A input
current and a stability of 0.02% over eight hours, equipped with water tubes to cool
the electromagnet. In this configuration, the stage can orient the magnetic field with
an accuracy of 0.02°.

Sample holder stage

Since it is difficult to position the sample on the sample holder while it is in the
vertical position, we designed a flexible sample holder that could be displaced into
the horizontal position to allow the sample to be affixed before being returned to
the vertical position between the poles of the electromagnet. However, such a design
is difficult, since the microwave probe is located very close to the sample location,
and it is necessary to avoid moving it. Besides, it is also important to locate the
sample centrally between the two poles. After sketching different possibilities, we
modeled the sample holder in the following way:

(a) The stand of the sample holder (Figure 3.8(b)) uses I-Beam BiSlide bases and
T-Slot plates from Velmex. This stand is manually controllable in the X, Y,
and Z directions so that the sample can be positioned in the center between
the poles of the electromagnet.

(b) The end of the holder, which should be made of a nonmagnetic material,
consists of two parts mounted vertically on the stand using nuts and screws.
In the upper part (Figure 3.8(c)), we assembled a nonmagnetic XYZ microma-
nipulator (Quater Research and Development) for the microwave probe on an
aluminum plate, which has a travel distance of 0.762 cm along each axis with
a resolution of 635 pm per turn continuous. The lower plate (Figure 3.8(d))
can be easily displaced by using plastic-head thumb screws. This plate can
thus be replaced, allowing the sample to be attached using double-sided tape
at its 8 mm end. It can then be mounted in the fixed position by two screws.

For the rf measurements of nanoscale devices, we used a customized nonmagnetic
GSG microwave probe with an extended arm from GGB Industries, as well as cables
suitable for high-frequency measurement. A microscope was also needed to precisely
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Figure 3.9: (a) Finished field rotational microwave probe station. (b) Final field
rotational microwave probe station consists of 1) amplifier, 2) micromanipulator, 3)
bias-T, 4) electromagnet, 5) microscope camera, and 6) circular aluminum plate which
has been mounted on top of the stepper motor.

define the contact between the microwave probe and the sample. For the vision
part of the sample holder, we employed a Dino-Lite AD7013MZT digital handheld
microscope camera with a 5 megapixel sensor and an adjustable polarizer with up
to 240x magnification on a fine-focus adjustment stand. The final field rotational
microwave probe station is illustrated in Figure 3.9.

Autonomous control of measurements

To perform measurements with this field rotational measurement system, user-
friendly controller software is a necessity. In this system, all of the measurement
instruments are controllable using customized programs in LabVIEW™ (National
Instruments) with defined connections to the controller hardware. To be able to
control the rotary system in LabVIEW, controller hardware compatible with the
software is needed. We used a VXM™ controller system from Velmex, which can be
programmed by LabVIEW to drive the Velmex rotary table. Using the controller’s
command sheet, we executed a subprogram in LabVIEW to govern the angle of the
magnetic field from the electromagnet by adjusting the angle of the rotary table.
To control the output magnetic field of the electromagnet, we employed a control
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Figure 3.10: Developed control panel of the autonomous field rotational microwave
probe station.

program in LabVIEW, rather than a PID controller. We attached a transverse Hall
sensor from Lake Shore Cryotronics to one of the poles of the electromagnet. We
then used its output voltage as feedback to calculate the actual magnetic field, and
thus controlled the output of the power supply. Finally, using the main control
panel in LabVIEW, it is possible to set the desired starting angle (magnitude) and
the steps by which the angle (magnitude) should change to reach the final angle
(magnitude) of the magnetic field in a stepwise manner (Figure 3.10). In this way,
the whole of the measurement process is automatically controlled by the program
and the data extracted from each step of the measurement is immediately stored.

3.3.2 Full 3D Field Microwave Probe Station

In characterizing nanoscale magnetic samples, it is valuable to have the freedom
to apply the magnetic field in any direction, since the effect of spin-torque is
angle-dependent. Our aim was thus to design a novel microwave probe station to
give better angular control of the magnetic field. On the other hand, it would be
worth applying a high magnetic field at 3D angles relative to the sample plane
using a rotatable or tiltable system. Low-field 3D fields are routinely applied using
Helmholtz coils [80], but 3D control of 1 T fields is entirely different. Magnets capable
of producing magnetic fields in three dimensions have been proposed [81, 82]. For
example, Lawrence Berkeley National Laboratory, USA possesses an operational
0.9 T octupole magnet with complete 3D freedom [83]. However, this kind of magnet
is relatively expensive in terms of manufacturing cost, development time, and power
consumption.



3.3. Developed Measurement and Characterization Systems 23

We designed and built a compact system with full motion control and the capabil-
ity of applying high magnetic fields (up to ~ 1 T) at desired polar angles relative to
the sample plane. The proposed high-frequency (up to 40 GHz) measurement system
has been designed based on permanent magnets in a Halbach array (Figure 3.11(b)).
This magnet is a magnetized cylinder that consists of a special arrangement of
permanent magnets that exerts an intense magnetic field (in our magnet, ~ 1 T)
confined almost entirely within the cylinder.

This autonomous system offers full automatic control of the horizontal (X axis)
and vertical (Z axis) translation of the magnet to alter the magnitude of the magnetic
field, as well as its rotation around these axes (6 and ¢). In addition, it offers real-
time 3D magnetic field measurement as close as possible to the sample location
where the controlled magnetic field is applied.

In this system, the sample is mounted at the center of a fixed holder tip so that the
sample centering is reproducible and so that the precise angle of the magnetic field
can be achieved by rotating the magnet. Also, as only the magnet rotates to change
the angle of the field, no destructive vibrations will be transferred to the sample.
This system can thus improve measurement performance in the characterization of
high-frequency responses of magnetic films and devices by applying 3D fields with
high accuracy.

Full 3D rotary stage of permanent magnet

The rotary stage of this system has been designed with full motion control
so that the magnet applies magnetic fields—both pure in-plane and out-of-plane
independently, as well as through polar angles—of up to ~ 1 Tesla relative to
the sample plane. The schematic of the rotary stage of this system is shown in
Figure 3.11(a). This stage has the following motion capabilities and uses the described
Velmex components:

o Motorized rotation around Z (¢): B4872TS rotary table (RT1); the other parts
of the stage have been mounted on RT1 using an L-shape aluminum plate.

o Motorized translation along Y: XN10 XSlide motorized linear stage with a
travel distance of 4 inches (XS1).

e Motorized translation along Z: XN10 XSlide motorized linear stage with a
travel distance of 2 inches (XS2).

¢ Manual translation along X: XGST XSlide Gusset with a travel distance of 2
inches.

o Motorized rotation around Y (6): B5990TS rotary table (RT2).

The final system is assembled in the following two configurations:
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Figure 3.11: Schematics of (a) the motorized stage of the autonomous 3D field
rotational microwave probe station, (b) the cylindrical Halbach array of permanent
magnets, and (c) the adjustable stand for the sample holder.

(a) Configl: In this configuration (Figure 3.12(a)), the RT1 is mounted on a
horizontal stage fixed to the optical table. The system can then apply a
maximum magnetic field of 0.95 T over the full range of out-of-plane angles
of 8 from 0° to 360° and ¢ from —24° to 24°, and from -156° to 156° (total
range 96°). The limited range of ¢ is due to the small size of the opening in
the Halbach array; for larger angles, the magnet would contact the sample
holder. However, for lower magnetic fields, such as 0.5 T, where the magnet
would be slightly too far from the sample when moving the magnet using XS1,
we can cover 300° of . Further, if it is necessary to employ the full range of
360°, this can be done by rotating the sample.

(b) Config2: In the second configuration (Figure 3.12(b)), RT1 is mounted on a
vertical stage, and the system can thus apply a maximum magnetic field of
0.75 T at a full in-plane angle of ¢ from 0° to 360° and of € from -180° to
130° (total range 310°).

With these two configurations, we can access combinations of § and ¢ that provide
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Figure 3.12: Final autonomous 3D field rotational probe station based on (a) Configl
and (b) Config2, as explained in the text; (c) top view of sample holder consists of I:
micromanipulator, II: microwave probe, I1I: sample position where the Senis Hall sensor
located on its bottom, IV: bias-T, and V: amplifier for high-frequency measurements.

full three-dimensional control over the polar angles of the magnetic field relative to
the sample plane with an accuracy of 0.02° (0.07 mm), and with repeatability of
0.0002° (0.002 mm) for each rotary (transnational) stepper motor.

Sample holder stage

Figure 3.11(c) shows the adjustable stand for the sample holder; this uses I-Beam
BiSlide bases and a T-Slot plate from Velmex and can be manually controlled in
the X and Y directions. As shown in Figure 3.12(c), this is almost the same sample
holder as in the case of the field rotational system, with a micromanipulator (Quater
Research and Development) and microwave probe (GGB), but also we have a Senis
F3A three-axis magnetic field transducer [84] located 0.5 mm under the sample
position inside an 11-mm-wide nonmagnetic holder from GMW [85]; this measures
the elements of the magnetic field in order to determine the real magnitude and
angle of the magnetic field. The holder is mounted on top of the stand using clamps,
nuts, and screws so the sample can be located precisely on top of the center of the
Hall sensor and, for accuracy, we consider the gap between the sensor and sample
in our calculations. In order to achieve accurate magnetic field angles € and ¢, it is
important to have the sensor and sample exactly on top of the center of RT1 along
the Z axis, which can be achieved by calibrating the system based on the elements
of magnetic field measured using the 3D transducer.
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Figure 3.13: Control panel of the autonomous 3D field rotational microwave probe
station.

Autonomous control of the measurements

As mentioned, all the measurement instruments can be controlled using cus-
tomized subprograms in LabVIEW™. For convenient measurements with this 3D
field measurement system, it is thus also necessary to control it in LabVIEW. As
with the field rotational probe station, we used a Velmex VXM™ controller. To
control the motion along multiple axes using four stepper motors, we purchased two
sets of integrated VXM controllers, each to control two motors. Using the controller’s
command sheet, we designed a control panel in LabVIEW to give full control over
the motorized translation and rotation in four directions and to automatically carry
out sets of measurements, which can be defined in the control panel (Figure 3.13).
In addition, this program uses readings from the Senis Hall sensor to calculate and
display the 3D elements of the magnetic field; this data is stored in a file. The
detailed procedure for using this control panel will be explained in the next section.

Magnetic field characterization

To demonstrate the performance of our system, we have characterized a sample
magnetic field range that can be controlled and applied to nanodevices. To determine
the direction of the field on the sample, the real-time 3D magnetic field measurement
needs to be as close as possible to the sample position. For this purpose, we used a
Senis F3A three-axis magnetic field transducer. This has a fully integrated CMOS
three-axis (B, By, B.) Hall probe with very high spatial resolution and high angular
accuracy (the orthogonality error is less than 0.1°) [84]. The coordinate system of
the probe station is shown in the inset to Figure 3.14(a). In line with the definition
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Figure 3.14: Mapping with 3D Hall elements while the magnet (a) translates along
the Y axis (the inset shows the axes and angles) and (b) rotates with 6 = 60° and ¢
from —15 to 15 at Y = 0 (the inset shows the measured x, y, and z elements of the
magnetic field).

of the X, Y, and Z axes, @ is the polar angle between the magnetic field direction
and the position of the sample plane (XY plane) in an out-of-plane rotation, while ¢
corresponds to the angle between the magnetic field direction and the X axis in an
in-plane rotation (or in-plane angle with respect to the flowing current direction).

Figure 3.14 illustrates the mapping of the 3D Hall elements based on the
coordinate system. Figure 3.14(a) shows the result when the magnet translates
along the Y axis, while Figure 3.14(b) shows it rotating with 6 = 60° and ¢ from
—-15° to 15° at Y = 0, where the maximum field is obtained from the magnet. The
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inset shows the detailed x, y, and z elements of the magnetic field. To achieve these
results, we simply set the start and stop points (angles) with preferred steps for
translation along (rotation around) each axis in our LabVIEW program, and the
system automatically performs the characterizations.

To conclude, we developed and built two compact automatic measurement
systems capable of adjusting the magnetic field orientation with high accuracy in
order to characterize nanomagnetic devices. These systems are cost-effective and
have user-friendly designs for both the hardware and software in comparison with
commercially available systems with similar functions. The sample holders in both
systems are in fixed positions, which is crucial for the accuracy, signal stability,
and reproducibility of measurements. The magnets instead rotate to change the
magnetic field angle with respect to the sample plane. By rotating the electromagnet,
the field rotational probe station can cover the full range of 6 from 0° to 360°; by
manually rotating the sample, a limited range of ¢ can also be covered. Also, the
3D field probe station (using two different configurations) can orient the field over
the full range of the combined 6 and . Further, in both systems, the magnitude
of the magnetic field is also adjustable based on specifications of the magnets, and
large classes of measurement conditions can be defined in the control panel software
for automatic execution. We can now be more confident about the results of our
measurements. The design and production of a system with the ability to apply
a 3D field relative to the sample plane (or flowing current direction) represents a
breakthrough in 3D high-field measurement systems. To demonstrate the ability
and performance of these autonomous systems, in our first tests, we employed dc
and rf techniques to measure two types of spintronic devices. The NC-STNO was
characterized using the ST-FMR, method (Section 4.2), and we also studied the
dependence of this device’s microwave response on the direction of the external
magnetic field (Section 4.5). Further, we measured the AMR curves of a nanogap
SHNO (Section 5.1). In addition, both the field rotational probe station [72, 86] and
the 3D field probe stations [87, 66] have been employed in some of our published
studies. We expect these probe stations will help us to determine new effects,
concepts, and phenomena in nanomagnetic and spintronic devices.
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3.3.3 Magnetic Force Microscopy of Operational Nanodevices

We have fabricated a range of STNOs and SHNOs with different characteristics.
Our rf measurements show the expected auto-oscillations outputs from our devices;
however, for real applications, maps of these devices in the operational state would
be useful. We present here a new method of probing the spatial profile of an
operational device using magnetic force microscopy (MFM). We used a very high
resolution MFM system with extremely sharp MFM tips [88] to observe operational
nanomagnetic devices.

Figure 3.15 shows our MFM system, a MFP-3D-SA [89] from Asylum Research
(an Oxford Instruments company), which we developed by adding a microwave
probe station to allow electrical and microwave access to the devices. Due to space
limitations, especially between the MFM head and the sample for scanning, it is
difficult to gain electrical access to the device and to design a stable connection
for transferring the microwave signals generated from the devices to the spectrum
analyzer for measurement.

We first designed and built a holder for the XYZ micromanipulator and mounted
it on the L-shape slider of the MFM stage. We then connected a GR-style nonmag-
netic microwave probe from GGB to the micro-manipulator. Figure 3.16 shows a
customized version of this probe with an extended co-ax to reach the waveguides

i

Figure 3.15: MFM set-up with mounted I: microwave probe station and II: microscope
camera.
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Figure 3.16: MFM stage with I: variable field module 2 (VFM2) and II: microwave
probe connected to the micro-manipulator.

of the device that we want to measure and scan it simultaneously. In the design of
this probe, we aimed for minimum thickness and height so that the probe and its rf
cable connection port would fit in the limited space under the head of the MFM,
without making contact or interrupting the scanning process. Outside of this limited
region, we then connected the transmission line for the microwave measurements,
as described in Section 3.2.2.

Since we are using MFM and our samples have dependencies on the applied
magnetic field, we added a variable field module 2 (VFM2) [90] to the stage (Fig-
ure 3.16); this extra accessory is compatible with the system and can be purchased
separately. The VFM2 uses permanent magnets to avoid heating and associated
drift, and can apply in-plane magnetic fields of more than +0.8 Tesla (8000 G) at
a field resolution of ~1 G. The sample is mounted on top of this module, between
the poles, in order to fall within the in-plane field. For the vision part, we used the
same microscope camera described in the previous section (Figure 3.15). For the
MFM process, we fabricated a customized high-resolution MFM probe as described
in Reference [88]. Section 5.5 will present the experimental results of carrying out
MFM on nanoconstriction-based SHNOs. The detailed results were presented in
Paper II.



Chapter 4

Spin-Torque Nano-Oscillators

Spin-torque nano-oscillators [30] (STNO) are nanoscale electrical devices with
broad current and field tunability and the ability to generate microwave signals at
GHz frequencies. In STNOs, spin-transfer torque (STT) [35, 36, 37] from a direct
spin-polarized current drives and controls the auto-oscillation of the local free layer
magnetization which, through its oscillating magnetoresistance, transforms the direct
input current to a tunable microwave voltage in the output. These devices are highly
promising for applications in next generation of wideband microwave frequency
generators, multifunctional microwave components, and ultrafast microwave sensors
for the telecommunications, aerospace, and medical equipment industries. Their
advantages include compatibility with semiconductor technology [5, 19, 21, 32],
large frequency tuning ranges [91, 87, 56, 92], and very high modulation rates [93,
94, 95, 96, 97, 98, 99]. Nanocontact (NC) STNOs [27, 29, 100] have the additional
advantage that they can generate a wide range of highly nonlinear localized and
propagating spin-wave modes [101, 102, 103, 104, 105, 106, 107, 108, 109] for use in
magnonics [41, 110, 111].

Depending on geometry, material properties, and experimental conditions, differ-
ent kinds of magnetization dynamics can be derived in STNO devices [112, 91, 106].
In addition, to reach high levels of spin-transfer torque, it is important to de-
termine the relationship between the key design parameters and the threshold
current [113, 114, 115, 116], linewidth [114, 117, 118, 119, 107, 109], spin-transfer
torque efficiency [35, 115, 120, 121], roughness [114], and microwave power [122, 116].
To fulfill the requirements for practical applications, we need to optimize linewidth
and output power of the STNOs with lower operational currents.

In this chapter, the first remarkable improvements in the performance and
applicability of spin-torque nano-oscillators will be described with the support of
experimental results and simulations [66]. I will describe the auto-oscillation dynamic
properties of NC-STNOs built from a conventional spin-valve stack, but with thicker
Cu bottom electrodes. This means demonstrating auto-oscillations with higher
frequencies at lower threshold currents, and at higher output powers. Then, using
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ST-FMR studies and numerical simulations, I show that the use of a thicker copper
layer in the bottom electrode helps to tune spin-wave resonance using lateral current
spread in these NC-STNO devices. In the next section, with help of numerical
simulations, I will show a reduction in Joule heating with a consequent improvement
in microwave output stability, achieved by increasing the Cu thickness of the bottom
layer. Using an NC-STNO device, I describe the derived dependency of the device’s
output on the angle of external magnetic field by experimental high frequency
characterization. In addition, I present observations of droplet dynamics [106] in
NC-STNOs at oblique magnetic fields using micromagnetic simulations. At the
end of this chapter, I demonstrate ultra-high frequency tunability at low threshold
currents in STNOs based on perpendicular magnetic tunnel junctions (p-MTJs).

4.1 Improvement of NC-STNO Performance

The extended layout in NC-STNOs, in contrast to nanopillar STNOs, allows for spin-
wave (SW) propagation and interaction over large distances. However, NC-STNOs
are limited in how well the spin-polarized current can be focused into the auto-
oscillating region under the NC. The perpendicular component of the current density
generates useful interlayer STT at the free layer, but the extended layout and the
low resistance of the GMR spacer compared to the two free and fixed ferromagnetic
layers, lead to a substantial lateral current spread and a lower perpendicular current
density. This leads to a loss of STT, and thus an unnecessary increase in the auto-
oscillating threshold current. There are a few different possibilities for reducing this
current spread, such as reducing the GMR spacer thickness. However, it has been
shown that a thinner Cu spacer rapidly increases the interlayer coupling, which
reduces the magnetoresistance [123] and also increases damping [124]. Here we
have instead studied the impact of increasing the Cu underlayer thickness (tcy)
of NC-STNOs on both the auto-oscillation threshold current (I.) and the general
microwave signal properties. This impact has been studied more extensively in [66]
(Paper III), and the materials and data in this section and appended paper are
reproduced with the permission of the Royal Society of Chemistry.

We showed that increasing the thickness of the bottom Cu electrode forces more
of the current to flow perpendicularly through the ferromagnetic layers, down to
the low resistance bottom electrode, before spreading out laterally. We fabricated a
large set of differently sized NC-STNOs with bottom Cu electrodes ranging from 10
to 70 nm, and investigated their static and microwave properties. Using numerical
simulations, we predicted a ~50% increase in the perpendicular current density at
the ferromagnetic layers as the Cu bottom electrode thickness increases from 10
to 70 nm; this could potentially reduce the threshold current (I.) by ~30%. In our
experiments, an increase in tgy from 10 to 70 nm led to a reduction in threshold
current by as much as 40%. In addition, we found that a thicker bottom electrode
increases the microwave output power by an order of magnitude, which further
demonstrates that NC-STNO performance can be greatly improved by increasing
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Spectrum
Analyzer

Figure 4.1: (a) Schematics of the device structure and the transmission line for
electrical and microwave measurements. (b) Scanning electron microscopy image of
the NC with dne=200nm. (¢) Optical microscopy image of the final device and the
top contact coplanar waveguides which provide electrical access to the NC.

the thickness and sheet conductance of the bottom electrode.

The samples are single NC-STNOs [125, 126, 56, 127, 128, 129] with the following
layer structures: Substrate/Pd(8)/Cu(tcy)/Co(8)/Cu(7)/NiFe(4.5)/Cu(3)/Pd(3)
(all thicknesses given in nm) where t¢, = 0, 10, 30, 50, 70 nm and the nominal NC
diameters are dnco = 60, 80, 100, 120, 130, 150, 170, 200, 250, 300, 350, 400, 500 nm;
the bottom Co layer is the fixed layer and the top NiFe layer is the free layer. The
schematic of the device structure and the transmission line for dc and microwave
characterization of the STNOs used in the present work are shown in Figure 4.1.

Due to natural variation in the NC-STNO fabrication process, there is generally
a difference between the nominal and actual size of the NC. We can obtain the actual
NC size, as well as the total NC-STNO resistance (R), from the Sharvin-Maxwell
(SM) equation [130, 131]. In this method the relationship between R and the nominal
size of the NC is defined by

a

R: m +Rmesa(tCu); (41)

where a is a coefficient and § is a constant offset from the nominal NC diameter,
both independent of dxc and fcy, and Ryesa is the resistance of the two half-
mesas in parallel (Figure 4.2(a)), which depends on the bottom Cu layer thickness.
Figure 4.2(b) shows the average resistance of nine identical measured NC-STNOs
(R) versus dnc, together with fits based on Equation 4.1. Since all of the NC-STNOs
had a similar fabrication process, it is more reasonable to find the fitting parameter
0 by applying the fitting function to all the data. From the fits, we find § = -1.9
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Figure 4.2: (a) General electrical structure of the NC-STNO devices, (b) their
resistances for tc,= 10, 30, 50, and 70 nm, and dnc= 60, 80,100, 120, 130, 150, 170,
200, 250, 300, 350, 400 and 500 nm, and fits based on Eq. 4.1. The inset shows the
conductance of the mesa versus tcy. All results were obtained as averages over nine
devices and the error-bars are smaller than the size of the symbols.

nm, which means that altogether, the actual NC diameters are only slightly smaller
than the nominal values. The agreement is quite good over a very wide range of
NC diameters and for all Cu thicknesses used. An obvious and expected result is
that the resistance decreases with increasing NC size and increasing Cu thickness. A
less obvious, though still plausible, result is that an increase in Cu thickness simply
reduces the device resistance by almost a constant value, regardless of NC size. We
expect this behavior will help to reduce the current spread in our devices for all
NC sizes, leading to stronger current perpendicular to the plane (CPP) from the
top of the NC down through the mesa. Further, from plotting 1/Resa against tcy
(inset of Figure 4.2(b)), we can also conclude that the sheet conductance of the
mesa increases linearly with tcy.

To investigate how the current is distributed and to ensure that the threshold
current I. can be controlled and reduced in these devices, the current flow in each
layer of the NC-STNOs with bottom electrode thicknesses tc, = 10, 30, 50, and
70 nm and dxc = 200 nm were calculated using COMSOL Multiphysics® simulation
software using a detailed three-dimensional finite-element model of NC-STNO
devices. In COMSOL, we first designed the structures of the NC-STNOs, following
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the schematic shown in Figure 4.1(a), and the material characteristics were assigned
to each layer. Afterwards, the input sources (e.g., dc current and ground) and other
initial conditions were added and the software simulated and calculated the detailed
profiles of the current density inside all layers of the devices.

Generally, the results (Figure 4.3) show that current from the top contact begins
to crowd along the sides of the NC and then in the Cu cap and Cu spacer layers
(Figure 4.3(a)). As has been already reported, the current distribution underneath
the NC is mainly perpendicular to the film plane [132]. Demonstrating how the
current spread changes with Cu thickness, Figure 4.3(b) and (c) present a side view
of current density in all layers for ¢{c, = 10 nm and tc, = 70 nm, respectively,
normalized by the perpendicular current density in the ideal case. Here, in each of
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Figure 4.3: Simulations of: (a) 3D schematic of NC-STNO with tc, = 10 nm with

representation of current density distribution by colored arrows. Current density in all

layers (side view of the NC-STNO) for (b) tcu = 10 nm and (c¢) tcy = 70 nm, which

are all normalized by the perpendicular current density in the ideal case. (d) Current

density at the top of the Co layer; the inset shows the top view of the current density

at the cross-section of this layer for tc, = 70 nm. (e) Calculated perpendicular current

density ratio at the top of Co layer for tcy, = 10, 30, 50, and 70 nm. All results are for

NCs with dye = 200 nm.
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these two figures, the effect of ¢, on perpendicular current density can be seen. In
comparing Figure 4.3(b) and (c), we can clearly see that, in a device with tc, = 10
nm, most of the input current spreads along the space underneath the NC, meaning
that there will be less CPP reaching the ferromagnetic layers. However, in tc, = 70
nm, it is clear that we have a significant reduction of the current spread above the
fixed and free layers, which helps to reduce the threshold current (I.) and excite
the free layer, resulting in more efficient microwave dynamics. Figure 4.3(d) shows
how increasing t¢, has a direct impact on the CPP density at top of the Co layer
(JC°). Figure 4.3(e) also highlighted this improvement and shows the calculated
perpendicular current density ratio at the center of the NC on top of the Co layer
JE° normalized by the average current density through the NC (Jggvg) for tcy = 10,
30, 50, and 70 nm; the increase in this ratio is clear. As NC-STNO auto-oscillations
are driven by the spin current generated by electrons reflecting against the fixed
layer, it is reasonable to assume that I. should scale with JZCO. We thus expect a
thicker tgy, to lead to reduced I..

To experimentally identify the effects of ¢, on the threshold current and on
the linewidth and power generated, we performed microwave measurements of the
fabricated NC-STNOs. All measurements were performed at room temperature
using a full 3D field microwave probe station described in section 3.3.2 (Configl),
with which the magnetization dynamics are excited by applying a dc bias current
and electrically measured using a homemade probe station with a fixed and uniform
out-of-plane external magnetic field set by a Halbach array of permanent magnet
with strength of u,H = 0.94 T at § = 80° with respect to the NC plane. The
dynamics are then separated from the dc current using a 0.1 to 40 GHz bias-T
and converted to the frequency domain by a Rohde & Schwarz FSU 46 spectrum
analyzer, after having passed through a 45 dB gain amplifier with a bandwidth of
0.1-40 GHz (Figure 4.1(a)). Figure 4.4 shows the measured power spectral density
(PSD) as a function of the dc current for NC-STNOs with tc, = 10, 30, 50, and 70
nm and for currents between 10 and 40 mA. At each current, each spectrum was
averaged five times with a video bandwidth of 10 kHz in order to minimize the noise.
First observations indicates that the thicker the Cu underlayer, the earlier the onset
of auto-oscillations. To extract I. from the experimental results, we plot the inverse
integrated power versus current (inset of Figure 4.5(a)) and extrapolate the initial
linear dependence to an intercept on the current axis [122, 133]. The average result
from three devices for each tc, (Figure 4.5(a)) shows a clear reduction of I. as tcy
increases.

Figure 4.5(b) shows the extracted I. versus tcy,, where I, has been normalized
to the value for tc, = 10 nm. We can see a substantial reduction of about 40% in I,
when t¢, increases from 10 nm to 70 nm. We also plot the predicted improvement
based on our NC-STNO simulations (Figure 4.3(d)), assuming that JE° drives the
auto-oscillations. The agreement is essentially perfect for ¢c, = 10 and 30 nm, and
is very good for thicker Cu. We plot the extracted mesa resistance, which shows
both simulation and experimental results with a low discrepancy, making it clear
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Figure 4.4: Color plot of the power spectral density as a function of current for (a)
tcu = 10 nm, (b) tcy = 30 nm, (¢) tcy = 50 nm, and (d) tcu= 70 nm. The vertical
dashed white lines indicate a limited range of 30 to 35 mA, where all devices have

stable oscillations.

that they are tracing the same trend as the resistances of the NC-STNOs.

In Figure 4.6, we plot the integrated power and power conversion efficiency for
tcu = 10, 30, 50, and 70 nm, both averaged over three devices for each value of tcy,
and over the current range of 30 to 35 mA (as indicated in Figure 4.4) with a step
of 0.1 mA (measured for 51 different input currents), where all devices have stable
oscillations. We focused on this stable region to avoid the nonlinear dynamics of
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Figure 4.5: (a) Threshold current (I.) versus Cu underlayer thickness averaged over
three STNOs with dne = 200 nm. Inset shows a linear fit of the inverse integrated power
of NC-STNO with tcy = 70 nm from which I; (¢, -70nm)= 13.5 mA was determined.
(b) Calculated and measured I. (left axis) of NC-STNOs normalized by I. (;y,=100m)
for the same devices with corresponding resistances (R) (right axis) of different tcy
(average of nine devices). The experimental results of I. are averaged over three devices.

mode changes, since this approach is crucial for STNO applications. We observed
a rather dramatic increase in the output microwave power for tc, > 30 nm, such
that the power at tc, = 70 nm is an order of magnitude greater than at tc, =
10-30 nm. In addition, since the direct current losses (proportional to the STNO
resistance) also decrease with increasing tc,, the power conversion efficiency, which
is critical for reducing the energy consumption, improves by almost two orders of
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Figure 4.6: Integrated power (left axis) and power conversion efficiency (right axis)
averaged over three identical NC-STNOs, each with ¢, = 10, 30, 50, and 70 nm and
dne = 200 nm, and over the current range 30-35 mA, indicated in Figure 4.4 with a
step of 0.1 mA.

magnitude. These remarkable improvements clearly demonstrate that NC-STNO
performance benefits greatly from an increase in perpendicular current density, and
they provide a direct means of improving the usability of these devices as microwave
signal generators.
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4.2 Spin-Transfer Torque Ferromagnetic Resonance of
NC-STNOs

NC-STNOs are based on the phenomenon of spin momentum transfer, and exhibit
very rich magnetodynamics that depend on device geometry, material properties,
and experimental conditions [112, 91, 134]. To better understand these phenomena
and to further optimize these devices, it is essential to investigate STNO behavior
under different conditions. Here we employed the spin-transfer torque ferromagnetic
resonance (ST-FMR) technique [135, 136], described in Section 3.2.1, to characterize
an NC-STNO device using the field rotational system (Section 3.3.1) in a range of
external out-of-plane magnetic fields pgHeyy at an angle of 75°. The device we used
had tcy= 50 nm and dyc = 100 nm with the same structure as described in the
previous section.

ST-FMR measurements using homodyne detection are performed by passing
a pulse-modulated microwave signal of 313 Hz from an rf signal generator via a
bias-T to the NC-STNO device [69, 137, 124]. For each field strength from 0 to
0.5 T, in steps of 100 Oe, the microwave frequency f is swept from 2 to 15 GHz
while the microwave power is held constant at =15 pW and I;. = —0.1 mA. The
same bias-T is used to transfer the device response of dc voltage (Vg4.) modulated
at 313 Hz to measure it in a phase-sensitive manner using a lock-in amplifier, which
also provides a 313 Hz reference for the pulse modulation. Figure 4.7 shows the color
map of acquired homodyne-detected ST-FMR spectra gained from all frequency
scans at each magnetic field. This figure shows different resonance peaks from the
ferromagnetic layers of the NC-STNO device. The inset illustrates an example of
ST-FMR spectra at a magnetic field of 0.15 T. These results have been presented in
Paper 1.
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Figure 4.7: Color map of homodyne-detected ST-FMR, spectra V4. as a function of
out-of-plane fields of poHext at 6 = 75° and rf frequency f, where I4. = =0.1 mA, which
shows different resonance peaks from the NC-STNO device. The inset shows ST-FMR

spectra for the selected field value of 0.15 T as indicated by the vertical dashed line in
the main Figure.
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4.3 Tuning Spin-Wave Resonance in NC-STNOs

These results have been presented in Paper IV.

In the previous work [66] described in Section 4.1, we showed how the current
distribution depends on the Cu thickness of the bottom electrode (f{¢y,) in NC-
STNOs based on Co/Cu/NiFe stacks. We found that increasing tc, from 10 to
70 nm results in a 40% reduction in the threshold current, an order of magnitude
higher microwave output power, and close to two orders of magnitude better power
conversion efficiency. A detailed study is presented in Section 4.1. Here, we apply
the theory of this paper [124] to tune the spinwave resonance mode by modulating
the current distribution and thus the distribution of the Oersted field (Hoe). We
use the same devices as described in Section 4.1 and investigate the effect of the
bottom electrode thickness. We measure the rectified spectra of devices with dnc
= 250 nm using the ST-FMR technique (described in section 3.2.1) in an in-plane
magnetic field, and compare the results with numerical simulations.

In the ST-FMR measurement set-up, the rf power was maintained at a low
constant value of -10 dBm to ensure that the excited magnetodynamics would be in
the linear regime. The measurements were performed at a fixed excitation frequency
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Figure 4.8: ST-FMR spectrum of NC-STNO devices with tc, = 10, 30, and 70 nm
and D = 250 nm, taken at f = 18 GHz and P= -10 dBm, together with a fit (solid
line) based on two Lorentzians, as described in Reference [124]. The vertical dashed
line indicates the position of the SWR peak in the NiFe spectra for the sample with
tcu = 10 nm.
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Figure 4.9: Mean value of effective diameter (D") versus thickness of Cu bottom layer.

Inset: Plot of mean value of effective diameter (D') versus inverse of mean linewidth
of the SWR mode extracted from the measurement of 5 NC-STNO devices.

of f = 18 GHz, while the in-plane applied field was swept from 0 to 0.5 T. In
Figure 4.8, we present the results of measurements on five nominally similar devices,
showing the normalized mean value of the spectra extracted from each of the three
samples with tc, = 10, 30, and 70 nm. Here the solid lines are fits of two symmetric
Lorentzians to the NiFe peak at higher fields. The shift in the SWR position is
distinct.

Based on Reference [124], the effective diameter (D’) can be estimated using the
dispersion relation. As a result, the extracted effective diameters from the fit for the
free layer (NiFe) mode of each sample with tc, = 10, 30, and 70 nm are calculated
and presented in Figure 4.9. The results clearly show that, by increasing tcy, the
mean effective diameter decreases monotonically and is inversely proportional to
the mean linewidth (inset of Figure 4.9). Further, Reference [124] shows that the
bandwidth of the SW package is proportional to the effective diameter.

The theory from our earlier study predicts that the effective diameter is deter-
mined by the Oersted field (Hpe). To test this hypothesis, we investigated how the
current redistributes and induces Ho,. We used COMSOL Multiphysics® simulation
software with a detailed three-dimensional finite-element model of the NC-STNOs to
calculate the current flow and Hpe in each layer of the device. In COMSOL, we first
designed the structures of the NC-STNOs, following the schematic shown in Fig-
ure 4.1(a), and the material characteristics were assigned to each layer. Afterwards,



44 Spin-Torque Nano-Oscillators

. 100

20%00 100 0 100 200

I/ el

2
1
0

Y (nm)

1.1} —#— Calculated Hg, in NiFe (Normalized)
—@— Calculated Hg, in Co (Normalized)

_Cu (70 nm).

'Pﬂ ‘ — — —t S—
-200 -150 -100 -50 0 50 100 150 200 0 10 20 30 40 50 60 70 80
y (nm) Cu thickness (nm)

Figure 4.10: (a) Detailed current density in all layers for tcy = 10 nm, normalized
by the average perpendicular current density over the NC. (b) Detailed x component
of Hoe induced by perpendicular current in all layers for tcy = 10 nm. (¢) The same
for tcu = 70 nm. (d) The top view of the middle of the NiFe layer; the colored map
shows the x component of Hoe for tcy = 70 nm. (e) Calculated average strength of
Hoe induced by perpendicular current under the NC in the middle of NiFe and Co

layers normalized by Hgf(f;c“:m nm)- All results are for D = 250 nm.

the input sources (e.g., dc current and ground) and other initial conditions were
added and the software simulated and calculated the specified parameters inside
all layers of the devices.The input values of the nanocontact size and Cu thickness
were D =250 nm and tcy, = 10, 30, and 70 nm, respectively. Figure 4.10 shows the
results of calculations.

Our previous results [66] show that the current from the top contact first crowds
along the perimeter of the NC before spreading out laterally (Figure 4.10(a)) and
that, by increasing tcy, we can strongly reduce the lateral current spread. Accordingly,
Figure 4.10(b) and (c) show that the Oersted field induced by perpendicular current
underneath the NC increases with thicker tc, as a result of the current spread
reduction. In Figure 4.10(e), we highlight this amplification in both free and fixed
layers by plotting the average strength of Ho, in the middle of the NiFe (H5.F°)

and Co (HS?) layers under the NC geometry, normalized by HgéF("tc =70 nm)-

The results show that, when t¢, is increased from 10 to 70 nm, the values
of Hy N‘Fe and H ¢ undergo remarkable increases of ~30% and ~60%, respectively,
underneath the NC geometry. This dramatic increase in the Oe field is caused by
lower lateral current spread in NC-STNOs with thicker bottom electrode. There will
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thus be a larger perpendicular current density under the NC geometry, resulting in
higher Oersted field in devices with thicker ¢¢,. The Oersted field plays a key role
in exciting the dynamics and decreasing the effective diameter with increasing Cu
thickness, as illustrated in Figure 4.9. We can therefore conclude that it is possible
to tune the SWR by tailoring the lateral current.

Finally, we used ST-FMR technique to study magnetodynamics excited by the
Oersted-field in NC-STNOs. We controlled the current distribution, and thereby
the Hp, distribution, by varying the bottom Cu layer thickness. The results show
that changing Cu thickness is an efficient method to tune propagating spin waves.
The main wave-vector (k = 7/D’) of the SWs also increases for thicker Cu layers.
Simulations show that the current distribution governs the strength of the Oersted-
field which has a direct impact on the characteristics of the spin waves.
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4.4 Control of Thermal Budget in NC-STNOs

Following our previous work [66], described in Section 4.1, we here use the same
multilayer devices to investigate the effect of bottom Cu electrode thickness (fcy)
in NC-STNOs based on Co/Cu/NiFe GMR stacks on the Joule heating induced
by current flow inside of the devices. We carried out modeling of Joule heating
using COMSOL Multiphysics® simulation software with a detailed three-dimensional
finite-element model of these NC-STNOs. We simulated the devices with Cu bottom
layer thicknesses of tc, = 10, 30, and 70 nm and with NC diameter dxyc = 100 nm.
In COMSOL, we first designed the structures of the NC-STNOs, following the
schematic shown in Figure 4.1(a), and the material characteristics were assigned to
each layer. Afterwards, the input sources (e.g., dc current and ground) and other
initial conditions were added and the software simulated and calculated the detailed
profiles of the current density and Joule heating inside all layers of the devices.

Figure 4.11 shows the simulation results. Figure 4.11(a) depicts current density
of the NC-STNO with t¢, = 10 nm. Figure 4.11(b) and (c) illustrate simulations of
Joule heating in all layers with detailed results of the magnetically active region
and a top view of the NiFe layer, respectively, for the NC-STNO with t¢, = 10
nm. Figure 4.12 also shows the calculated temperature at specific levels in the layer
structure of NC-STNO devices, and the inset shows the simulation of Joule heating
from the side view of NC-STNO with t¢, = 10 nm.

In Figure 4.13, we compared the simulation results for devices with ¢, = 10,
30, 50, and 70 nm. Based on the calculated average temperature of the NC, as well
as the NiFe and Co layers underneath the NC, we found that increasing Cu bottom
layer thickness from 10 nm to 70 nm reduces the temperature in both the NiFe
and Co layers by around 47%. For example, the average temperature of the Co
layer under the NC geometry reduces from 343.65 K to 319.77 K, which is a ~ 24 K
reduction in temperature (room temperature was taken as 293.15 K). Finally, we
can suggest a modification to NC-STNO structure which to reduce temperature in
such devices. Based on the previous studies, this heating reduction directly improves
the spin-torque efficiency and stability of the output microwave signal [138]. These
results have been presented in Paper V.
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4.5 NC-STNO in Oblique Magnetic Fields:
Characterization of High Frequency Responses

In this part, we measured the spin-torque-driven oscillations in the NC-STNO as a
function of field angle. We investigate how, for a given out-of-plane magnetic field
angle and magnitude, merely changing the field polarity and azimuthal angle can
significantly alter the device’s output. In our experiments, the sample is a single
NC-STNO with the following layer structure: Pd(8)-Cu(50)-Co(8)-Cu(7)-NiFe(4.5)-
Cu(3)-Pd(3) (numbers indicate thicknesses in nm) and a nominal NC diameter
of 100 nm, whose detailed structure is described in Section 4.1. The schematics
of the device and the transmission line for dc and microwave characterization of
the device are given in Figure 4.1. In our measurements, the direct dc current was
provided to the sample using a Keithley 6221 current source and the sample voltage
was monitored using a Keithley 2182 nanovoltmeter. A bias-T was used to apply
current directly to the device while passing the generated microwave signal through
a low-noise amplifier (gain 41 dB; bandwidth 0.1-40 GHz) from Miteq, and finally
detecting the output signal using a Rohde & Schwarz FSU 67 spectrum analyzer.
All measurements were performed using a drive current of 20 mA. Using the 3D
field system (Configl) described in Section 3.3.2, a magnetic field with a constant
magnitude of 0.95 T was applied at three different azimuthal angles (p=-15°, 0°,
and 15°) and its out-of-plane angle was then rotated a full 360°, starting from a
parallel orientation (#=0°), according to the coordinate system shown in the inset
of Figure 3.14(a).

Angular dependence of oscillation (out-of-plane angle)
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Figure 4.14: Power spectral density of an NC-STNO as a function of the external
magnetic field angle 6 and oscillation frequency of the measured device with I4. = 20 mA.
The vertical dashed white lines represent critical angles (6.) which between them, only
a single mode with an oscillation frequency above the FMR frequency can be observed.
Here, 0 is according to the coordinate system shown in the inset of Figure 3.14(a).
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Figure 4.14 shows the behavior of the NC-STNO microwave signal versus the
out-of-plane angle of the applied magnetic field 6 from 0° to 360°. Between the
critical angles, only a single mode with an oscillation frequency above the FMR
frequency of the NiFe film is observed, and has been attributed to a propagating spin
wave (SW) in the NiFe layer [102]. A second mode with a frequency far below the
FMR frequency also exists, corresponding to the localized SW bullet [105]. However,
the critical angle 6. and propagating modes are not symmetrical.
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Figure 4.15: Power spectral density of NC-STNO as a function of external magnetic
field angle 0 and oscillation frequency with I4. = 20 mA at (a) ¢ = -15°, (b) ¢ =0°,
and (c) ¢ = 15°. The vertical dashed white lines indicate twelve symmetric polar angles
with respect to the sample plane. Here, 6 and ¢ are according to the coordinate system
shown in the inset of Figure 3.14(a).
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Angular dependence of oscillation (in-plane angle)

In Figure 4.15, for full 6 scans from 0° to 360° with o= —15°, 0°, and 15°, each
plot shows variation in peak frequencies for symmetric polar angles with respect
to the sample surface, as well as inconsistencies in mode transitions. Further, in a
comparison between plots, we can see variations in peak frequency for same polar
angles by changing the azimuthal angle.

Angular dependence of STNO peak frequency, output power, and linewidth

To better understand these behaviors, we extracted some of the microwave
properties for twelve symmetric angles with respect to the sample plane; these
are the four symmetric polar angles (§ = 70°, 110°, 250°, and 290°) with three
different azimuthal angles (¢ = -15°, 0°, and 15°), as shown by the vertical dashed
white lines in Figure 4.15(a), (b), and (c). As an example, the output spectrum of
NC-STNO at 6 = 70° and ¢ = 0° with I;. =20 mA is plotted in Figure 4.16(a). The
NC-STNO peak frequency, output power, and linewidth vary by hundreds of MHz,
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Figure 4.16: (a) Output spectrum of NC-STNO at 0 = 70° and ¢ = 0° with I4. =
20 mA; (b) peak frequency, (c) integrated power, and (d) linewidth of NC-STNO
measured at four different symmetric out-of-plane angles, at in-plane angles of ¢ = —15°,
0°, and 15°.
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several pW/MHz, and hundreds of MHz, respectively, as shown by Figure 4.16(b),
(c), and (d).

Finally, we studied the microwave properties of NC-STNOs with respect to
altitude and azimuth angles of the applied external magnetic field. Our consistent
measurements show that there are variations in the linear and nonlinear frequencies
and amplitude responses when the polar and azimuthal angles of the magnetic field
are rotated. These results suggest some form of inhomogeneity in the material and
domain structures, as well as a broken symmetry in the geometry, which causes the
oscillation behavior to display a strong dependence on 6 and ¢. Determining the
potential reasons for the anisotropic frequency variation in these oscillators leads to
a deeper understanding and optimization of the film growth and fabrication process.
These results have been presented in Paper I.
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4.6 NC-STNO in Oblique Magnetic Fields: Magnetic
Droplet Soliton Nucleation

The evidence of magnetic droplet soliton nucleation in oblique magnetic field has
been studied extensively in Paper VI [139], and the materials and data in this section
and appended paper are reprinted with permission from [M. Mohseni, M. Hamdi, H.
F. Yazdi, S. A. H. Banuazizi, S. R. Sani, S. Chung, J. Akerman, and M. Mohseni,
Physical Review B 97, 184402 (2018).] Copyright (2018) by the American Physical
Society.

It has been shown that NC-STNOs exhibit different types of spin waves, such as
propagating waves [35, 55, 140, 141] and magnetic droplet solitons [106, 142, 143, 144].
After the demonstration and observation of the droplets, various rich dynamical
aspects of these nanoscale solitons—such as drift resonance instability [145, 146],
droplet propagation [147], nucleation boundaries [148], merging [149], and perimeter
mode excitation [144] have been studied.

Here we use the 3D field probe station described in Section 3.3.2 as well as
another probe station with higher magnetic fields to study the angular dependence
of the magnetization dynamics in orthogonal NC-STNOs. We also supported our
experiments with micromagnetic simulations and theoretical calculations. We showed
that—although droplet soliton nucleation has been previously demonstrated in
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Figure 4.17: Color map of the measured angular field-dependent MR of the NC-STNO
at a constant current of Iz, = 20 mA.
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perpendicular fields—the nucleation of droplets is not limited to perpendicular fields,
and droplet nucleation in oblique fields at a critical angle can be observed both
through magnetoresistance (MR) and NC-STNO dynamics. In perpendicular fields
and at out-of-plane (OOP) field angles down to the critical angle, droplet nucleation
can be observed. However, for field angles below the critical angle, the droplet gives
way to propagating spin waves, in agreement with our micromagnetic simulations
and theory.

We employed the same samples as described in References [106, 148]—orthogonal
pseudo-spin-valves (PSVs) with Co(8)/Cu(8)/Co(0.3)[Ni(0.8)/Co(0.4)]x4 layers (all
thicknesses given in nm) with an NC radius of 50 nm, consisting of fixed, spacer, and
free layers, as described in previous sections. All measurements were performed at
room temperature using the home-made microwave probe station with an accurate
and uniform magnetic field. The dc current was applied to the NCs with a negative
polarity and electrons flowing from the free to the fixed layer. In addition, all the
micromagnetic simulations were performed using GPU-based MuMax 3.0 [150].

In Figure 4.17 we show a color map of the measured MR versus field at different
angles at a constant applied current of I;. = 20 mA to demonstrate that the MR
starts to increase from certain angles when the system tends to transform from
small-angle precession to a droplet. In this figure, it is clear that below 6. ~ 52°,
there is no sign of droplet mode at any field. Figure 4.18(a)-(c) also represent the
field-dependent MR of the NC-STNO at different angles of 6, = 20°, ., = 60°, and
0. = 90° with a constant current of I;. = 20 mA. At 6, = 20°, the NC-STNO has
its expected behaviour in orthogonal PSVs which the MR decreases by increasing
the field. However, in 8, = 60° and 6. = 90°, it is clear that the MR first decreases,
but at a certain magnetic field, it tends to increase which indicates the formation of
a droplet under the NC [106].

Figure 4.19 presents the power spectral density of the angular dependency of
the NC-STNO frequency at a constant current of Iz, = 20 mA and an applied
field of pgHext= 1 and 1.2 T, as determined both experimentally and from the

1 ‘ .= 20° = (,l)nl Be=90°
|
[
0,999 - ii 3 p Droplet nucleation
- okoa [ ] Droplet nucleation "
. |
& "
=" w
4
0,997 i
(@ - (b) (c)
0.0 0.5 1.0 L5 2.0 0.0 0.5 1.0 LS 2000 04 08 L2 L6 2.0
toH e (T)

Figure 4.18: Field-magnitude-dependent MR of NC-STNO at I;. = 20 mA and (a)
0 = 20°, (b) 6. = 60°, (c) 0. = 90°.
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Figure 4.19: Power spectral density of NC-STNO frequency versus applied field angle
for an applied current of I3, = 20 mA. (a) and (b) ((c¢) and (d)) show the experimental
and simulation data for external applied field of poHext = 1 T (1.2 T). The solid green
curves show the angular-dependent FMR, frequency, while the solid blue lines indicate
the critical angle of the droplet nucleation; The labels I, II, and III in (d) indicate 6.
= 20°, 6. = 60°, and 0. = 90°, respectively.
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(c)

f=32.5GHz f=35GHz f=34.5GHz

Figure 4.20: Spatial profiles of spin-wave excitations for an applied current of I4. =
20 mA and external applied field of p10Hext=1.2 T. (a), (b) and (c) show the spatial
profiles of the modes at 6. = 20°, 60°, and 90° respectively, as indicated by I, II, and
III in Figure 4.19(d).

simulation. The solid green lines indicate the angular-dependent FMR frequency
of the device. The solid blue vertical lines represent the critical angle, 6., of the
droplet nucleation, which is the angle where the frequency of the system drops below
the FMR frequency. Figure 4.20(a)—(c) shows the corresponding simulated spatial
profiles of the excited wave with the labels I, II, IIT in Figure 4.19(d) at angles of 6,
= 20°, 60°, and 90°, respectively.

In Figure 4.20(a), we illustrate the spatial profile of the spin-wave mode at a low
angle (6. = 20°), which shows a spin-wave beam due to the broken spatial symmetry
around the NC induced by the Oersted field of the dc current [151]. As depicted
in Figure 4.20(b) for the spatial distribution of the mode at 6, = 60°, it is clear
that the lower frequency mode disappears and a higher frequency mode begins to
appear as the applied field angle increases above .. As expected from both the MR
and microwave measurements, the droplet is nucleated at this angle. However, the
Oersted field of the applied current induces an asymmetric energy landscape around
the NC, and the droplet thus tends to drift toward regions with a lower in-plane field
above the NC [145]. Figure 4.20(c) also shows that the energy landscape becomes
more symmetric when the angle of the external field increases, causing the drift
instability to disappear at 6, = 90° and the spatial profile of droplet to become
almost symmetric.

In order to distinguish the presence of the soliton and the propagating spin-wave
when the device is obliquely magnetized, we used both experiment and simulation to
obtain a field-angle phase diagram for the angular dependency of the magnetization
dynamics in our NC-STNOs for a range of applied fields from pgHexy = 0.6 to 1.2 T.
As indicated in Figure 4.21, for each field strength below 6., the spin-wave dynamics
of the NC-STNO show a propagating wave; above 6., the excited spin waves convert
to localized solitonic droplet modes. Furthermore, 6. increases slightly as the applied
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Figure 4.21: Phase diagram of the droplet nucleation critical angles . versus the
applied field magnitude and angle in orthogonal NC-STNOs, which separates the
localized droplet area (white region) and nonlocalized propagating SW area (gray
region).

field magnitude increases.

In conclusion, we have presented evidence of droplet nucleation under oblique
fields in orthogonal NC-STNOs. Our results show that droplet nucleation is not
limited to perpendicular fields and the angular dependence of spin-wave dynamics
shows two fundamentally different modes. The droplets nucleate where the external
field is nearly perpendicular in direction, while the propagating spin waves are the
dominant mode in oblique fields, where there is an in-plane field component. The
transition between these two modes takes place at a determinable angle that can be
found using a phase diagram covering solitonic and propagating waves. Our results
give us a better understanding of nanoscale solitons and spin-wave dynamics in
NC-STNOs.
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4.7 Low-Current STNOs Based on Perpendicular Magnetic
Tunnel Junctions

Low-current STNOs based on perpendicular magnetic tunnel junctions were studied
extensively in Paper VIIL.

In this study, we demonstrate ultra-high frequency tunability of up to 4.4
GHz/mA and low threshold currents of about -21 yA in STNOs based on magnetic
tunnel junctions (MTJs) with a CoFeB/MgO/CoFeB stack in which both free and
fixed layers display perpendicular magnetic anisotropy (PMA). According to previous
studies, all-perpendicular MTJs (p-MTJs) offer clear advantages for magnetoresistive
random access memory in terms of low switching current density [152, 153, 154, 155,
156, 157, 158, 159] and high thermal stability [154]. While nano-oscillator devices
such as NC-STNOs can also benefit from materials with perpendicular magnetic
anisotropy (PMA), STT-driven microwave generation in this all-perpendicular
system has not yet been studied in detail. Using the field rotational microwave probe
station described in Section 3.3.1, we here show high-frequency STNO operation in
our MTJ devices.

4

Au/Cr

Ta(5)/Ru(5)

CoFeB (1.6)
MgO(1)
CoFeB (0.9) Hey (xy)

Easy axis (z)

Ta(5)/Ru(5)/Ta(5)

Figure 4.22: Schematic of MTJ-based STNO device structure.
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Figure 4.23: Color maps of power spectral density as a function of current generated
by MTJ-based STNOs at six applied magnetic field of (a) 2 kOe, (b) 3 kOe, (c) 3.5 kOe,
(d) 4 kOe, (e) 5 kOe, and (f) 6 kOe.

Figure 4.22 illustrates a schematic of MTJ-based STNO device structure. In our
devices, this stack was sputtered onto a sapphire wafer: Ta(5)/Ru(10)/Ta(5)/Cosqq
Fegp Bag (0.9)/MgO(1)/Cosp Fego Bag (1.6)/Ta(5)/Ru(5) (all thicknesses in nm)
with a nanopillar diameter of 100 nm. We connected the transmission line for
microwave measurements as described in Section 3.2.2 and all measurements were
carried out at drive current limited to -350 pA. Microwave signal generation was
studied as a function of both the drive current and the in-plane (IP) magnetic field.

The results of the microwave measurements are presented in Figure 4.23, where
the PSD is shown as a function of current for eight values of applied IP fields ranging
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Figure 4.24: Field-magnitude dependency of MTJ-based STNO frequency at different
bias currents.

from 2 to 6 kOe. At magnetic fields below 3.5 kOe, we observe a single mode at
high frequencies. At 3.5 kOe, a second mode with higher frequency also appears,
and at 4.5 kOe a third mode with much lower power can be observed under high
current. We also fitted a Lorentzian to the PSD at each current and field value; the
extracted peak frequencies are plotted as a function of field magnitude for different
currents in Figure 4.24 for fields ranging from 0 to 8 kOe. The results show that the
minimum point gradually shifts from 3 to 2 kOe when the current increases from
-0.05 to -0.35 mA. This frequencies red-shift is Kittel-like and causes the precession
of the magnetization of the free layer to be induced by the STT effect [160]. The
microwave signal generated at 5 GHz and above is also the highest of previously
reported frequencies in MgO-based MTJ nanopillar STNOs.

Figure 4.25 shows the PSD as a function of applied magnetic field; this also
extracted from the Lorentzian fitting of field-sweep spectra at various input currents.
The results show that the power increases gradually with applied current. Further,
the peak shifts from 3.5 to 2.5 kOe simultaneously with the turning points of
the field-dependent oscillation frequency in Figure 4.24. The threshold current of
microwave oscillation is given from a linear fitting of the inverse of the integrated
power versus current, which is plotted in the inset to Figure 4.25. A threshold
current of I.o = 21 pA is extracted from the linear fitting; this equals a critical
current density of J.o ~ 2.77 x 10°A /cm?. This threshold current is the lowest value
reported to date.

In conclusion, we experimentally studied STNOs based on nanopillar MTJs with
a 100 nm diameter in which both the free and polarizer layers are PMA CoFeBs.
We demonstrated high-frequency STNO oscillation from 5 GHz to over 10 GHz,



4.7. Low-Current STNOs Based on Perpendicular Magnetic Tunnel Junctions 61

B 100+ = ,:f; -
600 — '005mA ‘E’, -.—EmsarFuiofD ,/"}
—_ —e— -0.10mA : Vil
" S00F 4 015mA i
T —v—-0.20mA i 7
(D 400 B 3 .n" -
- g _..,-c"lj/é»?hf&;m
; "o .ETO. ~ .:lo 30 »27: -0
o 300 B Current {pA) I -
~ <+—-0.25mA
2 200t ]
o
100 F .
0

Figure 4.25: Power spectral density of measured MTJ-based STNOs versus applied
field at different input currents. Inset: Linear fitting of the inverse of integrated power
as a function of current; a threshold current of —21pA was extracted.

which is the highest range reported to date for MgO-based MTJ nanopillar STNOs.
Furthermore, high current tunabilities of frequency and extremely low threshold
current densities were observed.






Chapter 5

Spin Hall Nano-Oscillators

Spin-wave excitations driven by spin-transfer torque (STT) [35, 36, 161, 55] have
become an important area of research during the last decade, both from a funda-
mental point of view and for their potential in applications using spintronic devices,
such as spin torque and spin Hall nano-oscillators [30]. Recent investigations have
shown that the spin Hall effect (SHE) in a nonmagnetic film with strong spin-orbit
interaction (such as Pt) can induce a pure spin current that can then be used
to exert enough STT on an adjacent ferromagnetic thin film to drive spin-wave
auto-oscillations. These kinds of oscillators are called spin Hall nano-oscillators
(SHNOs) [46, 45, 162, 163, 164, 39] and have great potential for applications in the
next generation of signal generators, [165, 33] as these devices are nanosized and
have low power consumption; they are also easy to fabricate and have reasonably
good emission characteristics.

This chapter describes characterizations of spin Hall nano-oscillator (SHNO)
devices based on different structures and materials, using both conventional and novel
methods. I first present a detailed study of the current and induced magnetic field
and describe the temperature profiles of nanogap SHNOs. In addition, we show the
current and in-plane magnetic field dependence of nanoconstriction spin Hall nano-
oscillators based on NiFe/Pt and NiFe/W. It has been shown that multiple SHNOs
can be serially synchronized, thereby increasing their output power and enhancing
the value of these devices in applications. Here we show the synchronization of
nanoconstriction SHNOs in low in-plane magnetic fields. Moreover, I present the
result of a novel method of probing an operational nanoconstriction-based SHNO
using a magnetic force microscope.

63
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5.1 Current, Field, and Temperature Profiles in Nanogap
SHNOs

An extensive investigation of nanogap SHNO current, field, and temperature profiles
is presented in Paper VIII.

The oscillation frequencies and the spin-wave modes in the SHNOs depend on
the applied external magnetic field and the dc current. It is thus crucial to have a
clear understanding of the current distribution, which has a direct impact on the
auto-oscillating active region. The electric current leads to a temperature increase
due to Joule heating, which can cause frequency shifts and also degrades device
performance. In addition, an Oersted field (Ho,) induced by dc current modifies the
effective field landscape in SHNOs, affecting some of the main properties of their
high frequency emissions.

We here investigated the angular dependence of anisotropic magnetoresistance
(AMR), together with simulations of current distribution, Joule heating, and Ho, in a
nanogap spin-Hall nano-oscillator (SHNO). Figures 5.1(a) and (b) show the schematic
of the SHNO device, which is made of a NiFe (5 nm)/Pt (6 nm) bilayer patterned
into a 4 pum disc, on top of which we fabricated needle-shaped gold electrodes with
a gap of D = 100 nm between them (Figure 5.1(c)). We characterized these devices

Figure 5.1: (a) Schematic, (b) cross-section, and (c) scanning electron microscopy
image of the nanogap SHNO with dgisc =4 pm. (d) Optical microscopy image of the
final device and the top contact coplanar waveguides that provide electrical access to
the SHNO.
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Figure 5.2: (a) Color plot of the power spectral density of auto-oscillation frequency
as a function of dc current for a needle-based SHNO device with a gap of D = 100 nm
between the needles, with application of an in-plane magnetic field of Hext= 850 Oe
at # = 0° and ¢ = 24°, and (b) measured AMR curves of the corresponding device for
Iqc = 5 to 15 mA in steps of 2 mA and an in-plane field of Hext= 5 kOe.

using the full 3D field probe station (Config2) described in Section 3.3.2.

Figure 5.2(a) shows the auto-oscillation frequency output of a needle-based
SHNO device with a gap of D = 100 nm between the needles in the form of a color
plot of power spectral density as a function of dc current under an in-plane magnetic
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field of Hexy= 850 Oe at 8 = 0° and ¢ = 24°. For AMR measurements, an in-plane
magnetic field with a constant magnitude of 0.5 T was applied. Then, by applying a
dc current that ranged from 5 mA to 15 mA in steps of 2 mA, we measured the
resistance of the device while rotating the magnet () from 0° to 360° in steps of
3°. Figure 5.2(b) illustrates the output curves for the different input currents; the
angular dependence is consistent with the AMR effect [166]. The overall resistance
increases here with increasing input dc current because of Joule heating, which leads
to the material’s resistivity increasing with temperature. We also show different
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Figure 5.3: Normalized AMR curves for (a) Hext = 3 kOe and Iqc = -15 mA, (b)

Hext = 70 Oe and Iqc = -10 mA, (¢) Hext = 70 Oe and Igc = 10 mA, and (d) Hext =
50 Oe and Ig. = 15 mA.
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value of dc current (I4.) and measure the AMR of the SHNO over a wide range of
applied magnetic field, angles, and currents.

Figure 5.3 shows the normalized AMR measurements results with (a) Hext =
3 kOe and I4. = -15 mA, (b) Hext = 70 Oe and I3 = -10 mA, (¢) Hexy = 70 Oe
and Ig. = 10 mA, and (d) Hext = 50 Oe and I3 = 15 mA. We interpret the
changes in the AMR curves of the lower external fields to be the results of both the
Oersted field and heating in the NiFe layer. In the actual AMR data, variation in
the magnitude of the field does not have a significant effect on the overall AMR
response (e.g., R and R, ). The changes in the AMR curves of the lower external
fields are thus mostly associated with the actual angle of the magnetic field inside
the ferromagnetic layer, which is affected by the Oersted field in the NiFe layer,
mainly induced by the current in the Pt layer. This is the case because most of the
current in the nanogap region flows in the Pt layer (>80%) [38]. At high currents
and low external fields, the curves of AMR versus field angle are strongly affected
by the induced Hpe, which can be calculated.

To investigate how the current redistributes in the nanogap SHNO device and
calculate the associated Joule heating and induced Oersted field, calculations of
the current flow in each layer of the SHNO were carried out using COMSOL
Multiphysics® simulation software with a detailed three-dimensional finite-element
model of the SHNO. In Figure 5.4(a) and (b), we illustrate the temperature map at
the top of the NiFe layer and in all layers for I4. = 15 mA, respectively. Figure 5.4(c)
also shows the calculated temperature distribution for Iy, = 1 to 15 mA in the
nanogap SHNO with dgisc = 4 um and a 100-nm gap between the gold needles.
Figure 5.5(a) and (b) respectively illustrate the corresponding simulated Ho, at the
top of the Pt layer for I4. = 15 mA and the calculated Ho, for Ig. =1 to 15 mA in
the middle of the nanogap and top of the NiFe layer of the SHNO with dgjsc = 4 pum
and a 100-nm gap between the gold needles.

In conclusion, we studied the AMR of the nanogap SHNO. We interpreted the
changes in the AMR curves of the lower external fields as the result of the actual
angle of the magnetic field inside of ferromagnetic layer, as well as of Joule heating
induced by the input current. We simulated and calculated the temperature and
the Oe field induced by the current flow in the ferromagnetic layer. These results
will help us to better understand the dependencies of the spin-wave modes excited
in SHNOs.
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Figure 5.4: Detailed temperature map (a) at the top of NiFe layer, (b) in all layers

for Iqc = 15 mA; (c) calculated temperature distribution for I4c =1 to 15 mA in the
nanogap SHNO with dgisc =4 pm and a 100-nm gap between the gold needles.
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Figure 5.5: (a) Detailed Oe field map at the top of Pt layer for Isc = 15 mA; (b)

calculated Oe field for I4; = 1 to 15 mA in the middle of the nanogap SHNO with
daisc =4 pm and D = 100 nm at the middle of the NiFe layer.
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5.2 Mapping Out the In-Plane Modes of
Nanoconstriction-Based SHNOs

A detailed study of the high-frequency modes of nanoconstriction-based SHNOs
under in-plane magnetic fields was presented in Paper IX.

Most recently, a nanoconstriction-based SHNO geometry was demonstrated
to have remarkable advantages, such as a much simpler fabrication process and
being operational at a lower current than previously described types, such as the
needle-based SHNOs described in the previous section [167]. Further, in these
nanoconstriction spin Hall oscillators, the mutual synchronization of a chain of
multiple SHNOs was demonstrated, which results in a dramatic increase in their
output power and a narrower linewidth under the application of approximately
1 T external out-of plane magnetic fields [64]. Furthermore, this type of SHNO is
highly promising for future neuromorphic computing devices [12]. The operation of
SHNO devices at low fields is desirable in practical applications. In this section, we
demonstrate for the first time the different spin-wave modes of nanoconstriction-
based SHNOs from experimental microwave signal measurements under a low in-
plane magnetic field (Hip), supported by micromagnetic simulation. We investigate
the auto-oscillating spin-wave modes in nanoconstriction-based SHNOs as a function
of current, external in-plane magnetic field magnitude, and angle.

The stack of NiFe(5nm)/W(5nm) was prepared using dc/rf magnetron sputtering
on a rectangular c-plane Sapphire substrate. After patterning an array of mesas
using photolithography and Argon ion-milling, the nanoconstrictions with the width
of 150 nm were fabricated in the center of the mesas using electron-beam lithography
and dry etching. Finally, a conventional ground-signal-ground (GSG) waveguides for
electrical access was fabricated by lift-off photolithography and Cu/Au sputtering
on top of the nanoconstriction-based SHNO devices.

Figure 5.6(a) shows a schematic of the device structure, the coordinate system,
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Figure 5.6: (a) Schematic of the nanoconstriction-based SHNO and the configuration
of the in-plane field and the current, (b) the angular dependent magnetoresistance of
the stack.
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and the directions of the applied in-plane field and current. The SHNQO’s anisotropic
magnetoresistance (AMR) is depicted against the in-plane angle of the applied
field in Figure 5.6(b). For the microwave measurements, a dc current was injected
through the device and passed to the nanoconstriction under the application of a
uniform in-plane field. Using the transmission line as described in Section 3.2.2, the
output auto-oscillation microwave signal was extracted using a spectrum analyzer
after amplification by 35 dB using a low-noise amplifier.

In Figure 5.7(a) we show the power spectral density (PSD) of the SHNO as a
function of input dc current and magnetic field at ¢ = 30° under different field
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Figure 5.7: (a) Current dependency auto-oscillation PSD at ¢ = 30° for Hip = 0.04,

0.06, and 0.08 T and (b) the extracted linewidth. The error bars are smaller than the
size of the symbols.
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Figure 5.8: PSD map of the fundamental and 2" harmonic of the modes versus the
in-plane angle of the field for Hip = 40 mT at (a) I = 1.3 mA, and (b) I = 1.1 mA.

strengths. For Hip = 0.08 T, there is a single spin-wave mode with maximum power
around 1 mA which degrades at higher input currents. Decreasing the field to 0.06 T
results in the coexistence of a new mode at high currents, the frequency of which
depends strongly on the input current. Additionally, decreasing the field lowers
both the FMR and auto-oscillation frequencies. Reducing the field further to 0.04 T
makes mode 2 dominant at higher currents. Figure 5.7(b) shows the auto-oscillation
linewidth of the three spectra extracted by fitting the peaks to Lorentzian function.
The linewidth of mode 1 decreases as the current increases until a certain minimum
point, where it shows a rapid exponential rise; the linewidth of the second mode is
an order of magnitude higher than the first mode for each applied field.

The fundamental and second harmonics of both mode 1 and mode 2, as functions
of the in-plane angle with a constant Hyp = 40 mT, are plotted in Figure 5.8 (a)
and (b) at I = 1.3 mA and 1.1 mA, respectively. Similarly to the PSD maps in
Figure 5.7(a), mode 2 was observed at higher currents and disappeared with reduced
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current. Unlike mode 1, the frequency of mode 2 strongly depends on the angle
and decreases with the angle of the external field. Additionally, the fundamental
auto-oscillation modes were not detected electrically around ¢ = 0°, because the
first derivative of the AMR curve is too small near this angle (Figure 5.6 (b)).
However, the second harmonics of both modes have their maximum power around
0°.

In order to investigate the physics behind the dynamical behavior of the SHNOs, a
micromagnetic simulation was carried out using MuMax3[168]. The parameters used
in the simulations correspond to the stack and include the saturation magnetization
and gyromagnetic ratio of NiFe, as well as the spin Hall angle of the tungsten layer,
which are the values obtained from the ST-FMR measurement. These parameters
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Figure 5.9: (Simulation) (a) The FFT power colormap of the total magnetization as
a function of frequency and current. Inset: FFT power versus frequency at I = 1.32 mA.
Mode 1 and mode 2 are marked with star and plus symbols, respectively. (b) Normalized
volume of the linear-like mode (black rectangles) and bullet mode (red circles) versus
current. At each current, to obtain the normalized volume as a degree of localization,
the FF'T amplitude of the local magnetizations in the corresponding mode profile
are normalized to one and summed. The error bars are smaller than the size of the
symbols.
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have been described in Paper IX in detail. The auto-oscillation spectrum and
its splitting into two modes can be seen in Figure 5.9(a), in agreement with the
experimental observations (Figure 5.7(a)).

We carried out a spatial FFT over the local magnetizations to investigate the
type of auto-oscillation modes and determine the spatial distribution of the observed
modes. The peak frequency of the FFT curve occurs at Iy = 1.32 mA (see inset to
Figure 5.9(a)). While mode 1 is more localized on the edges of the nanoconstriction,
mode 2 is localized more towards the center (Figure 5.10). Mode 1 is a field-localized
linear-like mode confined in the local minima of the internal field (the so-called
spin-wave wells) near the edges [167, 169].

To compare the degree of localization of the modes, the FFT amplitudes of the
local magnetizations for the corresponding mode profile at each current value are
normalized to unity and summed to obtain the normalized volumes of each mode.
Following the red doted line in Figure 5.9(b), we see that increasing the current
reduces the volume of mode 2, making it more and more localized as we expected.
This behavior is observed because the frequency of mode 2 decreases as the current
increases (Figure 5.7(a) and Figure 5.9(a)), and so its group velocity and radiation
loss reduce. This is the nature of the so-called bullet modes [101, 46, 102, 127], which
are nonlinear, nontopological modes localized centrally in a region comparable in
size to the nanoconstriction.
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Figure 5.10: (Simulation) The mode profile of the FFT peaks is shown in (a) for
mode 1 confined at the edges of the nanoconstriction and (b) for mode 2, which is
localized more centrally in an area comparable to the constriction size. (¢) Mode
profiles along the A—A’ direction perpendicular to the direction of the external field.
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We have presented the dynamic magnetic properties of nanoconstriction-based
SHNOs in an in-plane external magnetic field by carrying out microwave measure-
ments and comparing them with the micromagnetic simulation of the structure.
We found a linear-like edge mode and a bullet mode confined to the center of the
nanoconstriction. Our findings provide a better understanding of the dynamics of
nanoconstriction-based SHNOs, which are necessary for subsequent studies of the
system to finally use them as nanoscale signal generators.
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5.3 In-plane Mutual Synchronization of
Nanoconstriction-Based SHNOs

The demonstration of the mutual synchronization of multiple nanoconstriction-based
SHNOs is discussed in full in Paper X.

Recently, mutual synchronization of a chain of multiple nanoconstriction-based
SHNOs has been demonstrated, resulting in higher output power with improved
linewidth [64]. The synchronization was shown to be driven by direct spin-wave (SW)
mode overlap, facilitated by the expansion of SW edge modes at large out-of-plane
fields close to 1 T. However, such high fields are impractical in most applications.
We here demonstrate for the first time the mutual synchronization of SHNOs with
in-plane external magnetic fields (Hyp) as low as 30 mT.

The SHNO stack, consisting of NiFe(5nm)/Pt(5nm), was prepared and nanocon-
strictions with a width of 150 nm were subsequently fabricated. We made different
SHNOs with the number of constrictions varying from one to three, with spacing
of 300 and 900 nm between the constrictions. Finally, conventional ground—signal—
ground (GSG) waveguides for electrical and microwave measurements were fabricated
on top of the SHNO nanoconstrictions.

Figure 5.11(a) shows the schematic of a double nanoconstriction-based SHNO
from the top view and the configuration of the in-plane external magnetic field
(Hrp) and the input current. Microwave measurements were carried out using a
custom-built setup. A dc current was injected through the nanoconstriction, and
the auto-oscillation microwave signal was received by a spectrum analyzer after
amplification by 35 dB using a low noise amplifier.

Figure 5.11(b-d) respectively show the auto-oscillation power spectral density
(PSD) colormaps against drive current under pogH;p = 30 mT at ¢ = 38°, 24° and
6° from a double nanoconstriction-based SHNO with 150 nm-wide constriction and
a spacing of 300 nm. For greater angles, there are two spin-wave modes from the
two constrictions (e.g., ¢ = 38° and 24°). However, as shown in Figure 5.11(d), by
decreasing the angle, the two modes merge into a single synchronized mode with a
power density much higher than in their unsynchronized state. Figure 5.11(e) shows
the auto-oscillation linewidth of the three spectra. A clear sign of synchronization is
that the linewidth for the smaller angle of ¢ = 6° drops by more than an order of
magnitude, as compared to greater angles.

We also investigated the effect of the field direction on the synchronization of
the SHNO modes. We measured the angular dependent auto-oscillation PSD of
double and triple nanoconstriction-based SHNOs with spacings of 300 and 900 nm
at poHrp = 30 mT and Iz, = 2.8 mA. Figure 5.12(a) shows the fundamental and
second harmonics of the auto-oscillation signal of a single nanoconstriction-based
SHNO versus . At smaller angles, the fundamental mode could not be detected,
while a strong second harmonic appears at smaller angles.
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Figure 5.11: (a) Schematic of a double nanoconstriction-based SHNO (top view) with
the direction of the in-plane external magnetic field and current in our experiments.
Power spectral density map versus current for uoHrp = 30 mT at (b) ¢ = 38°, (c)
© = 24°, and (d) ¢ = 6°%; (e) the extracted linewidth. The error bars are smaller than
the size of the symbols.
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Figure 5.12: Power spectral density map of nanoconstriction-based SHNOs against in-
plane field angle for poHrp = 30 mT and I4. = 2.8 mA for (a) a single nanoconstriction
and a double nanoconstriction with spacing of (b) 300 nm, (c) 900 nm, and (d) a triple
nanoconstriction with spacing of 300 nm.

For the double nanoconstriction-based SHNO with 300 nm spacing (Figure 5.12(b)),
each nanoconstriction oscillates independently with different frequencies at greater
angles, similar to the current sweeps (Figure5.11(a)). However, at the smaller angles,
the modes begin to be synchronized with a much narrower linewidth from a critical
angle of (. ~ 20°). Besides the synchronization, a fairly strong second harmonic
shows up from the same critical angle.

Figure 5.12(c) shows the PSD of a double nanoconstriction-based SHNO with a
wider spacing of 900 nm. Compared to the device with the 300 nm spacing, the greater
distance between the constrictions destroys the synchronization and pushes ¢, down
to ~ 5°. At the same time, a strong second harmonic of the synchronized mode is
observed for angles below ¢., but the fundamental harmonic of the synchronized
mode is not detected.

Finally, the PSD for a triple nanoconstriction with 300 nm spacing between the
constrictions is plotted in Figure 5.12(d). Similar to Figure 5.12(b), the synchro-
nization is observed at smaller angles, along with a rather strong second harmonic.
However, the frequency of the linear-like mode for the triple nanoconstriction shows
a steeper angular dependence.

We have presented the mutual synchronization of nanoconstriction-based SHNOs
in a weak in-plane field of 30 mT with higher power and lower linewidth. We
have also investigated the dependence of the synchronization on the input current
and the external magnetic field angle. We studied SHNOs with double and triple
nanoconstrictions and with spacings of 300 and 900 nm. The synchronization is
achieved at angles below a critical value of ., and this critical angle is greater
for the shorter spacing on account of the stronger synchronization between the
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nanoconstrictions.

5.4 Magnetic Force Microscopy of Nanoconstriction-Based
SHNOs

Following the design and implementation of an MFM system capable of probing an
operational nanodevice, as described in Section 3.3.3, I present here some results of
experimental testing of this system and the detailed results were presented in Paper
II. In this experiment, we probed a nanoconstriction-based SHNO Pt/NiFe bilayer
with a constriction width ranging from 80 to 300 nm (Figure 5.13).

In our conventional fabricated devices, short waveguides provide the electrical
and microwave access to the nanodevice. However, as explained in Section 3.3.3,
there is a limited space under the head of the MFM system; we thus fabricated and
used longer waveguides to ensure that the microwave probe can stably and safely
contact the waveguides. Figure 5.14 shows a chip of 20 SHNOs mounted on top
of the VFM2 in order to apply an external in-plane magnetic field to the device
that we want to measure it. For a consistent measurement, the device should be
located exactly in the center of the magnetic poles. This will give a uniform field of
almost the same magnitude as we set in the software. Further, to apply the field at a
certain angle, it would be possible to rotate the chip and then adjust the angle, then
making contact with the rf probe with the help of the microscope camera. With
the MFM head mounted and with the high-resolution MFM probe calibrated and
positioned, we started scanning.

In one of our experiments, we applied an 800 Oe external magnetic field to the
device at an angle of ¢ = 24° with an input current of Iy, = -6 mA. Figure 5.15(a)
depicts the result of atomic force microscopy (AFM) of a nanoconstriction-based
SHNO with a width of 300 nm, and Figure 5.15(b) shows the corresponding result

Figure 5.13: (a) Schematic and (b) SEM image of nanoconstriction-based SHNO
device.
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Figure 5.14: Mounted chip of nanoconstriction-based SHNO devices on the variable
field module 2 (VFM2) of the MFM system.

from the magnetic channel of the system. We interpret the dark part of the MFM
output as a result of high current density, which induces the Oe field, as can be
recognized by the MFM technique.

We presented a new method of probing the spatial profile of an operational
magnetic nanodevice using magnetic force microscopy (MFM). We developed a MFM
system by adding a microwave probe station to provide simultaneous electrical and
microwave contact with our fabricated devices during the MFM process. Further,
because of the limited space under the MFM head, special devices with longer
waveguides were designed and fabricated to ensure stable contact between the
device and the microwave probe. Using this MFM system, we scanned operational
nanoconstriction-based nano-oscillators. The experimental results show that this
method is indeed useful for extracting the spatial profile of an operational magnetic
nanodevice.
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Figure 5.15: AFM and MFM of an operational nanoconstriction-based SHNO with
constriction width of D = 300 nm for an applied magnetic field and input current of H
= 800 Oe at in-plane angle of ¢ = 24° and I4.=-6 mA.






Chapter 6

Conclusion and Future Work

The work presented in this thesis has focused on several experimental approaches for
characterizing GMR nanocontact spin torque nano-oscillators, as well as nanogap-
based and nanoconstriction-based spin Hall nano-oscillators, and optimizing param-
eters such as low current oscillations, improved output power at high frequencies,
and low-linewidth signals. These improvements were achieved through research into
the materials and structure of these devices, as well as by investigating the synchro-
nization phenomena in these nanoscale devices. In particular, most of the results
presented here rely on the development of instruments based on both conventional
and new experimental techniques of characterizing fabricated devices.

To gain deeper insight into the physical phenomena, the magnetization properties,
and the mechanism of magnetization oscillations in these particular devices, both
numerical and micromagnetic simulations were employed. Moreover, all of the
characterized devices are of interest in microwave applications, as they have the very
high stability and high range tunability in their output frequency. Both the design
of these devices’ structure and the measurement techniques were therefore based on
optimizing the capability of these microwave devices for industrial applications.

The further exploration of NC-STNOs and SHNOs is motivated from the point
of view of new nanoelectronic application: microwave radio communication and
a wide range of sensing platforms should benefit from CMOS-integrable on-chip
nanosized oscillators with tunable output frequencies and fast modulation properties.
Since the GHz frequencies generated by NC-STNOs and SHNOs can be adjusted
by controlling the level of their bias current alone, these devices can be used in
telecommunication operations as smart signal generators.

Determining maps of the spin-torque-excited propagating spin-wave modes
generated by these devices is scientifically and technically crucial, and would be an
interesting measurement case for scanning transmission X-ray microscopy, as well as
for quantitative high resolution magnetic force microscopy (MFM). Although there
are studies and reports describing observations of these excitations in similar devices,

83
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instrument limitations mean there are still opportunities to work on developing
instrument capabilities to achieve more accurate and reliable characterizations. For
example, one possible evolution might involve adding a custom assembly of highly
homogeneous magnets to the beamline of a synchrotron radiation light source with
controllable magnetic field strength and angle, to easily determine the excitation
profiles of STNOs and SHNOs.
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