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Abstract

Spin-torque oscillators (STOs) belong to a novel class of spintronic devices
and exhibit a broad operating frequency and high modulation rates. STOs
take advantage of several physical phenomena such as giant magnetoresistance
(GMR), spin Hal effect (SHE), spin-transfer torque (STT), and tunneling
magnetoresistance (TMR) to operate. In this work, it has been attempted to
understand and study the excited magnetodynamical modes in three different
classes of STOs i.e. nanocontact STOs (NCSTOs), spin Hall nano-oscillators
(SHNOs), and hybrid magnetic tunnel junctions (MTJs). Synchronization has
been considered as a primary vehicle to increase the output power and mode
uniformity in NCSTOs and SHNOs. In the quest to achieve high signal quality
for applications, a completely new class of devices, hybrid MTJs, has been
studied. Therefore this work can be principally divided into three parts:

GMR-based NCSTOs: Synchronization has been shown to be mediated
by propagating spin waves (SWs). The Oersted magnetic field produced by
the current going through the NCs can alter the SW propagating pattern.
In this work, the synchronization behavior of multiple NCs has been studied
utilizing two different orientations of NCs.The Oersted field landscape is shown
to promote or impede SW propagating depending on the device geometry.
Synchronization of up to five NCs, a new record, is thus achieved. It is shown
that the synchronization is no longer mutual in nature but driven by the NC
from which the SWs are emitted.

SHNOs: The basic operation and characterization of SHNOs are demon-
strated through electrical measurement and confirmed by micromagnetic simu-
lations. Ultra small constrictions are fabricated and shown to possess ultra-low
operating currents and an improved conversion efficiency. High efficiency mu-
tual synchronization of nine SHNOs is demonstrated. Furthermore, by tailoring
the connection region, the synchronization range can be extended to 4 µm.
Furthermore, for the first time the synchronization state is directly probed
utilizing micro-Brillouin light scattering.

Hybrid MTJs: While MTJs based oscillators utilizing a nanopilar geom-
etry have been shown to deliver output powers much greater than GMR-based
NCSTOs, they often suffer from higher linewidths. A hybrid device is fabricated
to combine the high output power of nanopillar MTJs and low linewidths of
NCSTOs. Realization of such devices is demonstrated and, for the first time,
their magnetodynamical behavior is meticulously studied. Experimental results
show evidence of both localized and propagating SW modes. Generating prop-
agating SWs in these devices paves the way for synchronizing multiple hybrid
MTJs sharing the same free layer, thus improving the oscillator performance.
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Introduction

With the ever increasing demand for high-speed and low-energy data communi-
cation, alternatives to the current complementary metal-oxide semiconductor
(CMOS) systems are needed. CMOS technology is approaching its limits in
terms of operation frequencies, miniaturization, and its constantly increasing
power consumption. In recent years, devices based on spin, an intrinsic property
of electrons, have been proposed, giving rise to a whole new research field
termed spintronics [1, 2].

In spintronics, both the charge and the spin of carriers are taken into con-
sideration. Spintronic devices often rely on the transfer of angular momentum
from either a spin-polarized charge current or a pure spin current to a local
magnetization. Spin-transfer torque (STT) was described in two seminal papers
by Slonczewski [3] and Berger [4] in 1996. In these papers, it was predicted
that if a large enough spin polarized current flows perpendicularly to the plane
of a magnetic multilayer, the magnetization direction in one of the layers could
reorient. It took only a few years for magnetization precession due to STT [5]
and STT-driven magnetic switching [6] to be experimentally observed. In the
following years, STT-based devices have been extensively explored and their
underlying physics meticulously studied.

Some of the most interesting STT devices realized are spin torque and spin
Hall nano-oscillators (STNOs and SHNOs, respectively) [5, 7–13]. Although
single-layer STNOs have been demonstrated [14–16], STNOs based on all-
metallic multilayers usually consist of at least two magnetic layers: one that
acts primarily as a spin polarizer (the fixed layer) and another that acts as
the free layer in which the spin-waves are excited. In all metallic STNOs
[17–20], spin-wave (SW) dynamics are a result of multiple phenomena acting
together, such as giant magnetoresistance (GMR) and STT from a spin-
polarized current. However, in another class of STNOs [21–26], the free and
fixed layers are separated by an insulator. In this class of devices, it is tunneling
magnetoresistance (TMR) rather than GMR that comes into play. On the
other hand, SHNOs [27–29] combine anisotropy magnetoresistance (AMR)
with STT from a pure spin current to bring spin-wave dynamics to life. It
has been shown, both experimentally and theoretically, that the STT-driven
oscillations in such devices can excite dynamic states that are very different
in nature, such as propagating SWs [30–32], SW bullets [33–36], and droplets
[37–46].

Although all of these devices have advantages, such as high operation fre-
quency [47–49] and modulation rates [21, 50–56], they also suffer from certain
disadvantages that limit their ultimate applicability. Mutual synchronization
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[57–64] has been considered a remedy to increase signal quality and power, mak-
ing them potentially suitable for applications. In 2005, two seminal experiments
showed that it is in fact possible to synchronize two STNOs sharing the same
free layer [62, 63]. However, progress has been slow in synchronizing more than
two high-frequency STNOs, and it was not until 2016 that the synchronization
of SHNOs was experimentally demonstrated [65]. These developments open up
many new possibilities for device layouts and their real-life applications. The
simplicity of the spin-Hall-based devices facilitates optical access to regions
with SW dynamics through methods such as microfocused Brillouin light
scattering (µ-BLS) and time-resolved scanning Kerr microscopy (TRSKM),
which both struggle with observing the magnetodynamics in STNOs where
the top contact covers the most active region [12, 32, 66–68].

In the quest for devices with high power and, at the same time, narrow
linewidth [69–74], another class of spintronic materials, referred to as magnetic
tunnel junctions (MTJs), are also being considered. MTJs take advantage
of tunneling magnetoresistance (TMR), which can be as high as 180% [75],
compared to STNOs, which usually possess an MR on the order of 2% [76]. This
significant difference in the MR translates into output power [77]. As a result,
MTJs can yield about 6 orders of magnitude more power than STNOs [75, 78,
79]. However, MTJs have to date been based on a nanopillar (NP) geometry,
in which the whole multilayer is patterned with a nanoscale cross-section.
In contrast, all-metallic STNOs are typically based on a nanocontact (NC)
structure (NC-STOs)—i.e., only the path through which the current enters
the device is confined to the nanoscale. Although NP-MTJs can deliver high
power, they also typically suffer from broad linewidths, whereas NC-STOs
have reasonably narrow linewidths but fall short of MTJs in terms of power.
It therefore seems logical to try and combine the best of both worlds in order
to improve signal quality.

This thesis focuses on advancing the state-of-the-art devices based on
spin torque and the spin Hall effect and to push the boundaries in terms
of their applicability, increasing signal quality either by synchronizing many
STNOs/SHNOs or fabricating hybrid structures that combine the advantages
of the existing devices. The chapters are organized as follows:

Chapter 1 introduces the basics of the most important underlying physical
phenomena being investigated, and describes the background required to
understand the results presented in this thesis. The applied measurement
techniques are introduced and are followed by subsections describing the
process of fabrication for STNOs, SHNOs, and hybrid MTJs.

Chapter 2 covers STNOs based on an NC geometry. It has been shown
that the Oersted field (HOe) produced by the current entering the device plays
a significant role in SW propagation. The asymmetric field landscape induced
by HOe results in a highly collimated and directional SW propagation pattern.
By strategically defining NCs to take advantage of SW beams, the robust
synchronization of five NC-STOs each separated by 300 nm is achieved—a
new record. It is also demonstrated that synchronization can be stretched to
greater separations of 1300 nm, consistent with the experimentally reported
SW propagation length (ref). Synchronization manifests itself as an increase in
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power and coherence of the synchronized mode. Furthermore, in this case, the
synchronization can no longer be considered mutual in nature, but is driven by
the NC from which the SWs are being propagated. Micromagnetic simulations
performed by MUMAX3 confirmed the experimental results.

Chapter 3 focuses on SHNOs and studies the underlying effects that give
rise to auto-oscillations. A nonmagnetic metal with high spin-orbit coupling can
inject transverse spin current into an adjacent magnetic layer through the spin
Hall effect. The transfer of angular momentum to the local magnetization will
subsequently induce auto-oscillations. The simple bilayer structure of SHNOs
makes their fabrication simpler and also provides direct optical access to the
magnetically excited region. Here, only nanoconstriction SHNOs, in which
both the nonmagnetic and the magnetic layers are nano-patterned, are studied.
Mutual synchronization of up to nine individual constrictions separated by
300 nm was achieved. For the first time, the synchronized region was optically
inspected by µ-BLS as two SW regions sharing the same spectral content.

Chapter 4 explores a new type of hybrid device based on MTJs. In
order to confine the path taken by the current and force it to tunnel through
the insulating barrier, MTJs are usually patterned into NPs. However, NP
structures suffer from larger linewidths than NC-STOs. The larger linewidth is
attributed to inhomogeneous demagnetization due to the serrated edges of the
NPs and stray fields in the NP device structure. It is shown that it is possible
to combine the advantages of NC structures with the high MR of MTJs into
a hybrid device. STT-induced SW-modes are analyzed and their interactions
are investigated in both the time and frequency domain. For the first time,
experiments reveal the existence of both localized SW bullets and propagating
SWs in hybrid MTJs.

Chapter 5 summarizes the results obtained in this thesis and lays out
the perspectives and future works that can be explored based on the present
findings.
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1
Background and Methods

1.1 Theory

1.1.1 Anisotropic, Giant, and Tunneling Magnetoresis-
tance

Anisotropic magnetoresistance (AMR)

In ferromagnetic materials, the change in electrical resistance with the relative
orientation between the current flow and the magnetization direction of the
medium is called anisotropic magnetoresistance (AMR) [80]. The dependence of
resistance on the relative orientation of the current flow and the magnetization
is described by:

ρ = ρ⊥ + (ρ|| − ρ⊥)cos
2θ (1.1)

here, ρ⊥ and ρ|| represent the resistivity of the ferromagnet when magnetization
and current flow are perpendicular and parallel to each other, respectively, and
θ describes an arbitrary angle between the two. AMR arises from the effect
of both the magnetization and spin-orbit coupling on the charge carriers. For
example, in ferromagnetic 3d alloys, the probability of s–d scattering in the
magnetization direction is higher than for any other direction [81]. The AMR
ratio, (ρ|| − ρ⊥)/ρ⊥, is typically positive and can be as large as a few percent,
but is typcically smaller (e.g. 0.2% for NiFe). Note that in some materials it
can be negative, such as Co2(Fe,Mn)Si Heusler alloys [82].

Giant magnetoresistance (GMR)

The discovery of GMR is responsible for the explosive growth and interest
in the field of spintronics. GMR, the change in resistance dependent upon
the relative magnetization orientation of its constituent magnetic layers, was
first described by A. Fert [83] and P. Grünberg [84] in the 1980s. The most
basic structure in which GMR can be detected is called a “spin valve”, and
consists of at least two ferromagnetic layers, such as Co and NiFe, separated by
a nonmagnetic conductor like Cu. While the magnetization direction of one of
the magnetic layers (the fixed layer) is fixed, the magnetization direction of the
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other magnetic layer (the free layer) can be changed at relatively small fields.
GMR arises due to the spin-dependent scattering of electrons when passing
through or scattering off of ferromagnetic layers and can be explained by the
Mott model [85]. GMR has the highest value when the magnetization direction
of the fixed and free layer are antiparallel. In this case, both the up-spin
and down-spin electrons are strongly scattered by the two magnetic layers,
producing a high-resistance state. On the other hand, when the magnetization
direction of the fixed and free layer are parallel, electrons with a certain spin
direction will be scattered, while the other type experiences little scattering,
resulting in a lower-resistance state. The greater the GMR effect, the higher
the magnetoresistance (MR) ratio. The GMR ratio is defined as:

GMR =
RAP −RP

RP
=

∆R

RP
, (1.2)

where RAP and RP are the resistance of the spin valve structure when the
magnetization direction of the fixed and free layer are antiparallel and parallel,
respectively.

Tunneling magnetoresistance (TMR)

The layer structure for TMR is similar to that of GMR, with one important
distinction. In magnetic tunnel junctions (MTJs), an ultrathin insulating layer
separates the ferromagnetic layers from each other (in this case, they are
called the reference layer and the free layer). Electrons can tunnel through
the thin insulating layer; the probability of tunneling depends on the relative
magnetization direction of the adjacent ferromagnetic layers. Here again, when
the magnetization orientation of the free and reference layers are parallel, the
resistance is lower than the state in which the layers are oriented antiparallel
to each other. The TMR ratio can describe the change in resistance over the
MTJ:

TMR =
2P1P2

1− P1P2
, (1.3)

P1 and P2 are the spin polarization of the ferromagnetic layers. Pi is defined
as:

Pi =
Di↑ −Di ↓
Di↑ +Di ↓

; i = 1, 2 (1.4)

Di↑ and Di↓ are the density of up-spin and down-spin electrons at the Fermi
energy level of the ferromagnet. While the GMR ratio is on the order of a few
percent (1%–2%) [76], TMR ratios exceeding 150% have been reported in the
literature [75, 79, 86].

1.1.2 Spin Hall Effect
When current passes through a conductor that is subject to a magnetic field
perpendicular to the current flow, a potential difference is generated across
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it. This effect was first discovered by E. H. Hall in 1879 [87]. Soon after, it
was also found that the current flow in a ferromagnet acquires a net polar-
ization which is determined by the magnetization direction of the medium
[88]. Such a current experiences a transverse velocity with different paths for
electrons with different spin orientations, and eventually produces a transverse
voltage. This phenomenon is called the anomalous Hall effect (AHE)[88, 89].
The spin Hall effect (SHE) shares the same concept as AHE, but is limited
to nonmagnetic materials, with an important distinction: a current passing
through a nonmagnetic material will not become polarized, and therefore the
spin-dependent charge separation will not yield a measurable voltage—that is,
there is no spin imbalance in a nonmagnetic material. The SHE manifests itself
as a spin current transverse to the charge current and eventually results in spins
with opposite polarities accumulating at opposite faces of the nonmagnetic
conductor [90–94].

The SHE may be due to either intrinsic or extrinsic mechanisms. Intrinsic
mechanisms occur because of the effect of spin-orbit coupling on the band
structure of the metal, which exerts a force on electrons between scattering
events [95]. However, Extrinsic mechanisms, such as side-jump [96] and spin
skew scattering [97] rely on scattering events, which depend on impurities in
the materials.

The spin Hall angle (SHA), θSH , quantifies the conversion efficiency between
charge current and pure spin current, and can be calculated from the following
[91]:

θSH =
σs
xy

σc
xx

e

~
, (1.5)

where σs
xy and σc

xx are the spin Hall conductivity and charge conductivity,
respectively. SHA is usually reported as a percentage and may be either positive
or negative depending on the material. As an example, metals like Ta and
W, with less than half-filled d-orbitals, have negative SHAs, while Pt and
Pd, with more than half-filled d-orbitals, show positive SHAs. A model that
only considers the intrinsic spin Hall effect has been proposed for 4d and 5d
transition metals and has been shown to explain their measured SHAs [98–100].

1.1.3 Spin Transfer Torque
Magnetization dynamics in our devices can be, to a large degree, described clas-
sically by the Landau–Lifshitz–Gilbert equation [101] with an additional term
to describe the spin-torque effect on magnetization dynamics, first introduced
by Slonczewski [3] and Berger [4]. The Landau–Lifshitz–Gilbert–Slonczewski
(LLGS) equation is as follows:

∂ ~M

∂t
= −γ( ~M × ~Heff )−

γα

M0
[ ~M × ( ~M × ~Heff )] + τ [ ~M × ( ~M × ~P )], (1.6)

where ~M is the magnetization vector, ~Heff is the effective field, γ is the
gyromagnetic ratio, α is the Gilbert damping constant, and ~P is a vector
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Figure 1.1: Schematic representation of LLGS equation. The blue term (the
first in the LLGS equation) is a conservative torque and causes precession
around ~Heff . The red (second) term describes the dissipative torque, which
results in the spiral motion of ~M shown by the black dashed line. Finally, the
green (third) term is the spin-transfer torque which, when sufficiently large,
can compensate for the damping term and cause steady-state precession.

pointing in the spin polarization direction of the bias current. ~Heff itself is
the sum of the external magnetic field ~Hext, the magnetodipolar field ~Hdip,
the exchange field ~Hex, the anisotropy field ~HA, and the Oersted magnetic
field ~HI produced by the current going through the device. The first term
on the right-hand side of Equation 1.1 describes the undamped conservative
precession of ~M ; The second term on the right-hand side or Equation 1.1
represents the damping of the medium and causes the ~M to finally align with
~Heff . The final term on the right-hand side of Equation 1.1 represents the
Slonczewski–Berger torque or spin-transfer torque (STT), and provides an
antidamping torque that, when sufficiently large, can overcome the natural
damping of the medium and lead to the steady-state precession of ~M . The
direction of these three terms is color coded in Figure 1.1.

The spin-polarized current needed for STT to occur can come from a
number of sources. In one of the cases covered in this thesis, a spin-valve
structure produces the spin-polarized current. When a current goes through
a ferromagnetic layer, it becomes polarized. Depending on the polarization
direction of this current, it could exert a torque on the free layer, which can be
described by Equation 1.1. Another mechanism for producing a spin-polarized
current is the spin Hall effect, which was briefly reviewed earlier.

1.1.4 Spin Torque Nano-Oscillators (STNOs)

STT-induced magnetization dynamics can only be obtained at high current
densities, on the order of 1012A/m2. Such high current densities can only
be achieved if the cross-section of the current path is confined to nanoscale
dimensions. A schematic of such a device is shown in Figure 1.2. In this thesis,
we only focus on nanocontacts, nanoconstrictions, and hybrid geometries, as
shown in Figures 1.2(b–d).
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Figure 1.2: Schematic illustration of different types of STNOs. (a) Nanopillar,
(b) Nanocontact, (c) Nanoconstriction, and (d) Hybrid geometries.

Nanocontact geometry

In the nanocontact (NC) geometry, only the path through which the current
enters the device is confined, as can be seen in Figure 1.2(b). The nanocontact
spin-torque oscillators (NCSTOs) studied in this thesis are in the range of 90
to 100 nm in size. The dimensions of the spin-valve mesa in which these NCs
are fabricated is 8 × 16µm2, and can be considered essentially infinite with
respect to the NCs. This geometry allows multiple NCs sharing the same free
layer to be fabricated.

Nanoconstriction geometry

Nanoconstriction geometry is used for the spin Hall nano-oscillators (SHNOs).
As can be seen in Figure 1.2(c), a bow-tie shaped constriction is designed
to confine the current. The flow of in-plane current will produce spin accu-
mulation at the lateral surfaces of the metal, one of which is the interface
between the metal and the ferromagnet in bilayer SHNOs [18]. This specific
structure has some advantages over the nanocontact geometry, including easier
nanofabrication process and direct optical access to the magnetically dynamic
area [65].

Hybrid geometry

Typically, MTJs are fabricated utilizing a nanopillar geometry (Fig. 1.2(a)),
however, these structures are not only very hard to fabricate but also affect
device performance and introduce inhomogeneity to the structure [102–105].
The nanocontact geometry cannot be used for MTJs, since most of the current
will stray into the cap layer and therefore fail to contribute to the magnetization
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dynamics. Considering all the advantages of the nanocontact geometry and
disadvantages of the nanopillar structure, a hybrid geometry that combines
the benefits of both structures was designed and its basic functionality were
studied [106, 107]. Figure 1.2 (d) schematically illustrates such a device.

Achieving a high current density is a necessary but not a sufficient step
towards realizing magnetization dynamics. The initiation of magnetization
dynamics depends on current direction as well. Electrons flowing from the
fixed to the free layer carry the fixed-layer polarization direction. In this case,
the spin torque transferred from the electrons, will assist the Gilbert damping
in making the magnetization of the free and fixed layers parallel. However,
when the current is directed such that the electrons flow from the free to the
fixed layer, the angular momentum transferred will act to orient the fixed layer
along the direction of the free layer. Since the magnetization direction of the
fixed layer does not change easily, this effect is negligible. However, in this case,
electrons having an antiparallel spin angular momentum with the fixed layer
will back-scatter from the interface between the spacer and the fixed layer.
This time, when these electrons enter the free layer, will act in opposition to
the Gilbert damping and thus sustain auto-oscillations.

1.1.5 Magnetization dynamics in STNOs
Magnetization precession in a ferromagnet can give rise to different states and
modes with completely different characteristics. The key concept in understand-
ing the nature of these modes is spin waves (SWs). At T=0 K, all the spins in
a ferromagnet are aligned parallel to each other, and the magnetization of the
material is at its maximum. When the temperature increases, spins begin to
tilt with respect to each other. Since spins interact with each other through
the exchange interaction, the tilting of each of them affects the neighboring
spins, making them tilt as well. Eventually, they will have aligned as shown in
Figure 1.3; looking at this, it can be seen why this alignment is referred to as
a spin wave. Another key concept that plays a vital role in understanding the
nature of the SW modes in STNOs is ferromagnetic resonance (FMR), which
is the collective motion of the magnetization vectors (k=0) in a ferromagnet
about an external magnetic field. The FMR frequency for a magnetized thin
film can be obtained from:

fFMR =
γµ0

2π

√
Hint(Hint +M0cos2θint), (1.7)

in which Hint and θint are the internal field and angle, and can be obtained
by solving the magnetostatic boundary conditions:

Hext cos θext = Hint cos θint,
Hext sin θext = (Hint +M0) sin θint.

(1.8)

The well-known Kittel equation for in-plane magnetized thin films is a
special case of Equation 1.7 when θint = 0 [108–110].

10



Figure 1.3: Schematic of a 1-D alignment of spins at a nonzero temperature.

Depending on the anisotropy of the ferromagnetic layers in the STNO
devices mentioned in the previous section, different types of SW modes can
form. In this thesis, only devices with in-plane anisotropy are investigated. In
this type of devices, current injection gives rise to essentially two different SW
modes: the “propagating” SW mode [30] and the localized solitonic “bullet”
mode [33].

Propagating spin wave mode

This was the first mode that was predicted to be excited in NCSTOs [30]. It
was argued that, at currents above a threshold value, dynamics under the NC
could be established for a perpendicularly magnetized free layer like NiFe. The
magnetization precesses with a larger cone angle compared with FMR, and
so increases the internal field. As a result, the generation frequency of the
magnetization dynamics is higher than with FMR. The same result can also
be obtained from the theoretical framework developed by Slavin et al. [101],
who also predicted that the propagating SW mode is the only stable mode at
external field angles above a critical value, θc. For example, for the NCSTOs
studied in this thesis, θc ≈ 60◦. Another important observation made in the
case of propagating SWs results from the fact that the free layer is infinite with
respect to the NC in two of the three dimensions, and so the magnetization
dynamics couples to the surrounding spins through the exchange interaction.
As a result, the generated dynamics propagates away from the NC radially,
as shown schematically in Figure 1.4(a). This prediction was later optically
observed by a method called micro-focused Brillouin light scattering (µ-focused
BLS) [32]. This result has far-reaching consequences, as will be shown later in
this thesis.

Localized bullet mode

In addition to the propagating SW mode, Slavin and Tiberkevich [33] showed
that for external field angles less than θc, another mode—the bullet mode—can
also be nucleated [31, 35]. The frequency of this self-localized solitonic mode
is less than FMR because of a negative nonlinearity coefficient. This mode
comes into existence only when the energy of the system reaches a minimum,
and so less current is needed to nucleate the bullet mode than the propagating
mode for the same conditions. Figure 1.4(b) illustrates a spin-wave bullet
schematically.
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Figure 1.4: (a) Propagating spin wave mode, (b) spin wave bullet.

1.1.6 Synchronization Phenomena
Synchronization is defined as the “adjustment of the rhythm of oscillating
objects due to their weak interaction” and it is considered to be natural
phenomena in nonlinear coupled oscillators [111]. Mutual synchronization has
been realized for NCSTOs sharing the same free layer and has been shown
to improve the signal quality by increasing the output power and decreasing
the linewidth of the synchronized state [62–64, 112]. Synchronization increases
the mode volume, making it less susceptible to thermal fluctuations and thus
increasing (decreasing) the mode uniformity (linewidth) of the final state. In
all the cases studied in the literature, synchronization is said to be “mutual”,
because it is believed that all the oscillators play the same active role in the
final synchronized state. Synchronization is attributed to different mechanisms,
the most important of which is through propagating SWs [112]. It is, therefore,
crucial to study all the factors affecting SW propagation pattern.

1.2 Experimental Methods

1.2.1 Electrical Measurement
The characterization of the devices fabricated in this thesis was carried out
through their microwave signal generation, which was induced as a result of
current-induced STT-driven precession of their magnetization. This precession
results in a time-varying resistance change (in the GHz range) and manifests
itself as an AC voltage signal, which is decoupled from the applied DC current
using a broadband bias tee. Since the power of the signals generated by the
devices studied in this thesis is usually low—below the noise floor of the
spectrum analyzer—a low-noise amplifier with a gain of ≥ 32 dB and a noise
figure of ≤ 3 dB is used to raise the power. The amplified signals are then sent
to a Rhode & Schwarz FSV-40 spectrum analyzer with the video bandwidth
(VBW) and the resolution bandwidth (RBW) set to 10 KHz and 1 MHz,
respectively. A Keithley 2400 source-measure unit is used to provide the dc
current and to measure the resistance of the devices. The results were analyzed
in the MATLAB programming environment. They are corrected for their
amplifier gain and their losses caused as a result of the impedance mismatch of
the rf circuit (with a fixed 50 Ω impedance) and the device under test (DUT).
The signals obtained are then fitted with a symmetric Lorentzian function, from
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Figure 1.5: Schematic of an electrical measurement setup used for microwave
detection of magnetization dynamics in the devices. A dc current is applied
to the device under test (DUT). The microwave response is decoupled by the
bias-T and is amplified by the LNA before being recorded by the spectrum
analyzer. The resulting spectra is later fitted by a Lorentzian function to
extract integrated power and FWHM linewidth.

which the signal frequency, integrated power, and full-width-at-half-maximum
(FWHM) linewidths can be obtained.

Measurements in the time-domain was performed using a LeCroy Wave-
Master 8 Zi-B digital oscilloscope with a 30 GHz bandwidth and 80 GH/s
sampling rate. 10 µs-long single-shot time traces with self-triggered signals
were captured and amplified before being recorded by the oscilloscope. A fast
Fourier transform (FFT) was performed on the time traces to obtain the signal
frequency. The time traces were further analyzed by a pseudo-Wigner–Ville
distribution (PWVD) function with time (frequency) resolution of 2 ns (0.5
GHz).

1.2.2 Microfocused Brillouin Light Scattering (µ-focused
BLS)

In this thesis, SHNOs were investigated by µ-focused BLS using a 532 nm
single-frequency laser provided by a single diode-pumped solid-state laser. The
laser spot is focused in the range of diffraction limit using dark-field Zeiss
objectives with a numerical aperture NA = 0.75. Spatial maps are obtained
by scanning the sample underneath the laser spot. The scattered light is then
analyzed using a six-pass Tandem Fabry–Perot TFP-1 interferometer, which
is the most important part of the setup and should possess a high frequency
resolution to distinguish different SW modes. A single photon counter records
the frequency-resolved intensities on the measurement computer. This intensity
is proportional to the square root of the magnetization dynamics amplitude
at that specific frequency. BLS provides the unique opportunity of giving
direct access to the spin waves and magnetization dynamics in SHNOs. The
underlying mechanism in this method is through the interaction of quanta of
light (photons) and quanta of SWs (magnons). When the laser hits an FM film,
it may either create or annihilate magnons and thereby gain or lose energy.
The change in energy will eventually cause a shift in both the wavelength and
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Figure 1.6: Schematic of the sputtering system used for thin film deposition.
Each gun has a shutter, which is not shown. The rotatable sample holder
and the confocal arrangement of the guns ensure a uniform thickness of the
deposited films throughout the entire sample [114].

frequency of the scattered light. This shift is detected and analyzed by the
interferometer.

1.3 Fabrication

1.3.1 Fabrication of Nanoconstriction SHNOs

A detailed fabrication process for NC-STOs and needle-based SHNOs has
previously been developed in our team [113, 114]. In this thesis, the detailed
process for fabricating nanoconstrictions and hybrid MTJs is explained. There
were many challenges in the fabrication process of these devices (especially for
hybrid MTJs), and many process parameters had to be optimized to yield the
desired result.

Thin film deposition

Deposition of films are done in an AJA Phase II system containing seven
confocal sputtering targets in a circular arrangement within a high vacuum
chamber. The chamber base pressure is lower than 5× 10−8 Torr. Sputtering
is done at 3 mTorr of Ar pressure. The confocal arrangement of the guns and
the rotatable sample holder ensure the greatest uniformity at 40 mm working
distance, which is the distance between the sample and the plane in which the
guns are located. An 18 mm×18 mm, c-plane Al2O3 substrate is transferred
to the main sputtering chamber via a load-lock in which, first, 5 nm of NiFe
and, immediately after that, 6 nm of Pt is sputtered on it. Figure 1.6, adapted
from [114], schematically show the sputtering targets and the position of the
sample holder with respect to them.
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Alignment mark fabrication

The choice of the alignment mark material depends on the electron beam
lithography (EBL) system and how it performs mark detection. In the EBL
system used in this thesis, the alignment mark is detected by the change in
the secondary electrons when the electron beam is scanning the substrate and
passes over the leg of the alignment cross. The contrast between the substrate
and the alignment mark increases with the thickness of the mark, and also
depends on the difference between the atomic number of the substrate and the
alignment mark material. It was thus decided to sputter a 100 nm thick layer
of tantalum, which has a high atomic number (Z=73) and good adhesion to the
sapphire substrate. Photolithography combined with a lift-off process is used
to define the marks. The resist combination used for the lift-off process is a
100 nm thick MicroChem LOR 1A lift-off spacer together with a 1.3-µm-thick
S1813 photoresist. Exposure is done using a Heidelberg Instruments DWL
2000 laser writer that uses a diode laser with a wavelength of 405 nm to expose
the resist. Since the lift-off layer develops faster than the photoresist, it leaves
an undercut behind. Tantalum is then sputtered on the resist bilayer and is
left in a hot bath of photoresist remover for lift-off.

Fabrication of nanoconstrictions

Nanoconstriction SHNOs are patterned so that the current is focused by their
shape (Fig. 1.2(c)), similarly to nanopillar MTJ devices, in which the whole
device is patterned in nanodimensions (Fig. 1.2(a)). The need for a high level
of control over the lateral dimensions of nanoconstriction and the fact that a
noble metal, Pt, is used in the SHNO material stack rules out the possibility
of chemical wet etching and leaves physical ion beam etching (IBE) as the
best option. IBE is performed by bombardment with Ar noble gas. It thus has
no material selectivity. This makes it possible to use a negative-tone e-beam
resist as the etching mask, as long as the thickness of the resist is larger than
the material stack being etched. IBE is normally carried out at 25◦ which is
the angle between the normal to the sample surface and the bombardment
direction, to avoid sidewall buildup in the ion milling process. One can also
change the IBE angle to achieve precise control over the lateral dimensions of
the constriction. Increasing the milling angle will increase the etching rate in
the lateral dimensions and subsequently the lateral dimensions can be reduced
to the desired level. Etching of each layer is carefully controlled by an in
situ secondary ion mass spectroscopy (SIMS) endpoint detection. Figure 1.6
shows schematics of different steps involved in the fabrication of SHNOs and
a scanning electron microscope image of a final device, Figure 1.6(e). After
pattern transfer is done, a reactive ion etching (RIE) plasma system is used
for oxygen cleaning and removing the resist residual, followed by resting the
samples in hot resist removal bath to remove any remaining resist.
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Figure 1.7: (a) Ma-N 2401 negative tone EBL resist is spin-coated on the
sample; (b) after EBL exposure and development, the resist is used as an
etching mask for IBE at an angle of 25◦. (d) By removing the remaining resist,
pattern transfer to the blank films is complete (e) SEM image of a 100 nm
nanoconstriction device.

1.3.2 Fabrication of Hybrid MTJ
The final goal for hybrid MTJs is to thin down the cap layers (here ruthenium
and tantalum) as much as possible, so that stray current is reduced and the
current is instead forced through the layers. The final structure therefore has the
unique shape shown in Figure 1.2(d): it is neither like a nanopillar whose whole
structure is patterned in nanodimensions nor like an NC structure in which
only the path through which the current enters the device has nanodimensions.

The mesa fabrication step is similar to mesa fabrication for NCSTOs, which
was previously developed in our team [113, 114]. To make the hybrid structure,
a negative tone resist is used again as an etching mask for an IBE process.
Taking advantage of the in situ SIMS, etching down the cap layer is carefully
controlled to prevent any damage to the layers beneath the cap. After the
etching, while still keeping the resist, 30 nm of SiO2 is deposited to act as an
insulating barrier between the cap and the top contact. The devices are left in
a hot bath of remover placed in a high-energy ultrasonic machine. The same
resist layer that was used as an etching mask now acts as a lift-off layer. The
process steps in fabricating hybrid MTJs is illustrated in Figure 1.7(a–d).

Top contact fabrication

Top contact waveguides are fabricated to provide electrical access to the devices.
The top contact signal and ground pads are 100 µm wide to facilitate microwave
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Figure 1.8: (a) Ma-N 2401 negative tone EBL resist is spin-coated on the
sample; (b) after EBL exposure and development, IBE is carried out at 45◦

using the EBL resist as an etching mask; (c) cap layer shape after IBE. The
remaining resist is used as a lift-off layer for the insulating barrier; (d) after
depositing SiO2 and performing lift-off, the top contact can be fabricated to
provide electrical access to the device; (e) optical image of a waveguide that
provides electrical access to the devices; “G” and “S” refer to the ground and
signal legs of the microwave probe.

probe contact. The gaps between the signal and ground strips are designed in
such a way that their width is half of the signal strip’s (Fig. 1.7(e)). This will
lead to a rf impedance of about 50 Ω [76], which provides good matching with
the impedance of the circuit. Top contacts are defined by photolithography
and through a lift-off process, as previously explained. However, instead of
using LOR 1A, a 500-nm-thick LOR 3A lift-off resist is used, which yields a
clean-cut lift-off of 1-µm-thick Cu waveguides.
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2

Nanocontact Spin-Torque
Oscillators (NCSTOs)

Magnetization dynamics in GMR-based NCSTOs based on all in-plane [4,
7, 8, 31, 34, 36, 115], all perpendicular [116, 117], orthogonal [38, 39, 44,
118–121], and tilted magnetic layers [122–131], has been extensively studied.
In this thesis, the focus is on the nanocontacts in which the equilibrium
magnetization of both the free and the fixed layer lie in-plane. In this type
of device, the nature of the excited mode strongly depends on the external
magnetic field direction as shown in [36]. It has been shown analytically [33]
and through micromagnetic simulations [132–134] that the mode excited in
an in-plane external field excites a self-localized solitonic bullet mode [8, 31].
However, when the external field is applied perpendicular to the plane of the
film, an exchange dominated propagating mode is excited [30]. BLS shows
the wavevector of the excited mode to be inversely proportional to the NC
radius [32]. At intermediate angles, simulations [31, 135] and experiments [104]
suggest that the mode hops between the bullet and the propagating mode [9,
72, 136].

Mutual synchronization has been proposed as a means to achieve sufficient
signal quality for applications. However, since the early papers showing mutual
synchronization of two NCSTOs sharing the same free layer [62, 63], progress
has been slow on synchronizing more oscillators, and it was not until 2013 that
the mutual synchronization of three NCSTOs was reported [64].
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Figure 2.1: (a) Schematic of horizontal and vertical geometries. Device geometry
is defined with respect to H||, (b) SEM images of horizontal and vertical NC
geometries with 100 nm nominal diameter.

2.1 Synchronization and Oersted Field

In all the above-mentioned cases, synchronization was promoted by propagating
SWs. It thus seems crucial to study the factors that affect SW propagation
patterns. The current-induced Oersted field not only localizes the SW modes
but also promotes an asymmetric magnetic field landscape, which locally
modifies the FMR frequency [137], making SWs propagate into the low-field
(low-FMR) region. When the SW frequency is lower than the local FMR
frequency, propagation is hampered, and the so-called Corral effect [138]
results in highly collimated SW beams.

2.2 Device Geometries

To show the importance of SWs in the synchronization of NCSTOs, two dif-
ferent NC geometries are considered—see Fig. 2.1(a). The horizontal and
vertical geometries are defined based on the in-plane component of the external
magnetic field, H|| which, as can be seen in Figure 2-1(a), points to the positive
x-axis. NCs are defined on top of a pseudo-spin-valve mesa, details of which
are shown in Figure 2-1(a). The nominal diameter of the NCs is 100 nm
with a center-to-center (cc) separation of 300 nm. Figure 2-1(b) shows SEM
images of the final devices. Experimental results on both of these geometries
are presented in the following, together with a meticulous study of the FMR
landscape. The SW propagation pattern in each case is simulated by MUMAX3
[139].
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Figure 2.2: (a) Experimental frequency response of two horizontal NCs with
a nominal diameter of 100 nm and cc spacing of 300 nm for µ0Hex = 0.965
T and Idc= -48 mA, measured as a function of θex. The inset shows the
simulated phase difference between the NCs, which indicates the NCs are not
synchronized; (b) integrated power and linewidth of the experimental results
for mode 1 and 2 denoted with solid red and blue circles, respectively. The open
circles correspond to the modes seen at angles below θc; (c) FMR landscape
calculated using the Kittel equation and solving the magnetostatic boundary
conditions by taking both θex and θOe into account; (d) simulated spatial
profile of SW propagation pattern from two NCs in a horizontal geometry for
µ0Hex = 0.965 T and Idc= -44 mA, showing collimated SW beams.

2.2.1 Horizontal Geometry

To gain a better understanding of SW propagation, experiments were conducted
similar to those from 2005 in [62, 63]. The result for the experimental frequency
response of the NCs as a function of external field angle, θex, with Idc= -44 mA
is shown in Figure 2.2(a). As was previously mentioned , when θex is larger
than a critical angle, θc = 60◦, a single propagating mode [32] is observed. Here,
two propagating modes with different frequencies are observed, labeled mode 1
and 2, which indicates that the NCs are not synchronized in this geometry and
at the mentioned current. The integrated power P and linewidth ∆f of each
of the modes are shown in Figure 2.2(b) with solid red and blue circles. The
micromagnetically simulated phase difference ∆ϕ between NCs also shows a
monotonic decrease as a function of time, indicating that synchronization is
not achieved for θex = 70◦. At Idc= -44 mA, the Oersted field, HOe, is about
10% of the external magnetic field, Hex, and therefore significantly changes the
total field in the vicinity of the NCs. Since electrons flow into the page, the
local field maximum is at the bottom of the NCs, where both θex and θOe point
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in the same direction. However, on top of the NCs, the local field is minimum
because θex and θex point opposite to each other. Having a field landscape
allows us to define the FMR frequency locally through the Kittel equation
and to solve the magnetostatic boundary conditions for θex = 70◦. Figure
2.2(c) shows the resulting calculated FMR frequency landscape. SWs with a
frequency higher than that of the local FMR frequency can easily propagate
to the far field [138], which are the regions above the NCs, as shown in Figure
2.2(c), producing highly collimated SW beams. Simulations corroborate this
picture. The spatial profile of each mode obtained by performing FFT on each
simulation cell and filtering the obtained image around a given frequency is
shown in Figure 2.2(d). Two distinct modes with different frequencies can be
assigned to each of the NCs with fNC1=19.5 GHz and fNC2=21.1 GHz. The
color intensity of the linear maps is proportional to the power of the modes. It
is obvious that the majority of SW energy emitted from each NC propagates
away from the other, which hampers mutual synchronization. It must be stated
that, in the horizontal geometry too, NCs sometimes become synchronized,
but the probability of synchronization is on the order of a few percent [62].

2.2.2 Vertical Geometry

When the geometry of the NCs is changed to vertical, a different behavior
is experimentally observed. As can be seen in Figure 2.3(a), for θex > 60◦

there are two modes labeled 1+2 and X with a frequency difference of about
3 GHz. The behavior of the integrated power and linewidth is quite different
from in the horizontal geometry. The integrated power (linewidth) of the 1+2
mode is much larger (smaller) than for either of the modes observed in the
horizontal geometry, which is consistent with a synchronized state. The dif-
ference between the horizontal and vertical geometry becomes more apparent
when the behavior of the device with vertical geometry is investigated as a
function of the current at a fixed external angle, θex = 70◦, as shown in Figure
2.3(c). Mode 1+2 shows blue shifting as the current is increased, which is
consistent with the behavior of propagating SWs in similar experiments [31,
53, 62]. Furthermore, a single 1+2 mode is observed for the entire current
range, showing robust synchronization. Simulation also shows that the phase
difference between the NCs, ∆ϕ, converges to a constant value, indicating that
the NCs are synchronized or phase-locked. However, the frequency of mode X is
almost constant as a function of current. The magnetic field and the consequent
FMR frequency landscapes are completely different in the vertical geometry,
as can be seen in Figure 2.4(a). As the SWs propagate upwards, this geometry
is preferred for communication between the NCs. The situation becomes more
apparent when a single line scan of the FMR landscape is plotted along x=0
nm. This plot is shown by the solid blue line in Figure 2.4(b). As can be seen,
the simulated locked mode frequency, flocked = 20.51 GHz, lies above the local
FMR frequency (bold green line) in the region between the NCs (gray regions).
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Figure 2.3: (a) Experimental frequency response of two vertical NCs with a
nominal diameter of 100 nm and cc spacing of 300 nm for µ0Hex = 0.965 T
and Idc= -44 mA measured as a function of θex. The inset shows the simulated
phase difference between the NCs. A constant phase difference is an indication
of synchronization or phase locking of the NCs. (b) Integrated power and
linewidth of the 1+2 locked mode, solid red circles as a function of θex. The
open symbols correspond to the localized mode at lower θex. (c) Experimental
frequency spectra as a function of Idc, showing that the locked 1+2 mode
blueshifts in frequency while the X mode frequency remains almost constant
over the entire current range, suggesting a different origin.

The simulated spatial map of the locked mode, Figure 2.4(c), reveals
that power intensity is highest underneath the NCs. Furthermore, by taking
advantage of a stepwise simulation, as shown in Figure 2.4(e), the mechanism
of synchronization can be further elucidated. Simulations are performed in
such a way that, although current runs through the NCs so that the FMR
landscape is preserved, the spin polarization p is individually controlled at a
time. This is done so that the natural frequency of each NC can be determined.
In the first step, when pNC1 = 0.3 and pNC1 = 0, the natural frequency of
NC1, fNC1, is found to be 20.48 GHz. Similarly, fNC2 is found to be 21.1 GHz,
as shown in Fig 2.4(e). Finally, when both NCs are turned on, the frequency of
the locked mode is 20.5 GHz, which is very close to the frequency of NC1—that
is, the NC from which the SWs are emitted. This simple simulation reveals
that the lower NC plays the dominant role. Therefore, the synchronization can
no longer be said to be mutual, but is rather driven by the lower NC.
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Figure 2.4: (a) Two-dimensional FMR frequency landscape. (b) FMR frequency
along x=0 nm. The bold green line is the frequency of the simulated locked
mode and the bold black line is the simulated trapped mode frequency. (c) and
(d) are the spatial distributions of the locked and trapped mode, respectively.
(d) Simulations in which first NC1, then NC2, and finally both NCs are turned
on.

The spatial map of the X mode, Figure 2.4(d), reveals that it is localized
in a region just outside the lower NC due to the unique local FMR landscape
(Figure 2.4(b)); for this reason it is called the ’trapped mode’. This mode
appears in simulations and experiments only for the vertical geometry. It can
be argued that the HOe landscape creates such a local field minimum outside
NC1 (Figure 2.4(b)), similar to that generated by a magnetic tip in an adjacent
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magnetic film in scanning probe FMR measurements [140]. Assuming that the
local field minimum acts as a wedge-shaped potential well, the frequency of
the localized, exchange-dominated SWs can be calculated from:

fn = (γ
2A

MS
(
nπ

m
)2)

1
3 + 15.25 GHz, (2.1)

in which n is an integer, A is the exchange stiffness, m is the wedge slope
(40 nm/GHz) of the potential well, and 15.25 GHz is the frequency at the
bottom of the potential well. For n=1, Equation 2.1 yields f1 ≈17 GHz, which
is in good agreement with experiments and simulations. A detailed description
of how the trapped mode frequency is calculated is given in Appendix A.

2.2.3 NC separation

Having robust synchronization in the vertical geometry makes it easier to
increase the cc separation of the NCs. Figure 2.5(a) shows experimental
measurements of two NCs with varying cc separations. Robust synchronization
can be seen for separations of up to 1000 nm. When the NCs are 1300 nm
apart, synchronized and unsynchronized states are observed in the samples; for
cc =1400 nm, two peaks could be seen in all the measured devices, indicating
that they are not synchronized. The loss of synchronization at such separations
is consistent with the experimental results on SW propagation lengths in
permalloy [32].

2.2.4 Synchronization of 5 NCSTOs

The vertical geometry not only provides robust synchronization over large sep-
arations, but also paves the way for synchronizing more than two NCs. Figure
2.5(b)–(d) demonstrates the experimental results for 3, 4, and 5 NCs; robust
synchronization can be seen in all cases. The average integrated power, Pave,
and linewidth, ∆fave, of the devices is [PAve,3−NC=3.3 pW, ∆fAve,3−NC=27.1
MHz], [PAve,4−NC=5.3 pW, ∆fAve,4−NC=14.0 MHz] and [PAve,5−NC=8.5
pW, ∆fAve,5−NC=11.2 MHz], respectively. The increase (decrease) in power
(linewidth) can be clearly seen as the number of devices increase. The synchro-
nization in the 5-NC device can be manipulated by changing the in-plane field
angle, ΨIP = 30◦, as shown in Figure 2.5(c). By doing so, three modes can be
observed in the same device. By analyzing the integrated power and linewidth
of the modes shown in Figure 2.4(d), it can be concluded that four of the NCs
are pairwise synchronized and that one is not locked at all.
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Figure 2.5: (a) All measured devices with two NCs of 100 nm nominal diameter
show synchronization up to cc=1000nm. For cc=1300 nm, some devices show
synchronization, and some do not. For larger separations, synchronization was
not observed. (b) Robust synchronization of 3 and 4 NCs, respectively. (c)
Synchronization of a 5-NC device over the entire current range. Synchronization
can be broken by tilting the in-plane angle, ΨIP by 30◦. (d) Comparing the
integrated power and linewidth of the 5-NC device shown in part (c) for the
synchronized and unsynchronized states, it can be concluded that there are
two pairs of synchronized NCs and a single unsynchronized NC.

2.3 NCSTO Synchronization Challenges
The NCs in the investigated devices are connected in parallel with each other,
and so as the number of the NCs increases, the current needed to drive them
increases too. Increasing the current density could give rise to problems such as
Joule heating. Initially, to investigate the effect of Joule heating on NCSTOs,
the frequency response of a 2-NC device as a function of θex was recorded,
and is shown in Figure 2.6(a). As can be seen, the NCs are synchronized for
θex > 60◦. In the next step, Idc was swept from -30 to -50 mA at a fixed
θex = 80◦ for ten consecutive times, and the change in the resistance of the
devices was probed. Finally, the first measurement conducted on the sample
was repeated, as shown in Figure 2.6(b). However, two modes can be detected
for the same range of θex, indicating that the NCs are no longer synchronized.
The inset in Figure 2.6(b) shows a parabolic increase in the resistance of the
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devices. Furthermore, the resistance of the devices increases monotonically
after each successive measurement. It has been shown that, for the range of
current densities that our devices are subjected to, the local temperature in the
vicinity of the NC can reach as high as 170 K above the ambient temperature
[141]. This increase in temperature could enhance the diffusion of Cu from the
spacer and cap layers into the permalloy free layer and therefore increase its
Gilbert damping.

Figure 2.6: Experimental frequency spectra as a function of θex from two
NCSTOs with a nominal diameter of 70 nm and a cc spacing of 140 nm (a)
after the first measurement, (b) after the twelfth measurement. The inset in (b)
depicts the change in resistance during consecutive current sweep measurements.
(c) Dependence of the FMR frequency on the external field; The solid lines
are fits to the Kittel equation. (d) Dependence of the linewidth of the FMR
response on the frequency; The lines are fit to Eq. 2.2, from which α and ∆H0

can be extracted.

To investigate the effect of temperature on the damping characteristics of
NiFe, FMR measurement was performed on three blank Cu(8 nm)/NiFe(4.5
nm)/Cu(3 nm)/Pd(3 nm) films. The first sample was used as a reference
(virgin), the second was subjected to the same annealing process that the
actual devices are subjected to during the fabrication process, and the third
sample was subjected to 200◦ C in vacuum for 12 hours to mimic the conditions
the sample experience during the measurement [141]. Figure 2.6(c) shows the
saturation magnetization Ms, extracted from the Kittel equation, of the three
blank films. As can be seen, Ms is lower in both of the annealed samples, which
is consistent with the diffusion of Cu into NiFe. The Gilbert damping α can
be calculated by probing the frequency dependence of FWHM [142]:
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∆H =
4πα

γ
f +∆H0, (2.2)

where ∆H0 is the inhomogeneous broadening and is usually due to the intrinsic
properties of the sample. As can be seen in Figure 2.6(d), all of the samples
had the same ∆H0. However, although the virgin and the first annealed sample
have about the same damping, α = 0.014, and 0.015, the second annealed
sample has a significantly higher damping of 0.023. This higher value could
hinder SW propagation, which is the main mechanism for the synchronization
of NCSTOs. Furthermore, electromigration induced by high current densities
[143] can cause irreversible structural damages and enhance the diffusion of
Cu into NiFe.
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3
Spin Hall Nano-oscillators

(SHNOs)

The discovery of the SHE [90] has paved the way for many new applications
[144–146]. Through asymmetric electron scattering in metals with high spin-
orbit coupling, SHE can convert an unpolarized charge current into a transverse
pure spin current. In this way, SHE could have many potential applications
in STT-based microwave generation [147], since the pure spin current can
exert a significant amount of STT on the adjacent ferromagnetic material
[92, 148]. Above a certain threshold, SHE-induced STT could compensate for
the natural damping of the medium and sustain auto-oscillation in a class of
devices called SHNOs [12, 13, 17, 18, 149–151]. This new class of device has
some advantages over NCSTOs, such as easier fabrication and direct optical
access to the magnetodynamically active region.

3.1 Ultrasmall Nanoconstriction

The SHNOs studied in this thesis consist of a Ni80Fe20 5 nm/Pt 6 nm bilayer.
The IBE process at a tilted angle, in this case, 25◦, reduced the lateral
dimensions up to 30 nm. The devices with a nominal diameter of 50 nm thus
had an actual width of 20 nm, as shown in Figure 3.1(b). AMR measurements
were performed with a rotatable projected field magnet providing an in-plane
(IP) and constant field of 90 mT. It should be noted that the IP field angle
ϕ = 0◦ refers to the condition where the magnetic field is perpendicular to
the current flow direction, as shown in Figure 3.1(a). The AMR measurement
results shown in Figure 3.1(c) give an overall value of 0.17 %, which is in good
agreement with reported AMR values for extended films of Py/Pt [13]. The
best fit with the AMR data is obtained by assuming that the external field,
H, coherently rotates the magnetization on the basis of a Stoner–Wohlfarth
model. The IP internal angle can thus be obtained from:

sin(φ− ϕint) =
Hk

2H
sin(2ϕint), (3.1)
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Figure 3.1: (a) Schematic of a nanoconstriction bilayer SHNO. ϕ shows the IP
direction of the external field, H, and θ shows the out-of-plane angle. (b) SEM
images of an SHNOs with an actual width of 20 nm. (c) AMR measurement
showing a significant uniaxial anisotropy along the current flow direction,
ϕ = 90◦.

The best fit is obtained considering a significant uniaxial anisotropy of
µ0Hk= 41 mT along the y-axis, which has a considerable contribution from the
shape anisotropy induced by the constriction along the current flow. Since the
microwave response detection of the samples relies on the change in resistance,
the local resistance minimum (ϕ = 0◦) must be avoided; instead, an IP angle
with a large dR/dϕ should be chosen. In all the following measurements, ϕ is
thus taken as 24◦.

The color plot in Figure 3.2(a) shows the spectral density of a 20 nm SHNO
when µ0H = 0.7 T and the out-of-plane (OOP) angle θ = 60◦. It is clear that
the threshold current for auto-oscillations is Ith = 0.54 mA. The oscillation
frequency increases and finally levels off at a maximum value of about 16.25
GHz. Even the highest oscillation frequency is still below the calculated FMR
frequency of the extended film, 18.4 GHz, indicating that the excited mode is
spatially localized. Figure 3.2(b) shows the frequency, power, and linewidth of
the auto-oscillations at different OOP angles. As can be seen, the frequency
increases when the OOP angle is tilted more towards the IP direction, which is
consistent with the FMR frequency of obliquely magnetized films. The power
(linewidth) increases (decreases) exponentially with a clear dependence on
field angle. However, the situation is a little different for θ = 40◦, which might
be due to a change in the nature of the mode from a localized mode at high
OOP angles to the FMR-like mode observed for smaller IP applied fields [18].
Furthermore, The threshold current also depends on the applied field angle
and is at its minimum for θ = 60◦, as shown in the inset of Figure 3.2(a).
Micromagnetic simulations were conducted to understand the nature of the
auto-oscillation. The current distribution and the current-induced Oersted
field were simulated using COMSOL Multiphysics software, and the results
obtained were later used as inputs in MUMAX3. The effective magnetization
and Gilbert damping used in the simulations are measured to be µ0M = 0.7 T
and α = 0.02, respectively [152, 153]. It is also shown that taking the spin
Hall angle to be 0.07 yields remarkable agreement between experiments and
simulations [154].
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Figure 3.2: (a) Power spectral density on a logarithmic scale as a function of
applied current. (b) Frequency, power, and linewidth of the auto-oscillation
for several OOP angles as a function of applied current. (c) Micromagnetic
simulation of power spectral density as a function of applied current. The inset
shows the x-component of the current-induced Oersted field (red squares) and
demagnetizing field (black dots) at the center of the constriction. (d) Simulated
mode energy distribution at 1.1 mA, showing that the mode is localized in the
center of the constriction.

Although analytical calculations predict red-shifting with current for local-
ized modes [34], the experiments and simulations shown in Figure 3.2 clearly
suggest otherwise. The simulated power spectral density in Figure 3.2(c) shows
blue-shifting as the current is increased, corroborating the experimental re-
sults (Fig. 3.2(a)). To understand this, all the contributions to the magnetic
field need to be considered: (1) the current-induced Oersted field and (2) the
demagnetizing field due to the finite lateral size of the nanoconstriction. The
IP component of the Oersted field is opposite to the external field; therefore,
as the current is increased, the effective magnetic field and its OOP angle
decreases, causing a negative current tunability. As with the Oersted field,
the direction of the demagnetizing field is also opposite to the external field.
However, when the auto-oscillation begins, the static magnetization is reduced
due to the precessional motion of the magnetization, which in turn reduces the
demagnetizing field within the constriction. As the auto-oscillation amplitude is
increased by increasing the current, the average demagnetizing field is reduced,
giving rise to a positive current tunability. The inset to Figure 3.2(c) shows
the x-component of the simulated Oersted field and demagnetizing field at
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Figure 3.3: (a) SEM image of an SHNO with two 150 nm constrictions and
a separation of dcc =300 nm. (b) SEM image of a device with two 150 nm
constrictions connected by a bridge that opens up only about 5◦. The constric-
tion separation is dcc = 4µm. (c) SEM image of a device with nine 150 nm
constrictions, each pair separated by 300 nm.

the center of the constriction, which clearly justifies the observed frequency
dependence of the auto-oscillations. Figure 3.2(d) presents the simulated dis-
tribution of the mode energy at 1.1 mA, which shows a localized mode at the
center of the constriction, confirming the solitonic nature of the mode.

Figure 3.4: (a) SEM image of an SHNO with two 150 nm constrictions and
a separation of dcc =300 nm. (b) SEM image of a device with two 150 nm
constrictions connected by a bridge that opens up only about 5◦. The constric-
tion separation is dcc = 4µm. (c) SEM image of a device with nine 150 nm
constrictions, each pair separated by 300 nm.

3.2 Mutual Synchronization of SHNOs
Mutual synchronization is attempted to improve the output power of the
SHNOs. The high nonlinearity of STNOs generally, and of SHNOs specif-
ically, can promote SW-mediated mutual synchronization [62–64, 112]. It
was mentioned in Chapter 2 that propagating SW modes are required for
synchronization to occur. However, it has been shown in the previous section
that the excited mode in nanoconstrictions is localized even for OOP field
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Figure 3.5: (a) µ-BLS frequency spectra for an unsynchronized state. (b) and
(c) Spatial maps of the oscillation amplitude for the lower and upper frequency
regions, respectively. Only one constriction is energized at a time, indicating
that the constrictions are not synchronized. (d) µ-BLS frequency spectra for a
synchronized state. (e) and (f) Spatial maps of the oscillation amplitude for
the lower and upper frequency regions, respectively. Both constrictions are
energized over the whole frequency region, indicating they are synchronized

angles. To reduce the localization and achieve a positive nonlinearity [33, 101,
132], the OOP field angle was chosen to be θ = 80◦, whereas the IP angle
was kept at ϕ = 24◦. A SEM image of a typical SHNO with two 150 nm
constrictions and a separation of 300 nm is shown in Figure 3.3(a). Figure 3.4
(a)–(b) summarizes the synchronization of devices with two nanoconstrictions
having a nominal width of 120 nm and a separation dcc of 300 nm and 1.2 µm,
respectively. At low current, each device shows two individual, noninteracting
signals. When the current is increased, the weak signals merge into a much
stronger signal at 300 nm separation. For a separation of 1.2 µm, regions of
mutual synchronization can be observed when the current is increased. With
this geometry, synchronization could not be seen for separations larger than
1.2 µm. Here again, synchronization is characterized by an increase in power
and a reduction in linewidth compared with the unsynchronized states [101].

As mentioned earlier, the unique device geometry of SHNOs allows optical
access to the magnetodynamically active area. As a result, synchronization
of SHNOs can be optically observed by µ-BLS measurement, as shown in
Figure 3.5, from two constrictions with dcc = 900 nm. Since the frequency
resolution of the BLS is limited, only one peak can be detected for both the
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Figure 3.6: (a),(b), and (c) are the power spectral density, integrated power,
and linewidth of of two 140-nm nanoconstrictions as a function of current in an
applied field of 0.745 mT, with ϕ = 26◦ and θ = 80◦. (d) µ-BLS (logarithmic
scale) along the center of the device with increasing current.

synchronized (Figure 3.5(a)) and unsynchronized cases (Figure 3.5(d)). To
distinguish between the two cases, the BLS map can be divided into two
parts, each covering a different frequency range. In the unsynchronized case,
the BLS map in the low-frequency range (red in Figure 3.5(a)) shows that
only the upper constriction is energized; in the high-frequency range (colored
blue), the lower constriction is energized. However, when the constrictions are
synchronized, both are energized over the whole frequency range of the BLS
maps, as shown in Figure 3.5(d)–(f).

3.2.1 Long-Range Synchronization
As previously discussed, synchronization could not be achieved for separa-
tions larger than 1.2 µm. This is most likely due to the damping in the
bridge connecting the constrictions. To overcome this, the bridge is designed
so that although the local current concentration is below the threshold of
auto-oscillations, it is sufficiently large to enlarge the subthreshold precession
between the constrictions. To that end, a device was designed consisting of
two 140 nm constrictions separated by 4 µm, with a bridge that only opens up
5◦, as shown in Figure 3.3(c). The electrical microwave signal of the device is
shown in Figure 3.6(a). Two signals can be detected for currents less than 2.6
mA. However, the signals merge as the current is increased, with an increase
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Figure 3.7: (a) Power spectral density as a function of current of an SHNO with
nine 120-nm constrictions separated by 300 nm in an applied field of 745 mT
along ϕ = 22◦ and θ = 80◦. (b) Output power and linewidth of the individual
peaks and the synchronized state. (c) Power spectral density as a function of
current of an SHNO with nine 120-nm constrictions separated by 300 nm in an
applied field of 745 mT along ϕ = 3◦ and θ = 82◦. (d) µ-BLS spatial map of
the synchronized SHNO. (e) µ-BLS frequency map of the synchronized SHNO
along y = 0.

in power and a decrease in the linewidth (Figure 3.6(b)–(c))—the signatures of
synchronization. The long-range nature of the synchronization appears to be
due to the reduced damping in the connecting bridge and the expansion of the
auto-oscillation regions with the increase of current, as shown in Figure 3.6(d),
which is the spatial profile of the auto-oscillations as a function of applied
current as observed by µ-BLS.

3.2.2 Synchronization of Multiple Nanoconstrictions
Having achieved synchronization of two nanoconstrictions with large separa-
tions, constrictions with as many as eleven constrictions and a fixed separation
of 300 nm were fabricated to see how many oscillators could be mutually
synchronized. The maximum number of mutually synchronized constrictions
observed was nine, as shown in Figure 3.7(a). At low currents, each constriction
generates a specific microwave signal. As the current is increased, partial syn-
chronization is achieved, and then, at about 3.29 mA, a global synchronization
is observed. The maximum power of the synchronized device (Figure 3.7(b)) is
54 pW—much higher than the sum of the power of individual constrictions
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(≈ 1 pW for each individual nanoconstriction). µ-BLS was used to verify
and map the synchronization of nine constrictions, as shown in Figure 3.7(c).
When synchronized, the µ-BLS maps (Figure 3.7(d)–(e)) show that all the nine
constrictions have the same frequency and similar amplitudes. The reason the
auto-oscillation region is seen as continuous is due to the diffraction limitation
(360 nm) of the µ-BLS.
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4
Hybrid Magnetic Tunnel

Junctions

In the previous two chapters, synchronization was presented as a method
to increase the output power of STOs. When high power is needed, even
synchronized networks of NCSTOs and SHNOs lag behind STOs based on
MTJs. It has been shown that MgO-based MTJs can deliver high powers on
the order of µWs [75, 78, 79]. However, MTJs based on nanopillar structure
suffer from larger linewidths than NCSTOs [72, 102–104]. In the following, the
basic characterization of a tailored MTJ device (a so-called hybrid MTJ) is
presented, and it is shown that such devices have great potential regarding
applicability when low linewidth and high output powers are necessary [155,
156]. The MTJ stack used in this study has been deposited at the Interna-
tional Iberian Nanotechnology Laboratory. The complete layer sequence is:
Ta(3)/CuN(30)/Ta(5)/PtMn(20)/CoFe30(2)/Ru(0.85)/
CoFe40B20(2)/CoFe30(0.5)/MgO/CoFe30(0.5)/
CoFe40B20(1.5)/Ta(3)/Ru(7). Hybrid NCMTJ devices (Figure 1.8) were fabri-
cated from this stack and microwave measurement was performed to analyze
their magnetodynamical behavior. The upper CoFeB/CoFe bilayer acts as the
free layer (FL), which is separated from another bilayer of CoFeB/CoFe, the
reference layer (RL), by a MgO barrier. The resistance-area product of the
MgO barrier is 1.5 Ω µm2. The pinned layer (PL) is formed of CoFe with an
antiferromagnetic PtMn pinned layer (PL) underneath. A schematic of the
final device and the stack sequence is shown in Figure 4.1(a).

4.1 Basic Characterization
The magnetization hysteresis loop of a blank film and the MR measurements
performed on a device are shown in Figure 4.1(b) and (c), respectively. The
magnetic state of some important points is demonstrated in Figure 4.1(b). In
each state, PL, RL, and FL represent the pinned layer, reference layer, and free
layer, respectively. The thick black line between the FL and RL layers stands
for the MgO barrier. The point corresponding to each state in Figure 4.1(b) is
shown in the MR hysteresis (Figure 4.1(c)). MR is primarily determined by

37



Figure 4.1: (a) Schematic of a hybrid MTJ device with arrows showing the
current flow in the cap and through the layers. (b) MR results along the EA
direction of the MTJ film. The blue and red curves show the In all of the cases,
the solid red line shows the ascending branch, and the solid blue line shows
the descending branch of the hysteresis loop and MR data. The inset in (b) is
the frequency of the uniform FMR mode as a function of the field. The red
solid line is the fit made by the equation in the inset of the figure.

the relative orientation of FL and RL with respect to each other. As expected,
the maximum of MR is obtained when RL and FL point opposite to each other
(states 2 and 6). The maximum MR in our hybrid devices is about 36%, far
greater than the typical ≈ 1% for all-metallic GMR-based NCSTOs [76]. This
significant difference in MR translates into the output power of the devices, as
will be shown later on. The inset of Figure 4.1(c) shows the broadband FMR
measurements (blue squares). The red line shows the Kittel equation, which
fits the FMR data well. From the fit, the gyromagnetic ratio and saturation
magnetization can be determined to be γ/2π = 29.7 GHz/T and µ0Ms = 1.41
T, respectively.

4.2 Magnetization Dynamics
In the first step, the microwave response of a hybrid MTJ with a nominal
diameter of 150 nm was recorded as a function of the external field angle θex at
a fixed bias current Idc = −5 mA and an external field µ0H = 9.65 kOe. The
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Figure 4.2: (a) Microwave response of a hybrid MTJ with a nominal diameter
of 150 nm as a function of applied field angle at a fixed field of µ0H = 9.65
kOe and Idc = −5 mA. A broad FMR-like mode together with a sharp mode
having a frequency lower than FMR (a bullet) is observed. By increasing the
current to (b) -9 mA, the bullet can be better distinguished. The red and pink
dashed lines are the calculated FMR and bullet frequencies. The inset in (b)
shows the power and linewidth of the bullet for 40◦ ≤θex ≤90◦ with θex = 90◦

result is shown in Figure 4.2(a), with the red dashed line representing the FMR
frequency calculated by solving the magnetostatic boundary conditions (Eq.
1.8). As can be seen, at θex > 75◦, a broad signal is observed which resembles a
thermal FMR mode [35, 157]. In addition to this, a second sharper mode with
a lower frequency than FMR is observed, together with its second harmonic.
Furthermore, a broad low-frequency response, f <3 GHz, can be seen, which is
usually associated with mode hopping [36]. The nature of the auto-oscillations
is revealed by calculating the angular dependence of the nonlinear frequency
shift from [34]:

N =
ωHωM

ωfmr
(
3ω2

Hsinθ2int
ω2
fmr

− 1), (4.1)

where ωfmr is the FMR angular frequency, ωH = γHint, ωM = 4πγMs, and
finally Hint and θint are the internal magnetic field magnitude and out-of-plane
angle, respectively. γ is the gyromagnetic ratio, and Ms is the saturation
magnetization of the composite CoFe/CoFeB free layer. Furthermore, Hint and
θint are extracted by solving the magnetostatic boundary conditions, Equation
1.8. Calculations show that N is negative for the entire range of 0◦ ≤θex ≤90◦,
with θex = 90◦ being perpendicular to the sample surface. This means that
the only stable mode within this range is a solitonic bullet mode [33, 34, 104].
By increasing the current to Idc = −9 mA, the bullet mode reveals itself more
clearly, as can be seen in Fig. 4.2(b). The frequency of the bullet mode can be
calculated from [33]:

ωb = ωfmr +NB2
0 , (4.2)

where ωb is the bullet angular frequency and B0 is the characteristic spin wave
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amplitude. The calculated ωb, shown by the pink dashed line in Figure 4.2(b),
quantitatively describes the frequency and angular dependence of mode 2 by
setting B0=0.46 [33], providing further evidence that this mode is, in fact, a
solitonic bullet. The inset to Figure 4.2(b) shows the power and linewidth of
the bullet as a function of θex. The power of the bullet increases with θex while
the linewidth remains almost constant. This behavior is consistent with the
previously reported angular dependence of the power and linewidth of bullets
[104].

Figure 4.3: (a) Microwave response of a hybrid MTJ with a nominal diameter of
150 nm as a function of applied magnetic field at Idc = −10 mA and θex = 85◦.
The pink, red, and black dashed lines represent the calculated bullet, FMR,
and propagating SW frequency, respectively. (b) and (c) show the linewidth
and power of mode 1 (bullet) and mode 2 (propagating mode).

The microwave response of the same device as a function of the external
field is shown in Figure 4.3(a). As can be seen, for applied fields below about
13.5 kOe, a sharp high-power mode, mode 1, exists with a frequency lower
than FMR, represented by a red dashed line. The bullet frequency, calculated
according to Equations 4.1 and 4.2 and represented by the pink dashed line,
shows good agreement with mode 1, suggesting that this mode is a bullet.
However, above 13.5 kOe, mode 2 has a frequency well above FMR. This
clearly suggests that mode 2 is fundamentally different from mode 1, in the
sense that it must be propagating with a wave-vector k ≈ 1.2/Rc [30, 33].
The frequency of a propagating SW (PSW) mode can be obtained from the
Slonczewski equation [30]:

fPSW = 2πγ(Hint +
2Aexk

2

Ms
), (4.3)

in which the exchange stiffness is Aex = 28× 10−12 J/m [158]. The calculated
PSW frequency is shown with a black dashed line in Figure 4.3(a) and shows
perfect agreement with experimental results. Having a PSW could have far-
reaching consequences, such as allowing the synchronization of multiple hybrid
MTJs. In the transition region between mode 1 and 2, enclosed by the white
dotted line in Figure 4.3(a), a broad mode exists together with a very low
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(<1 GHz) frequency response, which is a signature of mode hopping between
the bullet and the propagating mode [22, 36]. The linewidth and integrated
power of both mode 1 and 2 are shown in Figure 4.3(b) and (c), respectively.
As can be seen, the output power of a single hybrid MTJ is about 100 times
greater than that of all metallic GMR-based NCSTOs, while their linewidths
are comparable.

Figure 4.4: Microwave response of a double-NC hybrid MTJ. Each NC has a
diameter of 150 nm and a cc spacing of 300 nm at (a) -20 mA: Two modes
corresponding to each of the NCs can be seen. The average power and linewidth
of each NC is about 5 nW and 30 MHz, respectively. (b) -22 mA: two modes
can be seen for magnetic fields up to 12.3 kOe, but only one strong mode
can be observed for magnetic fields from 12.3 kOe to 17 kOe, which suggests
modes 1 and 2 are synchronized. The average power of the synchronized mode
is greater than that of each of the single modes.

As mentioned earlier, the implementation of PSWs in hybrid MTJs paves
the way for the synchronization of multiple NCs. To that end, we fabricated
hybrid MTJs with two NCs having a nominal diameter of 150 nm and a
centre-to-centre spacing of 300 nm. The results of field sweeps from 10 kOe to
17 kOe at two different currents are shown in Figure 4.4. At -20 mA, two modes
(modes 1 and 2) can be observed, each having an average power of about 5
nW and and average linewidth of about 30 MHz. Increasing the current to -22
mA, two modes can at first be detected, but only one mode remains when the
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magnetic field rises above 12.3 kOe. Analyzing the power of these modes shows
that the power of the “locked” mode is higher than modes 1 and 2, suggesting
they are synchronized. Furthermore, the low-frequency signal, a signature of
mode hopping, almost disappears after the modes are locked. While these
results are preliminary, they clearly show a potential for synchronizing multiple
hybrid NC-MTJs and could increase the power and mode uniformity of these
devices even further, making them suitable for applications [159–161].
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5
Conclusions and outlook

In this thesis, different classes of spin-torque oscillators were fabricated and
studied. The main theme of this thesis was to achieve synchronization in these
devices and to therefore improve their output power and mode uniformity,
making them more suitable for applications. In the following, a summary of
the results is presented together with some suggestion for future study.

In terms of fabrication, apart from fabricating devices with multiple NCs
in NC-STOs, or multiple constrictions in SHNOs, a new class of devices was
fabricated based on MTJs. The new devices combine the advantages of NC-
based STOs and NP-based MTJs into a new hybrid device. Being able to
fabricate MTJs with an extended free layer opens up previously unavailable
opportunities, like the synchronization of multiple hybrid NC-MTJs and the
realization of new magnetization dynamics that were previously observed only
in all-metallic devices.

In Chapter 2, the synchronization of NC-STOs was discussed and the
critical role of the Oersted field and its effect on the SW propagation pattern
was explored. It was shown that the Oersted field not only localizes spin waves,
but also causes their asymmetric propagation, with far-reaching consequences.
Synchronization in such cases is no longer mutual, but is “driven” by the NC
from which the SWs were emitted. Furthermore, by simply daisy-chaining
any number of NC-STOs, SW propagation length can be extended to much
larger distances, allowing them to transfer information and form a kind of
SW repeater. One can take advantage of SW directionality and control the
synchronization state by changing the direction of the in-plane applied field,
steering the SW beam in the desired direction. This concept is schematically
shown in Figure 5.1, in which discs of the same color represent synchronized
NCs and the green arrows show the SW propagation direction corresponding
to different in-plane applied fields.

Robust synchronization of multiple nanoconstriction devices both over large
distances and large numbers was demonstrated in Chapter 3. Simple fabrication,
direct optical access to these devices, and robust synchronization over large
distances and numbers all open up intriguing possibilities in both analog and
digital spin-wave computing [162–164]. More complex structures, such as spin-
wave majority gates, can be envisioned [165]. Although the microwave power is
still orders of magnitude lower than that of MTJ-based STOs, three-terminal
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Figure 5.1: Schematic representation of synchronization state in a 2D array of
NC-STOs. By controlling the in-plane component of the field, synchronization
can be controlled between the bottommost and (a) upper-left, (b) upper-right,
or (c) all three oscillators.

devices combining SHNOs and MTJ-based STOs are expected to perform
even better. In such devices, synchronized SHNOs would generate SW power
that will be converted to microwave power by MTJs fabricated on top of each
oscillating region, providing yet another increase in power.

Chapter 4 focuses on a new class of MTJ-based STOs—namely, hybrid
NCMTJs. Although operation of these devices has been demonstrated in
both in-plane and out-of-place fields, very little is known about the nature
of the excited SW modes. In this thesis, their magnetodynamical behavior is
studied as a function of current, magnetic field magnitude, and magnetic field
angle. Clear evidence of propagating SWs and of SW bullets has been seen
and their field-dependent frequency has been fit with remarkable agreement.
Having demonstrated the existence of propagating SWs, synchronization of
such devices has been attempted and the preliminary results show promising
results.

All the various classes of device studied in this thesis may act as building
blocks of magnonics [166] and the emerging neuromorphic computing field. Neu-
romorphics is inspired by the biological functionality of the human brain and
attempts to mimic it [167]. Neural networks can perform associative memory
tasks through self-synchronization. Achieving and controlling synchronization
in the nonlinear oscillators studied in this thesis, paves the way for mimicking
such tasks, and may be even more scalable than biological neurons that work
on much larger scales ('1 µm).
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A
Allowed Frequencies in the

Oersted-Field-Induced
Potential Well

We have a potential wedge in frequency versus space, with the tilt given by
a slope m in nm/GHz. Visually, it is easier to consider the slope M = 1/m
given in GHz/nm. The minimum of the potential well is the FMR frequency
f0. We want to know the n allowed frequencies inside the potential well.

Derivation
The n allowed frequencies in the potential well are given by

fn − f0 =
nMλ

2
, (A.1)

where we simply write the equation of the tilted side of the wedge with respect
to the FMR frequency. The “distance” of each allowed frequency is λ/2—i.e.,
half the wavelength, so that the wave begins and ends at zero.

On the other hand, exchange-mediated spin waves must obey the dispersion
relation

f = f0 + γ
2A

Ms

(
2π

λ

)2

, (A.2)

where γ is the gyromagnetic ratio, A is the exchange stiffness, Ms the saturation
magnetization, and we have taken k = 2π/λ. For simplicity, we will take
l = γ2A/Ms.

It is clear that fn and f must be equal for fn to be physically allowed, as
we require in the problem formulation. It is also clear that f0 is just a shift.
So, setting f = fn and combining Equations (A.1) and (A.2)

nMλ

2
= l

(
2π

λ

)2

→(
λ

2

)3

=
lπ2

nM
(A.3)
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Replacing λ/2 in Equation (A.2)

f = f0 + lπ2

(
nM

lπ2

)2/3

→

f = f0 +
(
l(nMπ)2

)1/3 (A.4)

Inserting m = 1/M and l = γ2A/Ms, we recover the equation as reported
in Chapter 2 of this thesis.
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