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Abstract
Spin Hall nano-oscillators (SHNOs) are nanoscale spintronic devices that
generate microwave signals with highly tunable frequency. This thesis focuses
on improving the signal quality of nanoconstriction-based SHNOs and also on
developing a better understanding of their magnetization dynamics.
In the first part of the thesis, we fabricate and characterize low-threshold
current SHNOs using NiFe/β-W bilayers. Due to the high spin Hall angle of the β-phase W, the auto-oscillation threshold current is improved by
60% over SHNOs based on NiFe/Pt. We also demonstrate low operational
current by utilizing W/Co20 Fe60 B20 /MgO stacks on highly resistive silicon
substrates. Thanks to the moderate perpendicular magnetic anisotropy (PMA)
of Co20 Fe60 B20 , these SHNOs show much wider frequency tunability than
SHNOs based on NiFe with no PMA. Performance is further improved by using
highly resistive silicon substrates with a high heat conductance, dissipating
the generated excess heat much better than sapphire substrates. Moreover, it
also means that the fabrication of SHNOs is now compatible with conventional
CMOS fabrication, which is necessary if SHNOs are to be used in integrated
circuits. In another approach, we attempt to decrease the threshold current
of SHNOs based on an NiFe/Pt stack by inserting an ultra-thin Hf layer in
the middle of the stack. This Hf dusting decreases the damping of the bilayer
linearly but also degrades its spin Hall efficiency. These opposing trends determine the optimum Hf thickness to ≃ 0.4 nm, at which the auto-oscillation
threshold current is minimum. Our achievements arising from these three approaches show a promising path towards the realization of low-current SHNO
microwave devices with highly efficient spin-orbit torque.
In the next chapter, we use both electrical experimentation and micromagnetic simulation to study the auto-oscillating spin wave modes in
nanoconstriction-based SHNOs as a function of the drive current and the
applied field. First, we investigate the modes under an in-plane low-range
field of 40–80 mT, which is useful for developing low-field spintronic devices
with applications in microwave signal generation. It is also essential for future
studies on the synchronization of multiple SHNOs. Next, using an out-of-plane
applied magnetic field, we observe three different modes and demonstrate
switching between them under a fixed external field by tuning only the drive
current. The flexibility of these nanopatterned spin Hall nano-oscillators is
desirable for implementing oscillator-based neuromorphic computing devices.
In the final part, we study the synchronization of multiple nanoconstrictionbased SHNOs in weak in-plane fields. We electrically investigate the synchronization versus the angle of the field, observing synchronization for angles
below a threshold angle. In agreement with the experimental results, the
spatial profile of the spin waves from the simulations shows that the relative
angle between the modes from the nanoconstrictions decreases with decreasing
the field angle, thus facilitating synchronization. The synchronization observed
at low in-plane fields improves the microwave signal quality and could also be
useful for applications such as neuromorphic computing.
Keywords: spin Hall effect, spin Hall nano-oscillators, threshold current,
microwave, spin wave, synchronization
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Sammanfattning
Spin-Hall-effekts-drivna nano-oscillatorer (SHNO:er) är nanoskopiska spintronikkomponenter som kan generera mikrovågssignaler med hög avstämbar
frekvens. Denna avhandling fokuserar på att förbättra signalkvaliteten hos en
sorts SHNO:er som baseras på ca 100 nm stora förträngningar i magnetiska
och metalliska multilager samt att bättre förstå deras magnetodynamik.
Avhandlingens första del fokuserar på tillverkning och karakterisering av
SHNO:er baserade på β-W för att nå låga tröskelströmmar. Tack vare dess
starka spin-Hall-effekt kan tröskelströmmen för mikrovågsgenerering hos SHNO:er baserade på NiFe/β-W sänkas med 60% jämfört med SHNO:er baserade
på NiFe/Pt. Vi kan ytterligare sänka tröskelströmmen genom att använda
trilager av β-W/Co20 Fe60 B20 /MgO deponerade på kiselsubstrat. Tack vare
den vinkelräta magnetiska anisotropin hos Co20 Fe60 B20 visar dessa SHNO:er
mycket större frekvensavstämning jämfört med SHNO:er baserade på NiFe.
Genom att använda kiselsubstrat med hög värmeledningsförmåga kan värmen
från nano-förträngningen ledas bort effektivare än med de tidigare använda
safirsubtraten, vilket förbättrar prestanda väsentligt. Dessutom innebär bytet
från safir till kisel att tillverkningen av SHNO:er blir kompatibel med konventionell CMOS-tillverkning, vilket är nödvändigt om SHNO:er ska användas
i integrerade kretsar. I ett annat arbete försöker vi minska tröskelströmmen
för SHNO:er baserade på NiFe/Pt med ett ultra-tunt Hf-lager mellan NiFeoch Pt-lagren. Hf-lagret minskar spinvågsdämpningen hos NiFe linjärt som
funktion av Hf-tjockleken, men samtidigt försämras också spin-Hall-effekten.
Dessa motsatta trender bestämmer den optimala Hf-tjockleken till ≃ 0,4 nm,
vid vilken tröskelströmmen för mikrovågsgenerering har ett minimum. Sammantaget visar dessa framsteg på en lovande väg framåt för lågströmsstyrda
SHNO:er med hög spin-Hall-effekt.
Avhandlingens andra del använder mikrovågsmätningar och mikromagnetiska simuleringar för att studera och bättre förstå de auto-oscillerande
spinnvågsmoderna i förträngningsbaserade SHNO:er som funktion av drivströmmen och det yttre magnetfältet. Först undersöks spinnvågsmoderna inom
ett lågt magnetfältsområde på 40–80 mT, vilket är användbart för utveckling
av lågfältskomponenter med applikationer inom mikrovågsgenerering. Det är
också viktigt för framtida studier av synkronisering av flera SHNO:er. Därefter
observerar vi tre olika spinnvågsmoder och visar hur vi kan byta mellan dessa
genom att enbart ändra drivströmmen medan vi håller det yttre magnetfältet
konstant. Möjligheten att kunna byta spinnvågsmod enbart med drivströmmen
gör dessa SHNO:er intressanta för oscillatorbaserade neuromorfa tillämpningar.
I avhandlingens sista del studerar vi synkronisering av flera SHNO:er i
svaga fält med riktning i samma plan som tunnfilmerna. Vi studerar hur
synkroniseringen beror av vinkeln på fältet och kan visa att synkronisering
kräver att fältvinkeln är mindre än viss tröskelvinkel. I överensstämmelse med
de experimentella resultaten visar de mikromagnetiska simuleringarna att den
relativa vinkeln mellan spinnvågsmoderna i de olika förträngningarna minskar
med lägre fältvinkel, vilket underlättar synkroniseringen. Synkronisering vid
låga fält och med fält i planet förbättrar kvaliteten hos mikrovågssignalen och
är även användbar för tillämpningar som neuromorfa beräkningar.
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Introduction and Thesis Outline
Spintronics or spin electronics is a relatively new paradigm of electronics based on
the spin of the electrons, instead of (or in addition) to the charge they carry. Using
the spin degree of freedom in spintronic devices has the potential to improve their
performance and capabilities over conventional electronic devices [1]. Spintronics
attracted a great deal of attention after the discovery of the giant magnetoresistance
(GMR) effect in 1988 [2]. This discovery resulted in nanoscale highly sensitive hard
drive read heads, followed by an increase in the capacity of commercial hard drives
from a few GB to several TB. Later, the discovery of spin-transfer torque (STT)
[3, 4, 5] made it possible to manipulate the magnetization by the transferred angular
momentum of spin-polarized currents without the need for an external magnetic
field. This represented a huge step in the downscaling of spintronic devices [6].
Many companies are presently working on a class of memory called STT-MRAM
with advantages such as high density, low power consumption, low manufacturing
cost, high speed, nonvolatility, and almost unlimited endurance [7]. These features
give STT-MRAM the potential to replace commercial DRAM, SRAM, and flash
memories as a universal memory.
Apart from storage technology, another interesting group of STT-based devices is
nano-oscillators, including spin torque nano-oscillators (STNOs) [8, 9, 10, 11, 12] and
spin Hall nano-oscillators (SHNOs) [13]. These devices generate microwave electrical
signals from the oscillation of the magnetization of a ferromagnetic layer. The
magnetization oscillates by overcoming the intrinsic damping of this layer through
the STT from a spin-polarized current. STNOs usually contain two ferromagnetic
layers separated by a nonmagnetic spacer. The first magnetic layer polarizes the
spins of the incoming charge current; the second layer is the main layer, where the
magnetization oscillates. Compared to STNOs, SHNOs have a simpler structure
with a single ferromagnetic layer adjacent to a heavy metal layer that delivers the
spin current through the spin Hall effect. Of the various geometries that have been
proposed for SHNOs [14, 15, 16, 17], this thesis focuses on nanoconstriction-based
SHNOs, which benefit from advantages such as easy fabrication, relatively low drive
current, and the ability to directly inspect the spin waves using optical methods
such as micro-focused Brillouin light scattering (µ-BLS) [17].
Apart from signal generation, SHNOs can be in other applications, such as
microwave detectors [18] and modulators [19], and even in neuromorphic computing
[20, 21]. However, the signal quality and power consumption of current SHNOs
1

2

Introduction and Thesis Outline

require improvement for most of these possibilities. In this thesis, we propose various
methods of improving the performance of nanoconstriction-based SHNOs. Moreover,
we investigate the spin waves generated by SHNOs in detail, which is necessary for
upcoming studies on these devices.
This thesis is organized into five chapters, as follows:
● Chapter 1 briefly discusses the underlying physics required later in the thesis to
analyze and explain the results, including anisotropic magnetoresistance, magnetization dynamics, spin Hall effect, and spin Hall nano-oscillators. It also introduces the
methods used in the thesis for the fabrication, characterization, and the simulation
of our devices.
● Chapter 2 focuses on improving the performance of nanoconstriction-based
spin Hall nano-oscillators in terms of their efficiency, power consumption, frequency
tunability, and integrational compatibility with CMOS technology. We propose a
number of approaches, including utilizing heavy metals with high spin Hall efficiency
(such as tungsten) in the SHNO stack (Sections 2.1 and 2.2); using CoFeB instead
of NiFe as the ferromagnetic layer to decrease the shunting DC current (due to the
thinner layer), while also increasing frequency tunability and decreasing the required
external field (due to its PMA) (Section 2.1); replacing the sapphire substrate with
high-resistivity Si with better heat conductance, microwave characteristics, and
compatibility with CMOS fabrication technology (Section 2.2); and finally increasing
the spin Hall efficiency of the interface by inserting an ultra-thin Hf layer in between
the ferromagnetic and heavy metal layers (Section 2.3).
● Chapter 3 develops a better understanding of the spin waves in nanoconstrictionbased SHNOs. We experimentally investigate the spin wave modes under different
configurations of the input DC current and the external magnetic field. We then
explain the origin of each mode and its behaviour using micromagnetic simulation.
Section 3.1 investigates spin waves in the in-plane field, while Section 3.2 focuses on
the modes in the out-of-plane configuration of the magnetic field. We demonstrate
switching between the three observed spin wave modes of the SHNOs, by only
tuning the current at a fixed external field; this is technologically desirable for
spintronic devices. Moreover, the better insight into SHNO performance gained in
this section is necessary for the development of nano-oscillators in applications such
as microwave signal generation and neuromorphic computing.
● Chapter 4 investigates the synchronization of double nanoconstriction SHNOs
in weak in-plane fields. We experimentally study the angular dependence of synchronization and then explain the results using micromagnetic simulation. Additionally,
we support our results by directly inspecting the spin waves using micro-focused BLS
measurement. We demonstrate the synchronization of the SHNOs under in-plane
external fields as low as 0.03 T. In addition to improving the quality of the microwave
signal generated by SHNOs, this synchronization can be utilized to achieve synaptic
functionality in SHNOs for neuromorphic computing.
● Chapter 5 summarizes the results presented in the previous chapters and
suggests the outlook for future work based on the thesis.

Chapter 1

Background and Methods
1.1
1.1.1

Theoretical background
Anisotropic magnetoresistance

The resistance of ferromagnetic materials depends on the relative directions of
their magnetization and of the current. This phenomenon is called anisotropic
magnetoresistance (AMR) and originates in the spin–orbit interaction.[22] This
interaction allows carrier electrons in the s-state to spin-flip into the d-state, thus
increasing the electrical resistance. The probability of this transition is higher when
the electrons move parallel to the plain of the d orbit. On the other hand, the five
d-orbits are not equally occupied, and the ones parallel to the magnetization have
more holes; they thus play the main role in trapping the carrier s electrons. The s
electrons passing along the magnetization direction are thus more easily trapped, so
the resistance is maximum when the current and the magnetization are in parallel.
The angular dependence of the resistivity due to AMR can be described as:
ρ = ρ + (ρ∣∣ − ρ )cos2 θ,

(1.1)

where ρ and ρ∣∣ are the resistivity values for the parallel and perpendicular orientations of the magnetization with regards to the current direction, and θ describes
their relative angle. For metallic ferromagnetic materials, the typical value of the
AMR ratio (ρ∣∣ − ρ )/ρ is below 1%.

1.1.2

Magnetization dynamics

In 1935, Landau and Lifshitz proposed one of the first models of the magnetization
dynamics of a ferromagnet in an external field Hext ; this is known as the Landau–
Lifshitz (LL) equation[23]:
BM
= −γM × Heff ,
(1.2)
Bt
3
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where M is the magnetization vector, γ is the gyromagnetic ratio, and Heff is the
effective field. This effective field is the superposition of different field contributions,
including the Zeeman field, the demagnetization field, the anisotropies, and the
exchange field. Solving this differential equation shows that the magnetization
continuously precesses around the effective field direction (Fig. 1.1(a)). For the
simple case where all field contributions except the external field are excluded, the
magnetization precession frequency is the Larmor frequency γ/2πHext . However,
in general cases, the frequency depends on several parameters, and particularly on
the shape of the ferromagnetic material due to the the demagnetization field. For
the case of in-plane magnetized extended thin films under the application of an
in-plane field HIP , the precession frequency can be simplified to the well-known
Kittel formula[24]:
√
f = µ0 γ/2π (HIP + Hk + Meff )(HIP + Hk ),
(1.3)
where Hk is the anisotropy field and Meff is the effective magnetization.
Equation 1.2 is a lossless equation that results in conservative motion. It
can therefore not possibly describe real experiments, in which the magnetization
precession is damped out. The origin of the magnetization damping could lie in a
range of different processes, including energy loss due to lattice vibration or magnon
scattering[25]. Gilbert modified the equation by introducing a new dissipative term
as follow[26]:
BM
α
BM
γα
= −γM × Heff +
M×
= −γM × Heff −
M × (M × Heff ),
Bt
M
Bt
M

(1.4)

where α is the unitless damping constant of the material. According to Equation 1.4,

Figure 1.1: The motion of the magnetization based on different models: (a) steady
motion based on LL equation with no loss, (b) gradual alignment with Heff based on
the LLG equation, (c) magnetization oscillation due to spin torque based on the LLGS
equation.
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which is known as the Landau–Lifshitz–Gilbert (LLG) equation, the magnetization
precesses around the effective field until it finally aligns with it (Fig. 1.1(b))
In 1996, Slonczewski completed the equation with an additional term for spin
torque[3]:
BM
γα
= −γM × Heff −
M × (M × Heff ) + τ M × (M × P),
Bt
M

(1.5)

which is called Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation. The new
term is a current-induced spin torque, where P is the polarization vector of the
spin current. Depending on the direction of P, the new term may be parallel or
antiparallel to the damping term. The latter case can result in undamped steady
motion or oscillation of the magnetization (Fig. 1.1(c)). One way to provide such a
spin current is the spin Hall effect, which is discussed in the next section.

1.1.3

Spin Hall effect

In 1879, E. H. Hall discovered the normal Hall effect in conductors through which a
current flows, where an external magnetic field bends the path of the moving charges
by Lorentz force, thus giving rise to a dc voltage on the side walls, transverse to
the current direction.[27] The anomalous Hall effect (AHE)[28] and the spin Hall
effect (SHE) [29, 30, 31, 32, 33, 34, 35] were predicted and discovered later; these
are similar to the normal Hall effect, but originate from the spin–orbit interaction
with no need for any external magnetic field. The Anomalous Hall effect occurs
in ferromagnetic materials and results in an additional voltage due to the internal
magnetization of the material.
On the other hand, the spin Hall effect is dominant in certain nonmagnetic heavy
metals with strong spin–orbit interactions (e.g., Pt[36, 37], β−W[16, 38, 39, 40],
Ta[41], and Pd[42]), in which a charge current results in the generation of a pure
transverse spin current, the magnitude of which is proportional to the input charge

Figure 1.2: The Spin Hall effect: the direction of the accumulated spins at the edges
of a metal with positive θSH follows the right-hand rule around the charge current
direction.
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current. The proportionality constant is a characteristic of the material and is called
̵
the spin Hall angle; it is equal to θSH = Js /Je , where (h/2e)J
s and Je are the spin
̵ is reduced
and charge current densities, respectively (e is the electron charge and h
Planck constant); This generated spin current then results in spin accumulation on
the lateral boundaries of the sample. For materials with positive (negative) θSH , the
direction of the magnetic moment of the accumulated spins σ rotates around the
direction of the charge current, following the right-hand (left-hand) rule (Fig. 1.2).

1.1.4

Spin Hall nano-oscillators

One promising application for the SHE is in what are called spin Hall nano-oscillators
(SHNOs)[13]. These nanodevices usually involve a heavy metal layer/ferromagnetic
layer (HM/FM) bilayer structure, where the accumulated spins generated by SHE
in the interface can diffuse into the ferromagnetic layer. The absorbed spin current
then can insert spin–orbit torque into the magnetization of the ferromagnetic layer,
resulting in magnetization oscillation or switching. The efficiency of this structure
can be described in terms of the spin Hall efficiency ξSH , which is the ratio of the
absorbed spin current to the input charge current. ξSH is always smaller than the
internal θSH of the heavy metal layer, due to the loss of generated spin, especially
at the interface.[43]
In order to cause magnetization oscillation or switching, the amount of spin
current density in the ferromagnetic layer should be sufficiently large to overcome the
intrinsic damping of the material (discussed in Section 1.1.2) To achieve such a high
value of Js , different geometries for SHNOs have been proposed.[15, 44] Most recently,
Demidov et al.[17] proposed nanoconstriction-based SHNOs in which a constriction
a few nanometers wide was fabricated into the bilayer, thus confining the path of the
charge current. Therefore, Je , and consequently Js , increase inside the constriction
area to a sufficiently high value to cause the magnetization to oscillate. Compared
to previous geometries, nanoconstriction-based SHNOs benefit from advantages such
as a simpler fabrication process and lower input currents[17, 40, 45, 46, 47, 48].
Several applications have been proposed for SHNOs, including microwave signal
generators[17], microwave detectors [18] and modulators, [19] and even applications
in neuromorphic computing.[20] However, for most of these applications, SHNO
performance must be improved in terms of signal coherency, signal power, and power
consumption. One way of improving SHNOs is through material engineering to
increase their efficiency ξSH , yielding devices with low power consumption. This
includes utilizing more efficient materials with higher θSH or engineering the bilayer
interface. Both approaches are covered in Chapter 2 of this thesis.
Awad et al.[49] has demonstrated the synchronization of multiple SHNOs to be an
effective approach to increasing the power of the output microwave while decreasing
its linewidth. Moreover, synchronization of SHNOs is essential in 2D arrays as a
potential way to physically implement neural networks. The synchronization of
SHNOs in the in-plane external field is investigated in Chapter 4 of this thesis.

1.2. Fabrication of nanoconstriction-based SHNOs

1.2
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Fabrication of nanoconstriction-based SHNOs

The fabrication process for nanoconstriction-based SHNOs has been previously
developed and explained in detail by our group.[50] The process begins with the
deposition of the stack on the substrate. The substrate is either a c-plane sapphire or
an intrinsic high-resistivity silicon wafer. The substrate should have high resistivity
to avoid the input dc current (Idc ) shunting into it. Moreover, it should be a good
heat conductor in order to compensate for the heat generated by the high current
density in the constriction area.
The SHNO stacks were deposited on the substrate using an AJA II-300 ultrahigh
vacuum sputtering system. This system contains seven confocal targets in a circular
arrangement, each of which can be controlled separately with a shutter. The guns
can be activated simultaneously to create alloys of targets with the co-sputtering
technique, or sequentially to deposit a full stack without interruption. There are a
load–lock and a main chamber in the unit. The base pressure of the main chamber
is below 1 × 10−8 mTorr, and the layers were deposited using either a dc magnetron
or rf sputtering in a 2–5 mTorr Ar atmosphere. The rate of deposition depends on
the target, Ar pressure, and plasma power, and is 4 to 5 times higher for dc than for
rf plasma. Before the main depositions, we predetermined the rate for each target
using the x-ray reflectivity (XRR) technique.
After the stack was deposited, it was coated with negative electron resist, followed
by electron beam lithography using a JEOL9300XS system. The pattern contains
an array of nanoconstrictions (NCs) with different widths, where each constriction
is defined in the middle of a 4 µm × 12 µm mesa. Additionally, 6 µm × 18 µm bars
were defined next to the SHNO devices for ST-FMR characterization (Section 1.3.1).
The patterns were transferred to the stack by Ar ion milling. The etching process
was followed by removing the resist.
Finally, a ground–signal–ground (GSG) coplanar waveguide and electrical top
contacts for wide frequency range microwave measurement were fabricated on top
of the mesas. For this step, the lift-off photolithography technique followed by
sputtering deposition of Cu(450nm)/Au(50nm) was used. Figure 1.3(a) shows the
schematic of the final nanoconstriction-based SHNO devices. The configuration of
the dc current and the external magnetic field used in this thesis are defined around
the constriction area in Figure 1.3(b).

1.3

Characterization techniques

In this section, all the characterization techniques used in this thesis are briefly
covered. All measurements were carried out at room temperature.

1.3.1

ST-FMR measurement

Ferromagnetic resonance (FMR) is the resonance of the magnetization of a ferromagnetic layer in an external field, where the resonance frequency depends on
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Figure 1.3: (a) Schematic of SHNO device including nanoconstriction and GSG
coplanar waveguide; (b) nanoconstriction area and configuration of the external field
and current.

the material, the sample shape, and the magnetic field (Section 1.1.2). This phenomenon is fundamental to the method for easily characterizing magnetic materials,
and especially thin films, in which the sample goes under its FMR condition by
applying a low amplitude rf field alongside a dc magnetic field. FMR measurement
is widely used to extract the fundamental parameters of extended magnetic thin
films, including the effective magnetization and the intrinsic damping. However, this
method is mostly suited to bare films and is not sensitive enough to characterize
patterned structures or nanodevices.
In 2006, Sankey et al.[51] showed that FMR conditions can be locally excited
in nanoscale devices by passing an rf current through them, with no need for an
external rf field. The spin–orbit torque originating from the rf current can excite
the ferromagnetic resonance of the magnetic layer and make the magnetization
oscillate. This oscillation causes time-varying changes with the same frequency in
the resistance of the layer due to AMR effect (Section 1.1.1).[36] The resonance of
the resistance and of the input rf current with the same frequency thus results in a
measurable dc mixing voltage. Since this mixing voltage is typically in the microvolt
range, it is beneficial to use phase-sensitive detection to capture it with a lock-in
amplifier. In order to use the lock-in amplifier to detect the mixing voltage, the
input rf signal should be modulated with a pulse of the desired frequency (313 Hz in
our setup). Additionally, a dc current could also be applied to the sample alongside
the pulse-modulated microwave signal, using a bias-tee. It is worth noting that an
rf isolator is needed to prevent the rf signal reflecting back to the rf source. The
schematic of this characterization technique which is called spin-torque-induced
ferromagnetic resonance (ST-FMR) is shown in Fig. 1.4.
The ST-FMR mixing voltage is the combination of a symmetric and an asym-
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Figure 1.4: Schematic of ST-FMR measurement setup

metric Lorentzian function, as follows:[36]
Vdc =

VS ∆H 2 + VA (HIP − Hr )∆H
+ Voffset ,
(HIP − Hr )2 + ∆H 2

(1.6)

where Hr is the resonance field of the measured spectrum, ∆H is the linewidth,
VS and VA are the coefficients of the symmetric and the antisymmetric Lorentzian
functions, respectively, and Voffset is a constant offset voltage. Both Hr and ∆H
depend on the resonance frequency of the rf current. For an in-plane magnetized
sample under an in-plane external magnetic field of HIP with no applied dc current,
the resonance frequency dependency on Hr follows the Kittel formula (Equation 1.3).
∆H relates to the frequency with a linear function:[24]
∆H = ∆H0 + 2παf /γ,

(1.7)

where ∆H0 is the inhomogeneous broadening. Moreover, ∆H changes when a dc
current is passed through the sample. For an FM/HM bilayer stack, ∆H linearly
increases or decreases with the current (depending on the polarity of the dc current
and the in-plane field), with a slope β = δ∆H
. Having β, the spin Hall efficiency can
δIdc
then be extracted from the following equation:[36, 38, 52]
ξSH =

β

̵
2πf
sinφ
h
γ (HIP +0.5Meff )µ0 Ms tFM 2e

RFM + RHM
AC ,
RFM

(1.8)

where Ms is the saturation magnetization and tFM is the thickness of the magnetic
layer, RFM and RHM are the resistances of the ferromagnet and the heavy metal
layers, respectively, and AC is the cross-sectional area of the measured device.
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Electrical microwave measurement

One of the main approaches to studying spin waves in SHNO devices is to electrically
characterize their microwave signal generation. For such measurements, a dc
current is passed through the device under an external magnetic field. The dc
current overcomes the intrinsic damping of the ferromagnetic material through
spin–orbit torque that originates from the SHE, and results in the oscillation of the
magnetization in the GHz frequency range. The magnetization oscillation causes a
time-varying resistance with the same frequency of oscillation due to the AMR effect.
Multiplied by the input dc current, the oscillating resistance causes a measurable
microwave voltage signal. The microwave signal is separated from the dc signal
using a bias-tee. Due to the low strength of the signal, it should be amplified by a
low-noise amplifier (LNA) before being detected using a spectrum analyzer (Fig. 1.5).
We used a Rhode & Schwarz FSV-40 spectrum analyzer in our measurement setup
with a video bandwidth (VBW) of 10 kHz and a resolution bandwidth (RBW) of
1 MHz.
The data captured by the spectrum analyzer is the power spectral density (PSD)
of the auto-oscillation signal as a function of frequency. Since the background noise
level is not uniform over the whole frequency range, it should be removed from the
captured data prior to further analysis. We measured the background noise level
versus the frequency by performing a single measurement at a very low dc current
that is sufficiently weak to avoid exciting the auto-oscillation modes. The noise level
is then subtracted from all the spectra to produce clean auto-oscillation spectra in
dB over noise. The result can then be fitted to symmetric Lorentzian functions in
order to extract the frequency, the linewidth, and the power of the auto-oscillation
peaks.
It is worth noting that the dc voltage of the devices can also be measured
simultaneously in this setup. We used a Keithley 2400 SourceMeter as both the
current source and the voltmeter in our setup. This enabled us to measure changes
in the resistance of the devices, which was particularly useful for measuring the

Figure 1.5: Schematic of the auto-oscillation measurement setup

1.4. Micromagnetic simulation
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AMR ratio of the stacks.

1.3.3

Micro-focused Brillouin light scattering spectroscopy

In order to locally study the fast magnetization dynamics, we need a measurement
technique with both subnanometer spatial resolution and subnanosecond temporal
resolution. Of the several available techniques, Brillouin light scattering (BLS)
[53] is a very sensitive and powerful technique with the ability to measure spin
waves in the 1–500 GHz frequency range and with a frequency resolution as low as
50 MHz. Of the other common techniques, time-resolved Kerr-microscopy and X-ray
microscopy suffer from low sensitivity and low temporal resolution, respectively [54].
In the BLS measurements, photons from an incident monochromatic laser beam
interact with the magnons that are the quanta of the spin waves. During this
process, each photon can absorb or create a magnon (with the same probability),
and then be scattered. Due to conservation of energy and momentum, the frequency
and wavevector of the photons of the scattered beam increase (or decrease) as a
result of the annihilation (or creation) of the magnons. Thus, measuring the shifts
in the frequency and wavevector of the scattered beam reveals the frequency and
wavevector of the spin waves underneath the incident beam. The spatial resolution
of the BLS method depends on the size of the incident beam, which can be as small
as 200 nm thanks to the micro-focused BLS (µ-BLS) technique [49, 55].
We performed the µ-BLS measurements using a 532 nm single-frequency laser.
The beam was focused onto a diffraction limited spot (360 nm) using a high numerical
aperture objective (N A = 0.75). The scattered light from the sample surface was
then analyzed with the use of a high-contrast six-pass Tandem Fabry–Perot TFP-1
interferometer (JRS Scientific Instruments). The sample stage could move with
nanometer resolution, allowing us to obtain 2D maps of the spin waves around the
constriction area while the sample was under the external field and dc current. The
measured BLS intensity was proportional to the square of the amplitude of the
magnetization dynamics at the corresponding frequency. During measurement, the
sample was connected to a spectrum analyzer via a bias-tee to allow simultaneous
measurement of the electrical signal.

1.4

Micromagnetic simulation

To obtain a better understanding of the physics behind the magnetization dynamics
of the nanoconstriction-based SHNOs, we modeled them using micromagnetic
simulation. Unlike macrospin models, micromagnetic simulation can predict the
short-range dynamical properties of SHNOs, including their spin waves. We used
the open source MuMax3 package, which is a GPU-based finite-difference simulation
tool.[56]
Our simulation geometry was a 2 µm × 4 µm × 5 nm volume meshed by
512×1024 cells. The simulation volume with the nanoconstriction at its center is
sufficiently large to avoid any undesired boundary effects. We only simulated the
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ferromagnetic layer and included the impact of the heavy metal by considering the
spin torque originating from a perpendicular spin current, and also the Oersted field
from a lateral charge current, similar to our actual experiment. We calculated the
distribution of the input charge current using COMSOL Multiphysics® software in
the ferromagnet/heavy metal bilayer by including the resistivity values measured
from the layers of our sample. The spin-current distribution could then be easily
obtained from the charge current by using the spin Hall efficiency from the ST-FMR
experiment (Section 1.3.1).
In order to simulate the auto-oscillation spectra, we ran the simulation at a
fixed configuration of current and external field for a period of a couple of hundred
nanoseconds until a steady oscillation in the time-varying average magnetization
of the ferromagnetic layer was observed. This was then followed by a fast Fourier
transform (FFT) performed on the average magnetization of the layer to extract
the auto-oscillation frequencies.
To capture the linear eigenmodes of the system, a similar procedure was used,
replacing the input dc current by a low amplitude time-varying field excitation.
The excitation was of the sinc pulse type, sin(2πf t)/(2πf t), which provides equal
spectral weight to all frequencies up to the cut-off frequency f .[57]
Finally, we calculated the spatial profiles of the spin wave modes to gain deeper
insight into these modes. To construct the mode profiles, we performed FFT over
the local magnetization of each cell and then made a 3D colormap of the FFT
amplitudes of all the cells at the oscillation frequency of each mode.

Chapter 2

Low Operational Current
Nanoconstriction-based SHNOs
SHNOs have the potential to be used for several applications, including microwave
signal generation and detection. However, for most of these applications, SHNOs
need to be improved—especially in terms of signal coherency and power—if they
are to compete with the current commercial alternatives. In the following chapter,
we try to improve the performance of the initial nanoconstriction-based SHNOs,
which employed NiFe/Pt, by using different material combinations in the stack. In
Section 2.1, we demonstrate for the first time the fabrication and characterization
of a low operational current NC-based SHNO based on a NiFe/W structure with a
60% reduction in the SHNO threshold current compared to Pt-based SHNOs. In
Section 2.2, we replace the NiFe ferromagnetic layer by a thinner layer of Co20 Fe60 B20 ,
with perpendicular magnetic anisotropy (PMA)[58, 59], on high-resistivity Si wafers
and obtain further improvements in power consumption, frequency tunability, and
compatibility with CMOS technology. Finally, Section 2.3 covers the use of the Hf
dusting technique in a NiFe/Pt stack to achieve higher spin Hall efficiency by tuning
the interface.

2.1

SHNOs based on NiFe/β−W

One way to improve the efficiency of spin Hall nano-oscillators is to utilize in their
structure a heavy metal with a higher spin Hall angle. β−W is a candidate on
account of the relatively high values reported for its spin Hall angle.[16, 38] Tungsten
has two different phases, called α and β. While the spin Hall angle for W in the β−
phase is much higher than for the α−phase W, β−W is metastable and can only be
achieved under restricted conditions of deposition[60], and then only in thin layers
of typically less than 10 nm.
13
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Sample preparation

In order to obtain β−W with high θSH , tungsten deposition should be well controlled
with a slow rate and no heat generation. Table 2.1 shows the deposition conditions
of the stack layers deposited on a c-plane sapphire wafer.
Target

Power(W)

Pressure (mTorr)

Rate(Å/s)

W
NiFe

30 (rf)
150 (dc)

2.5
2.5

0.07
1.04

Table 2.1: Deposition conditions for NiFe/W stack

An easy way to indirectly examine the phase of the deposited W layer is to
measure its resistivity (ρW ), as the resistivity of β−W is as much as an order of
magnitude greater than that of α−W. We made single-layer W thin films with
different thicknesses as test samples and measured the resistivity of these layers
using four-probe resistance measurements. Figure 2.1 shows the resistivity of the
W films as a function of thickness. By increasing the thickness of the W layer,
the resistivity decreases exponentially from the high value of ∼ 400 µΩ⋅cm at 3 nm
to the baseline value of ∼ 30 µΩ⋅cm for thicknesses greater than 10 nm, which is
comparable to the resistivity of bulk tungsten. For thicknesses less than 12 nm,
the layer is a mixture of α and β phase, and the content of β−W increases with
decreasing thickness. To keep the notation simple, we write β−W, or simply W, for
the mixed α + β phase W throughout the rest of this thesis.
In order to choose reasonable layer thicknesses for the NiFe/W bilayer of the
final SHNO devices, we needed to consider both θSH and ρW . While higher θSH

Figure 2.1: W resistivity against thin-film thickness. Reproduced from Ref. [40] with
the permission of AIP Publishing.
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Figure 2.2: (a) Cross-section HR-TEM image of the full stack. Inset: lattice fringe
distance from FFT of the TEM image, (b) AFM and SEM images of the constriction
from the final SHNO device. Reproduced from Ref. [40] with the permission of AIP
Publishing.

(lower W thickness) is preferable, an increase in the resistance of the heavy metal
layer decreases the performance of the devices by shunting the input dc current
into the ferromagnetic layer instead of the heavy metal layer. We thus selected
NiFe(5 nm)/W(5 nm) to ensure that the W layer is β rich and that, in the final
device, a good portion of the input current passes through it.
Figure 2.2(a) shows a cross-section high-resolution transmission electron microscopy (HR-TEM) image of the stack; the sample cut was prepared using the
focused ion beam (FIB) method. The stack used for the TEM image was covered
with a Pt layer, which was required in the preparation process of the FIB technique
and to protect the main stack. The HR-TEM image shows the NiFe/W interface
to be well defined with no significant intermixing. It also confirms the accuracy of
the layer thicknesses. Finally, using a fast Fourier transformation, the lattice fringe
distance in the W layer can be determined to be approximately 2.50 Å from the (0
0 2) plane of the β phase W lattice[61] (inset of Figure 2.2(a)). This confirms that
the intended β phase was achieved in our stack. Figure 2.2(b) shows atomic force
microscopy (AFM) imaging and scanning electron microscopy (SEM) imaging of
the constriction area of an SHNO with a 100 nm-wide nanoconstriction.

2.1.2

Stack characterization

In order to extract the dynamic magnetic properties of the stack before final
microwave measurements of the SHNO devices, we characterized the sample using
the ST-FMR technique on a 6 µm-wide bar-shaped structure fabricated next to the
SHNO devices on the same die. Figure 2.3(a) shows the ST-FMR spectra in an
in-plane field directed along ϕH = 30○ . During each field sweep, the rf frequency was
kept fixed, and the measurement was carried out for rf frequencies f = 2 to 13 GHz.
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Figure 2.3: (a) ST-FMR spectra at ϕH = 30○ for zero dc current and the extracted
resonance frequency (solid red line); (b) the spectrum at f = 7 GHz with the Lorentzian
fit; the symmetric and asymmetric terms are shown separately; (c) the extracted
linewidth versus frequency and the linear fit; (d) the extracted linewidth versus dc
current at ϕH = 30○ and 210○ (dots and circles, respectively) with the liner fits (solid
lines) Reproduced from Ref. [40] with the permission of AIP Publishing.

Each peak was fitted to a Lorentzian function (Equation 1.6). Figure 2.3(b) shows
an example of the fitting at f = 7 GHz, where the symmetric and the asymmetric
terms are shown separately.
The plot of the resonance field (µ0 Hr ) against the rf frequency has good agreement
with the Kittel equation (Equation 1.3), as shown by the solid red line in Figure 2.3(a).
The gyromagnetic ratio for this fit was taken as γ/2π = 28 GHz/T, resulting in
an effective magnetization of µ0 Meff = 0.71 T. Figure 2.3(c) shows the extracted
linewidth of the ST-FMR spectra (black dots) and the linear fit to Equation 1.7.
The inhomogeneous broadening was 0.18 mT and the Gilbert damping (α) was
1.66 × 10−2 .
Additionally, to extract the spin Hall efficiency, we carried out another set of field
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sweeps by passing different dc currents through the bar at f = 5 GHz. The current
varied from Idc = -10 mA to +10 mA for the two field directions of ϕH = 30○ and
210○ . The extracted ST-FMR linewidth is shown in Figure 2.3(d) (dots). The slope
of the linewidth versus current was extracted as β = 0.09 mT/mA using a linear fit
to the measured data. Using Equation 1.8, the spin Hall efficiency was calculated
as ξSH = -0.385 ± 0.009, which is comparable to values reported previously[16, 62].
This high value of ξSH is expected to greatly improve the auto-oscillation threshold
current (Ith ) for SHNOs based on W, compared with devices based on Pt.

2.1.3

Characterization of SHNO devices

In order to test the device-to-device variation in the SHNO fabrication process,
we first measured the resistance of SHNOs with different constriction widths by
applying a low dc current of Idc = 100 µA in the absence of the magnetic field
(Fig. 2.4(a)). The linear dependence of the resistance versus the inverse of the
constriction width confirms that there is negligible device-to-device variation in
the fabrication process. To extract the AMR ratio of the stack, the resistance of a
100 nm-wide SHNO was measured as a function of the in-plane magnetic field angle
while the device was under a field of µ0 HIP = 0.1 T. The stack has the AMR ratio
of 0.26%.
Finally, in order to measure Ith , we carried out microwave characterizations of
the SHNOs. While we will study the behaviour of SHNO spin wave modes under
different configuration of the external field in detail in Chapter 3 of this thesis, we
here investigate the threshold current needed to excite auto-oscillation in SHNOs
based on W. All the measurements shown here were therefore carried under the
same external field conditions of µ0 HIP = 80 mT and ϕH = 20○ . Figure 2.5(a)
shows the power spectral density of the auto-oscillation as a function of Idc for

Figure 2.4: (a) SHNO resistance versus the inverse of the constriction (solid dots)
with a linear fit; (b) AMR measurement for the 100 nm-wide SHNO at µ0 HIP = 0.1 T.
Reproduced from Ref. [40] with the permission of AIP Publishing.
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Figure 2.5: (a) SHNO auto-oscillation PSD versus dc current at µ0 HIP = 40 mT
and ϕH = 20○ , (b) the extracted linewidth, and (c) the integrated power from fit to
Lorentzian. Reproduced from Ref. [40] with the permission of AIP Publishing.

a 140-nm-wide SHNO under a magnetic field of µ0 HIP = 0.4 mT directed along
ϕH = 20○ . The auto-oscillation linewidth and power are extracted and plotted in
Figure 2.5(b),(c). While the auto-oscillation frequency depends weakly on the input
dc current, both linewidth and power improve exponentially up to Idc = 0.9 mA.
Above this current level, the frequency decreases and the coherence and power of
the signal decay, signaling the appearance of a new mode.[14, 63, 64, 65]
To extract the Ith of the auto-oscillation, we measured more than 20 SHNOs with
widths ranging from 80 to 160 nm. Ith was extracted using linear fits to the inverse

Figure 2.6: (a) Extraction of Ith by a linear fit of the inverse of integrated power
versus dc current, (b) extracted Ith versus constriction width. Reproduced from
Ref. [40] with the permission of AIP Publishing.
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microwave power versus dc current[66, 67] (Fig. 2.6(a)). The linear dependence
of the threshold current versus the constriction width is shown in Figure 2.6(b),
where the observed values are over 60% lower than the previously reported values
for Pt-based SHNOs[14, 15, 17, 48, 62, 68, 69, 70].

2.2

SHNOs based on W/CoFeB/MgO on high-resistivity Si

One important factor in the commercialization of SHNOs is that their fabrication
process be compatible with CMOS technology, which means that the use of sapphire
as the substrate in SHNOs is not suitable. On the other hand, the heat conductance
of Si/SiO2 wafers is over 20 times lower than that of sapphire, and so these cannot
compensate for the heat generated in SHNOs by the high-density input dc current.
An alternative candidate is high-resistivity Si, which has a thermal conductivity 5
times higher than that of sapphire (130 W/m⋅K). It also has very low microwave
loss[71] and is an insulator, meaning that it does not shunt the input dc current.
However, Si tends to form low resistivity silicide with most of the metallic layers
typically used in SHNOs, including Pt[72] and Ni[73]. On the other hand, W
is already used in CMOS processes and is stable at high temperatures up to
800○ without forming silicide[74]. We successfully developed and used β−W for
SHNOs in the previous section with a reasonably high spin Hall efficiency. In the
following section, we therefore use a β−W/Co20 Fe60 B20 /MgO stack to fabricate low
operational current SHNOs that are compatible with CMOS technology.

2.2.1

Sample preparation

A stack consisting of β−W(5)/Co20 Fe60 B20 (2)/MgO(2) was deposited on a high-res
Si substrate with ρ > 10 kΩ⋅cm. Table 2.2 shows the deposition conditions of the
stack layers. The deposition of W should be controlled to a low rate to obtain a β
phase with high θSH , as was discussed in Section 2.1.1. After the deposition of CoFeB
and MgO, the sample was annealed at 300○ C for 60 minutes at the base pressure of
the sputtering chamber. The crystallization begins from the MgO interface, with
the W mediating as a boron getter[75]. The stack was then covered with a 4 nm
SiOx protection layer to prevent the MgO layer reacting with the ambient moisture.

Target

Power (W)

Pressure (mTorr)

Rate(Å/s)

W
Co20 Fe60 B20
MgO
SiO2

10 (dc)
20 (dc)
90 (RF)
150 (RF)

3
3
3
3

0.09
0.09
0.04
0.1

Table 2.2: Deposition conditions for W/CoFeB/MgO stack
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Stack characterization

Prior to the lithography step, we carried out AGM measurement on the bare films in
order to measure the saturation magnetization Ms of the CoFeB layer. The saturation
magnetization was determined to be µ0 Ms = 1.17 T. The magnetization of the
sample normalized to the saturation magnetization versus the in-plane (IP) and outof-plane (OOP) field is shown in Figure (2.7)(a) and (b), respectively. The switching
versus the in-plane field happens abruptly at low field values, demonstrating that the
magnetization of the ferromagnetic layer lies in the plane of the film. The saturation
field from the out-of-plane measurement (perpendicular to the plane of the film) is
µ0 HS ≃ 0.7 T , which is equal to the effective magnetization of the ferromagnetic
film.
In the next step, we measured the dynamic magnetic properties of the stack by
carrying out ST-FMR measurements on a 6 µm-wide bar-shaped structure. The
measured spectra (dots) and their fits to Lorentzian function for f = 4 to 12 GHz
are plotted in Figure 2.8(a). Figure 2.8(b) shows the extracted resonance fields
at different microwave frequencies (black dots). The measured data fit well to the
Kittel formula (Equation 1.3) with a gyromagnetic ratio of γ/2π = 30.9 Ghz/T
and an effective magnetization of µ0 Meff = 0.71 T, which is similar to the value
achieved from AGM measurement. Having significantly lower Meff than Ms is a sign
of perpendicular magnetic anisotropy in the CoFeB layer. According to Meff = Ms Hk , the PMA of the CoFeB layer is 0.46 T. The extracted linewidth of the ST-FMR
spectra as a function of the resonance frequency is shown in Figure 2.8(c) with the
linear fit to Equation 1.7. From the fitting, the Gilbert damping is extracted as
α = 1.36 × 10−2 .
Figure 2.8(d) shows the linewidth of ST-FMR spectra at 5 GHz versus dc currents

Figure 2.7: AGM measurement under (a) in-plane field, (b) out-of-plane field
(perpendicular to the film plane) configurations
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Figure 2.8: (a) ST-FMR spectra for f = 4 to 12 GHz (dots) and the Lorentzian fit
(solid lines), (b) microwave frequency versus resonance field (black dots) and the Kittel
fit (solid red line), (c) extracted linewidth as a function of frequency (black dots) and
the linear fit (solid red line), (d) the extracted linewidth as a function of Idc (dots)
and the linear fits (solid lines) for ϕH = 30○ (black) and 210○ (red) field directions.
Reproduced from Ref. [46] with the permission of AIP Publishing.

from -5 to +5 mA, where the linewidth depends linearly on the dc current, as
expected. Inserting the extracted slope into Equation 1.8, we calculated the spin
Hall efficiency to be ξSH = -0.53, which is the highest value ever reported for
W.[38, 60, 76]

2.2.3

Characterization of SHNO devices

We selected a 120 nm-wide SHNO for electrical characterization. The inset to
Figure 2.9(a) shows the magnetoresistance of the SHNO as a function of ϕH under
an in-plane field of µ0 HIP = 50 mT. From this measurement, the AMR ratio is
0.34%—an order of magnitude greater than values previously reported for CoFeB[48].
This very high AMR value is achieved by converting the amorphous CoFeB layer
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Figure 2.9: (a) Auto-oscillation PSD versus Idc for a 120 nm-wide SHNO under
the magnetic field µ0 Hext = 1 T directed along ϕH = 20○ and θH = 60○ ; inset:
magnetoresistance of the SHNO as a function of ϕH at µ0 HIP = 50 mT, (b) the
extracted linewidth, and (c) the integrated power from fits to the Lorentzian function.
Reproduced from Ref. [46] with the permission of AIP Publishing.

into a more polycrystalline structure during the annealing step.
We next characterized the microwave behavior of the same device. Figure 2.9(a)
shows the auto-oscillation PSD of the SHNO as a function of the dc current under
an out-of-plane field of µ0 Hext = 1 T directed along ϕH = 20○ and θH = 60○ . As the
dc current increases, the auto-oscillation frequency first shows a redshift up to about
0.5 mA, and then a blueshift for higher currents, which is the typical behavior of
SHNOs under an out-of-plane field.[49, 77] This nonmonotonic behavior of frequency
vs. current will be explained in more detail in Chapter 3. The linewidth and power
of all the spectra were extracted by fitting to a Lorentzian (Fig. 2.9(b) and (c),
respectively), and both improve with increasing current. The maximum power of
the device is about 8 pW at Idc ≃ 0.9 mA, which is higher than the previous
reports of SHNOs based on NiFe/Pt [49, 45] and NiFe/W [40].
We examined the operational range of the SHNO by sweeping both the field
strength and θH , as shown in Figure 2.10. The auto-oscillation PSD of a field
sweep at a fixed OOP angle (θH = 80○ ) and dc current (Idc = 0.75 mA) is shown in
Figure 2.10(a). Changing the strength of the external magnetic field results in the
rotation of the internal magnetic field with respect to the in-plane angle (ϕ), which is
observed as a rise in the auto-oscillation frequency from 7 to 13 GHz. Auto-oscillation
is achieved for field values much lower than Ms (shown in Figure 2.7). This extension
in the field range occurs because our SHNO benefits from the moderate PMA in the
CoFeB layer. To further decrease the external field required to operate the SHNOs,
it is possible to increase PMA using a thinner CoFeB layer. This suggests a potential
way to realize field-free SHNO devices that operate using only integrated thin-film
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Figure 2.10: (a) Auto-oscillation PSD vs. the magnetic field at θH =80○ , ϕH = 22○ ,
and Idc = 0.75 mA, (b) Auto-oscillation PSD vs. θH at µ0 Hext = 1 T, ϕH = 22○ , and
Idc = 0.9 mA. Reproduced from Ref. [46] with the permission of AIP Publishing.

permanent magnets. Figure 2.10(b) shows the auto-oscillation PSD as a function of
θH at µ0 Hext = 1 T and Idc = 0.9 mA. Decreasing θH lowers the in-plane component
of the external field, thus increasing the FMR and the auto-oscillation frequency of
the SHNO. Due to PMA and the resulting lower Meff , our SHNO displayed a broad
frequency range of operation, from 12 to 28 GHz under the described condition,
which was achieved only by tailoring θH .

2.3

Improving the spin Hall efficiency of interface through
Hf dusting

In the previous sections of this chapter, we used W as the spin Hall metal in the
SHNO stacks in order to improve the efficiency of the devices. Although W has a
higher spin Hall angle than Pt, on account of its high resistivity, SHNOs based on
W suffer from excessive heat generation, which could be problematic for integrating
many SHNOs in a small area to work collectively. Moreover, the fabrication of β−W
needs to be carefully controlled due to the sensitivity of the layer to heating during
the deposition process.
On the other hand, Pt with a lower resistivity is not as efficient as W. Additionally,
Pt causes a greater increase than W in the intrinsic damping of the adjacent
ferromagnetic layer, which is detrimental to the performance of the SHNO. Reports
have shown that, for Pt/FM bilayer structures, both efficiency and damping could
be improved by carefully engineering the interface. In a recent report, inserting a
very thin hafnium (Hf) layer between the CoFeB and Pt resulted in a decrease in the
effective spin-mixing conductance of the CoFeB/Pt interface. This decrease directly
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lowered the overall damping of the bilayer which, can be expressed as follow:[78]
α = α0 +

̵2
γh
G ,
2e2 Ms tFM eff

(2.1)


where α0 is the intrinsic damping of the FM single layer. Geff
is the effective
spin-mixing conductance of the FM/HM interface. The magnetization precession of
the ferromagnetic layer results in the spins being pumped into the Pt layer, which
acts as a spin sink. This spin pumping leads to a loss in spin angular momentum

of the ferromagnetic layer, thus increasing the damping. Decreasing Geff
thus
suppresses the spin pumping into the Pt layer and decreases the overall damping of
the structure, leading in turn to a drop in the threshold current of the final device.
In the following section, we study whether Hf dusting could be beneficial in the
NiFe/Pt bilayer structure in the fabrication of low-current SHNOs.

2.3.1

Sample preparation

Two stack series of NiFe(3)/Hf(tHf )/Pt(5) and NiFe(5)/Hf(tHf )/Pt(5) were prepared
(the numbers are layers thicknesses in nm) with tHf = 0, 0.4, 0.5, and 0.7 nm. The
stacks were deposited on high-resistivity Si. The NiFe(3)/Hf(0.5)/Pt(5) sample was
lost during the fabrication process, but this did not affect any of the conclusions
in this section. The deposition rates for the stacks are shown in Table 2.3. The
stack series were finally fabricated into 6 µm-wide bar-shaped structures using a
procedure described in Section 1.2.
Target

Power (W)

Pressure (mTorr)

Rate(Å/s)

Pt
NiFe
Hf

15 (dc)
50 (dc)
9 (dc)

3
3
3

0.24
0.27
0.14

Table 2.3: Deposition conditions for the NiFe/Hf/Pt stack series

2.3.2

Characterization of the NiFe/Hf/Pt stack

To measure the impact of Hf dusting on the AMR ratio of the stacks, we measured
their magnetoresistance by sweeping the in-plane angle of the external field from
ϕH = 0○ to 360○ , keeping the field strength at µ0 HIP = 0.1 T. Figure 2.11(a)
shows the angular dependence of the magnetoresistance for the NiFe(5)/Pt(5) as
the reference sample. The extracted AMR ratios are plotted against tHf for both
sample sets in Figure 2.11(b), where AMR decreases as Hf thickness increases.
We then turned to ST-FMR characterization to study the dynamic magnetic
properties of the stack series. The measurement conditions were similar to those
described in Section 2.1.2. The inset to Figure 2.12(a) shows the ST-FMR peak
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Figure 2.11: (a) Magnetoresistance for the reference stack NiFe(5)/Pt(5) under
µ0 HIP = 0.1 T, (b) extracted AMR ratio versus Hf thickness. Reproduced from
Ref. [79] with the permission of AIP Publishing.

for the reference sample at f = 10 GHz (black dots) and the fit to the Lorentzian
function (Equation 1.6), with the symmetric and asymmetric terms plotted separately.
The extracted resonance frequencies are shown in Figure 2.12(a); they have good
agreement with the Kittel function (Equation 1.3). Figure 2.12(b) shows the
linewidth of the ST-FMR peaks with their linear fits (Equation 1.7).
From the fits in Figure 2.12(a) and (b), the effective magnetization and the
intrinsic damping of the stack series were extracted as a function of tHf , and plotted
in Figure 2.13(a) and (b), respectively. The gyromagnetic ratio γ/2π was taken to be

Figure 2.12: (a) Extracted resonance frequency versus the magnetic field. Inset:
ST-FMR spectrum for the reference sample at f = 10 GHz (black dots) and the
fit to the Lorentzian (solid red line); symmetric and asymmetric terms are plotted
separately, (b) the extracted linewidth versus microwave frequency for all the samples.
Reproduced from Ref. [79] with the permission of AIP Publishing.
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Figure 2.13: (a) The extracted Meff and the (b) extracted damping versus tHf , (c)
the extracted damping as a function of 1/µ0 Ms tHf , (d) thickness dependence of the
extracted effective spin-mixing conductance. The dashed lines in (c) are guidelines to
Equation 2.1 plotted using the calculated spin-mixing conductance values. Reproduced
from Ref. [79] with the permission of AIP Publishing.

30 GHz/T. The magnetization was slightly improved by the insertion of Hf, which
is possibly because of the reduction of the elastic strain from Pt layer on NiFe.[80].
The damping drops almost linearly as a function of tHf . The phenomenon is stronger
for the sample set with thinner NiFe, due to its interfacial nature. This was also
expected from Equation 2.1, as the product Ms tFM is smaller for the samples with
3 nm NiFe.
Figure 2.13(c) shows the extracted damping values versus 1/µ0 Ms tHf (dots)
where Ms is taken to be Meff , due to the negligible magnetocrystalline anisotropy of
the NiFe layer in our samples. By inserting this data into Equation 2.1, we arrived
at the following system of linear equations:
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(2.2)


where Geff,i
, i = 1 to 4 are taken as tHf = 0, 0.4, 0,5 and 0.7 nm, respectively,
and α0 is independent of tHf and the same for all the samples. Since this system
has seven equations and five unknowns, it is overdetermined, and we used the least
squares method to find the optimum solution to the system. The calculation results

in α0 = 0.0076, and the Geff
values are plotted in Figure 2.13(d) as a function of

tHf . The value of Geff of the NiFe/Pt interface decreases with the insertion of Hf by
almost 50% to tHf = 0.7 nm.
In order to measure the spin Hall efficiency of the stacks, we carried out ST-FMR
measurement by passing dc currents ranging from -6 mA to +6 mA through the
bar, at a fixed microwave frequency of f = 5 GHz. The ST-FMR spectra were
captured at positive and negative field polarities directed along ϕH = 25○ , and
then were fitted to the Lorentzian function (Equation 1.6). The extracted linewidth
values for both field polarities, with linear fits to them for the reference sample
NiFe(5)/Pt(5), are shown in the inset of Figure 2.14(a). The slope of the linear
fits (β)—which shows the rate of change in the linewidth versus the dc current—is
plotted in Figure 2.14(a) for all thicknesses. The value of β drops with increasing
Hf thickness because of attenuation due to the transmission of the generated spin
current that arises from spin memory loss at the interface.[80, 81]
By inserting the value of β in Equation 1.8, we calculated and plotted the
thickness dependence of ξSH in Figure 2.14(b), where the spin Hall efficiency decreases
with increasing tHf . The value of ξSH is almost independent of NiFe thickness,
meaning that the torque on the magnetization of the ferromagnetic layer caused by
SHE is damping-like, and the field-like torque is negligible in our samples.[81, 82]
From the reference sample’s calculated value of ξSH , we calculated the internal spin
Hall angle θSH of the Pt layer in the absence of significant spin memory loss at the
interface, using the following equation: [80, 82]

ξSH = θSH ×


Geff
tHM
tHM
tanh(
)tanh(
),
Gext
2λs
λs

(2.3)

where Gext ≡ tanh(tHM /λs )/(2ρHM λs ) is the spin conductance of the heavy metal
and λs and ρHM are its spin attenuation length and conductivity, respectively.
t
Considering ρPt = 24 µΩ.cm and λP
s = 1.2 nm,[83, 84], we calculated the spin Hall
angle for Pt to be θSH = 0.2, which is similar to previously reported values[43, 80].
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Figure 2.14: (a) β versus Hf thickness. Inset: current dependence of the extracted
linewidth for positive and negative field polarities at f = 5 GHz and ϕH = 25○ (dots)
and their linear fits (solid lines) for the reference sample, (b) thickness dependence of
the spin Hall efficiency, and (c) the estimated auto-oscillation threshold current versus
tHf normalized to the values for the samples without Hf insertion. Reproduced from
Ref. [79] with the permission of AIP Publishing.

Finally, to evaluate the effect of Hf dusting on the performance of SHNO devices,
we estimated the threshold current of the SHNOs by extrapolating the linewidth
versus Idc to ∆H = 0 (see the inset to Figure 2.14(a)) for all samples. The
threshold current density for NiFe(3)/Pt(5) and NiFe(5)/Pt(5) were estimated to
be Jth = 2.56×107 , and 3.88 × 107 A/cm2 , respectively. Figure 2.14(c) shows the
threshold current of all devices normalized to these two values and plotted as a
function of tHf . The threshold current improves with the insertion of Hf with
thicknesses up to tHf = 0.4 nm and then increases again for thicker Hf layers. The
reason for this is that the threshold current depends on both the damping and the
spin Hall efficiency, which act in opposite directions. While the damping falls linearly
versus tHf , the spin Hall efficiency stays almost constant up to tHf = 0.4 nm and
then steeply drops. As a result of these two trends, there is an optimum thickness of
hafnium (tHf = 0.4 nm) for which a threshold current reduction of 20% is estimated.

2.4

Summary

In this chapter, we have examined a number of ways to improve the performance of
nanoconstriction-based SHNOs. In the first section, we fabricated and demonstrated
low operational current SHNOs based on NiFe/β−phase W for the first time. We
achieved a significant reduction of 60% in the auto-oscillation threshold current of
our devices, compared to SHNOs based on NiFe/Pt.
We then replaced the ferromagnetic layer in our stack with CoFeB with a moderate value of PMA. This PMA allowed our devices to operate over a wider frequency
range and with lower external fields than devices based on NiFe. This suggests a
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potential route to achieving field-free operational SHNOs through using thinner
CoFeB with higher PMA. Moreover, we fabricated our SHNOs on high-resistivity Si
wafers for the first time, which makes our fabrication process compatible with RF
CMOS technology—a further step towards commercializing SHNOs. Additionally,
high-resistivity Si wafers have a higher thermal conductance than sapphire, thus
better compensating for the heat generated in the constriction area of SHNOs,
resulting in a higher spin Hall efficiency and better device performance.
Finally, we investigated the effects of Hf dusting on the NiFe/Pt interface. The
inclusion of Hf resulted in a significant reduction in the damping of NiFe due to
the decrease in the effective spin-mixing conductance of the NiFe/Pt interface. It
also slightly increased the effective magnetization of the ferromagnet. On the other
hand, the spin Hall efficiency of the stack showed a rapid decrease for Hf layers
thicker than tHf = 0.4 nm. The overall impact of these opposite trends resulted in
an optimum Hf thickness of tHf = 0.4 nm, at which the auto-oscillation threshold
current was estimated to be reduced by up to 20%.
Our findings thus lay out a development path for improving the performance of
SHNOs in terms of power consumption, magnetic field and microwave frequency
tunability, and compatibility with the RF CMOS technology.

Chapter 3

Nonlinear Spin Wave Modes in
Nanoconstriction-based SHNOs
In this chapter, we investigate the physics behind the spin wave modes of NC-based
SHNOs under different configurations of the external field and dc current. The
device used in this chapter is the 150-nm-wide SHNO based on NiFe/W that was
investigated in Section 2.1.

3.1

Spin wave modes of NC-based SHNOs under an
in-plane field

In the following section, we limit the external field to the in-plane orientation
and investigate the spin wave modes in nanoconstriction-based SHNOs versus the
in-plane angle of the field and dc current. Later, in Chapter 4, we discuss the
synchronization of the modes under the in-plane configuration.

3.1.1

Microwave measurements

Figure 3.1 (a)–(c) shows the current-dependent auto-oscillation PSDs of the SHNO
under different strength in-plane fields along ϕH = 30○ . For µ0 HIP = 80 mT,
we observed a single mode with slight changes in its frequency versus dc current
dependency. It is known that this mode is of the linear-like field-localized type
that is confined to the minima of the internal field at the edges of the nanoconstriction (so-called spin wave wells) [17, 77, 85] (Figure 3.1(a)). Unlike the uniform
ferromagnetic resonance of in-plane magnetized films, where the frequency goes
down as the amplitude of the precession increases (increasing input current), here
the mode frequency shows nonmonotonic behavior. As the current increases, the
auto-oscillation mode is at first almost independent of the input current, but then
it shows a redshift (negative nonlinearity) at higher currents. When the linear-like
mode begins to show negative nonlinearity, another mode nucleates with a lower
frequency and a higher linewidth compare to the first mode. Unlike the linear-like
31
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Figure 3.1: PSD colormaps of auto-oscillation under in-plane fields directed along
ϕH = 30○ for µ0 HIP = (a) 80 mT, (b) 60 mT, and (c) 40 mT. (d) Extracted linewidth
of the auto-oscillation spectra from the fitting to a symmetric Lorentzian

mode, the frequency of this mode rapidly decreases as the current increases. This
behavior is characteristic of the so-called bullet modes [86, 87, 88, 89], which are
nonlinear nontopological modes localized centrally in the constriction area. The
bullet mode becomes stronger as the field strength is lowered towards 60 mT (Figure 3.1(b)), and becomes dominant at µ0 HIP = 40 mT (Figure 3.1(c)). The bullet
mode shrinks with increasing current, while the mode frequency decreases, and so
its group velocity and radiation loss reduce.
In the presence of the bullet mode, the linewidth of the linear-like mode increases
(Figure 3.1(d)). Mode hopping is responsible for this linewidth broadening since the
bullet and the linear-like modes cannot coexist in the same area [90, 91]. We will
investigate this mode hopping in detail using micromagnetic simulation later in this
section.
To study the angular dependence of the observed modes, we measured the
auto-oscillation PSDs by sweeping the field angle from ϕH = −90○ to +90○ at a
fixed field strength of µ0 HIP = 40 mT at Idc = 1.3 and 1.1 mA. The fundamental
and second harmonics of the auto-oscillation PSDs are shown in Figure 3.2. The
auto-oscillation modes are not excited for field angles beyond ∣ ϕH ∣ = 45○ because,
at higher ϕH , the relative angle between the polarization of the spin current and
the magnetization increases, thus reducing the spin torque. Additionally, the modes
move away from the edges of the constriction where the current density is maximum
and thus do not experience enough torque.
At higher currents, we observed both the linear-like and the bullet modes. The
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Figure 3.2: Angular-dependent PSD maps of the first and second harmonics of the
auto-oscillation for µ0 HIP = 40 mT at Idc = (a) 1.3 mA, and (b) 1.1 mA.

linear-like mode appears at intermediate angles and its frequency weakly depends on
the angle of the field. On the other hand, the bullet mode nucleates at lower angles,
and (similarly to when the current increases), lowering the field angle reduces the
bullet mode frequency. This reduction in frequency is due to the magnetization
being more antiparallel to the spin current polarization, which results in an increase
in the strength of the spin-orbit torque (Figure 3.2(a)). The bullet mode disappears
at lower currents (Figure 3.2(b)) similar to what we observed in Figure 3.1.
For both PSD maps, we do not detect the fundamental modes at low angles
because the first derivative of the AMR curve—and thus the changes in the resistance
due to the oscillation—are too small around ϕH = 0○ (Figure 2.4(b)). At the same
time, the second derivative of the AMR curve is at its maximum at lower angles,
which results in strong second harmonics of the spin wave modes around ϕH = 0○ .

3.1.2

Micromagnetic simulations

To gain deeper insight into the observed spin wave modes in in-plane fields, we
carried out a micromagnetic simulation using MuMax3. In our simulation, the
magnetization saturation and damping of NiFe, as well as the spin Hall efficiency of
the bilayer, were taken from ST-FMR measurements (Section 2.1.2). The spin-orbit
polarization was set to P = 1 and was independent of the relative angle of the
magnetization and the spin current polarization (the Slonczewski parameter for
the spin-orbit torque was taken to be λ = 1 [92, 93]). An exchange stiffness of
Aex = 10 pJ/m was assumed for NiFe.[94]
The simulated auto-oscillation spectrum for µ0 HIP = 60 mT and ϕH = 30○
is shown in Figure 3.3(a); it is in good agreement with what we observed in our
experimental data (Figure 3.1(b)). The colormap is made by combining FFTs over
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Figure 3.3: (a) FFT power over total magnetization versus current at µ0 HIP = 60 mT
and ϕH = 30○ ; (b) spectrogram of total magnetization at Idc = 1.22 mA

the net magnetization along the x-axis at different currents. We also simulated the
linear eigenmodes of the structure by exciting the system using a sinc-shaped field
pulse (with an amplitude of 0.5 mT and duration of 25 ps) while the spin torque
was switched off in the simulation. The FMR and the linear mode are plotted on
Figure 3.3(a) as green and yellow circles, respectively.
The frequency of the FMR mode is considerably higher than the auto-oscillation
modes, which make both of them localized spin wave modes. In contrast to the
bullet mode, the onset of the linear-like mode at lower currents coincides with the
linear eigenmode of the constriction, which proves the mode originates from the
linear mode and is a field-localized spin wave.
It appears that the bullet mode splits from the linear-like mode at higher currents,
where we observed a multimode regime in both the experiment and the simulation.
We thus carried out a short-time Fourier transform on the magnetization dynamics
of the auto-oscillation in this multimode regime (Idc = 1.22 mA) in order to inspect
the time-dependent behavior of the modes. We used a Kaiser window with β = 30
and an overlap of 49.95 ns, and we did not decrease the length of the window
below 50 ns on account of the narrow frequency band gap between the two modes.
Figure 3.3(b) shows the auto-oscillation modes versus time, where the discontinuities
of the linear-like mode are followed by sharp transitions to the bullet mode as a sign
of mode hopping. The bullet mode thus nucleates from the linear-like mode, rather
than of branching off from it.
To study the origin of the observed spin wave modes, we produced spatial profiles
of the modes at Idc = 1.26 mA, which are shown in Figure 3.4(a) and (b). As we
expected, the linear-like mode is more localized at the edges of the nanoconstriction,
while the bullet mode is more centrally localized (Figure 3.4(c)) Since the linear-like
mode is localized in the spin wave well near the constriction edges, neither the
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Figure 3.4: The spatial mode profile of (a) the linear-like mode confined in the
vicinity of the constriction edges, and (b) the bullet mode confined centrally in the
constriction area, both at Idc = 1.32 mA, µ0 HIP = 60 mT, and ϕH = 30○ . (c) The
FFT power along the AA’ direction in the mode profiles, perpendicular to the external
field direction, (d) normalized volume of the modes versus dc current.

spin-torque nor the Oersted field from the current is necessarily required to confine
it, and both of these cause only slight adjustment in the depth of the spin wave
well.[77] This explains the weak dependence of the linear-like mode on both the
current and angle.
To compare the localization of the modes as a function of dc current, we estimated
the volume of each mode versus Idc by normalizing the amplitude of FFT of the
local magnetization of each cell to unity and then adding them together to obtain
the normalized volume of each mode [77] (Figure 3.4(d)). As we expected, increasing
the current shrinks the bullet mode and makes it more localized. On the other hand,
if we increase the current, the volume of the linear-like mode grows and, it becomes
more delocalized until it fully disappears.

3.2

Spin wave modes of NC-based SHNOs under
out-of-plane fields

In the previous section, we examined different spin wave modes in nanoconstriction
SHNOs under in-plane fields and studied their dependency on the dc current, field
strength, and ϕH . In the following section, we study the spin wave modes of
NC-based SHNOs under out-of-plane external fields.
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Figure 3.5: (a) Field-dependent auto-oscillation PSD along θH = 75○ and ϕH = 30○ ,
at Idc = 1.3 mA. The circles on the map show the extracted auto-oscillation frequencies
for θH = 0○ to 80○ ; (b) the extracted linewidth at θH = 75○ from the Lorentzian fits.
PSDs along the same direction at lower currents are shown for Idc = (c) 1.1 mA, and
(d) 0.9 mA.

3.2.1

Microwave measurements

Figure 3.5(a) shows the auto-oscillation PSD map of the SHNO as a function of the
magnetic field along θH = 75○ and ϕH = 30○ , for a fixed current of Idc = 1.3 mA.
Moreover, the circles on the map show the extracted auto-oscillation frequencies
of the SHNO for out-of-plane angles from θH = 0○ to 80○ . For lower angles, we
observed two spin wave modes similar to the in-plane case: a linear-like mode at
lower field values with a Kittel-like dependence of the oscillation frequency versus the
external field, and a bullet mode at higher fields whose frequency depends linearly
on the external field. As we increase θH from 0○ (in-plane), both of the modes
extend to higher field values on account of the reduction in the in-plane component
of the external field. For θH ≥ 70○ , we distinguish a second bullet that nucleates at
higher fields with a steeper frequency vs. field slope than the first bullet.
The linewidth of the auto-oscillation spectra for θH = 75○ has been extracted
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and plotted in Figure 3.5(b); once the first bullet nucleates, the linewidth suddenly
rises to over 100 MHz, which could be explained as an enhancement in the drift
stability due to the shrinking of the auto-oscillation volume. [95, 96]. Then, in
the transition from the first to the second bullet mode, the linewidth falls by more
than one order of magnitude to below 10 MHz at µ0 Hext = 0.7 T. This drop in
the linewidth is a sign of an expansion in the auto-oscillation volume of the second
bullet. This expansion is in contrast to the reported behavior of bullets, which
shrink as the current increases, on account of the nonlinear compression (negative
nonlinearity). We thus refer to the first and second bullets as small and big bullets,
respectively.
The PSDs under the same field configuration are plotted for lower current values
of Idc = 1.1 mA, and 0.9 mA in Figure 3.5(c) and (d), respectively. Similarly to
what we observed for the in-plane fields, the frequency of the linear-like mode is
mostly set by the magnetic field, with a small dependency on Idc . On the other
hand, decreasing the current shifts both of the bullet modes to higher fields until
the second bullet disappears at Idc = 0.9 mA.
In order to investigate the role of nonlinearity and the current dependency of
the modes in detail, we captured the auto-oscillation PSDs by carrying out current
sweeps at different field strengths along θH = 80○ and ϕH = 30○ (Figure 3.6). At
µ0 Hext = 0.15 T, the auto-oscillation frequency shows a weak blueshift versus the
current, in contrast to the FMR frequency of the in-plane magnetized extended
films (Figure 3.6(a)). By increasing the field value to µ0 Hext = 0.35 T, the mode
shows a redshift versus the current. In this type of regime with negative nonlinearity,
increasing the current results in nucleation of the bullet mode, which requires both
negative nonlinearity and a drive current that is sufficiently high to achieve a certain
minimum oscillation amplitude [86] (Figure 3.6(b)). Similar to what we observed
from the field sweeps, the linewidth increases in the transition from the linear-like
to the small bullet mode. (Figure 3.6(e))
Increasing the field also enlarges the in-plane component of the field, and so
the frequencies of all modes increase. Moreover, the out-of-plane field begins to
overcome the shape anisotropy and to drag the magnetization out of the plane of
the film. As a result, the linear-like mode gradually disappears, the small bullet
mode becomes more dominant with a lower nucleation current (see Figure 3.7(f)),
and from µ0 Hext = 0.65 T, the big bullet nucleates with a positive nonlinearity
(Figure 3.6(c)). This positive nonlinearity (magnon repulsion) again confirms the
expansion in the auto-oscillation of the second bullet. Such behavior is not possible
in extended films, since it results in a frequency higher than the FMR mode, so the
mode decays into a propagation spin wave. Instead, in our patterned structure, the
bullets are driven from the edge modes and well below the FMR frequency, and
so there is enough room for the expanding bullet to stay localized, although the
nonlinearity is positive.
In this field regime, as the dc current increases, the linewidth rises in the
transition of the spin wave from the linear-like mode to the small bullet, and then
drops in the transition from the small bullet to the big bullet mode. (Figure 3.6(e))
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Figure 3.6: Auto-oscillation PSDs versus dc current along θH = 75○ and ϕH = 30○
for µ0 Hext = (a) 0.15 T, (b) 0.5 T, (c) 0.65 T, and (d) 0.8 T. (e) Extracted linewidth
of the plotted auto-oscillation signals, and (f) nucleation current of the bullets versus
the external field.

This is beneficial for applications, since an SHNO could be switched between all its
possible spin wave modes by merely tuning the dc current at a fixed external field.
The gradual changes from negative to positive nonlinearity (small to big bullet)
are clearer at higher applied fields of µ0 Hext = 0.8 T (Figure 3.6(d)). Such nonmonotonic changes in frequency versus current under high out-of-plane field have
been observed in several reports.[40, 49, 50]

3.2.2

Micromagnetic simulations

We used the micromagnetic simulation to develop a better understanding of the
experimentally observed spin wave modes of NC-based SHNOs under out-of-plane
external fields. Maps of FFT power over the total magnetization versus the drive
current for µ0 Hext = 0.15 T, 0.5 T, and 0.8 T along θH = 80○ and ϕH = 30○ are
shown in Figure 3.7(a–c). As in the electrical measurements (Figure 3.6), we observed
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Figure 3.7: FFT power of the total magnetization as a function of current along
θH = 80○ and ϕH = 30○ at µ0 Hext =(a) 0.15 T, (b) 0.5 T, (c) 0.8 T. (d) FFT versus
field at Idc = 1.3 mA. The spatial mode profiles are plotted for (e) the linear-like mode
at µ0 Hext = 0.15 T, (f) the first bullet mode at µ0 Hext = 0.5 T, and (g) the second
bullet mode at µ0 Hext = 0.8 T

a linear-like mode in the simulation results at lower field. The first and then the
second bullets nucleate as the field is increased, and the second bullet with a positive
nonlinearity becomes dominant at µ0 Hext = 0.8 T. Additionally, Figure 3.7(d) shows
the FFT map as a function of the field strength at Idc = 1.3 mA with the field
applied along the same direction. The simulation is in good agreement with the
experimental results (Figure 3.5(a)), showing all the experimentally observed modes.
To investigate the origin of the modes in detail, we produced spatial profiles of
all three modes; these are shown in Figure 3.7(e–g). The linear-like mode extends
symmetrically in the constriction area with two maxima at each side edge, similar to
the in-plane cases (Figure 3.4). The small bullet mode is confined to one side of the
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constriction near the edges. The asymmetric shape of the mode is due to asymmetry
in the total external field, which is a combination of the large out-of-plane external
field and the Oersted field from the input charge current. On the other hand, the
big bullet is much larger than the first bullet, as we expected, and fills the entire
constriction area.

3.3

Summary

In this chapter, we have studied the spin wave modes of nanoconstriction-based
SHNOs. Using electrical measurement, we observed two modes in the in-plane
configuration of the external field: a linear-like mode, which is field-localized at the
edges of the constriction, and a bullet mode, which is localized by spin-torque in
the center of the constriction area. For the out-of-plane fields with θH ≥ 70○ , we
observed a novel type of bullet mode at higher field strength whose linewidth was
much narrower than the linewidth of the first bullet. Unlike the first bullet, which
had negative nonlinearity, the frequency of the second bullet showed a blueshift as
the drive current increased. The spatial maps from the simulation show that the
second bullet is larger than the first bullet and fills the entire constriction area.
We demonstrated that there are field regimes in which the SHNO mode can be
switched between the three observed possibilities by simply tuning the current at
a fixed external field. This could be technologically significant in the development
of high-density tunable SHNO nets for neuromorphic computing. Moreover, this
chapter’s insights into the dynamics of SHNOs could be employed in future studies
of, for example, the synchronization of multiple SHNOs.

Chapter 4

Mutual Synchronization of Multiple SHNOs
under In-plane Field Configuration
4.1

In-plane synchronization of NiFe/Pt

As mentioned at the beginning of this thesis, current SHNOs need to improve
their output power and coherency for most applications. One way to achieve such
an improvement would be to mutually synchronize multiple SHNOs. Awad et al.
[49] have reported the synchronization of a chain of up to nine SHNOs at large
out-of-plane fields (approaching 1 T) and have shown that the overlap of direct spin
wave modes drives the synchronization. However, such high out-of-plane fields are
not practical for most applications. In this chapter, we discuss the synchronization
of SHNOs in-plane magnetic fields as low as 30 mT and examine this under different
conditions of the external field angle and the dc current.

4.1.1

Sample preparation and stack characterization

We constructed a stack of NiFe(5 nm)/Pt(5 nm) on high-resistivity Si wafer as the
substrate. Table 4.1 shows the deposition conditions of the stack layers. The stack
then was fabricated into SHNOs with single and multiple numbers of NCs in different
constriction widths and constrictions spacings, and with bar-shaped structures for
ST-FMR characterization. Figure 4.1(a) shows a schematic of a double-NC SHNO.
Before turning to the microwave measurement of the SHNOs, we characterized
the stack by measuring a 6 µm-wide bar next to the SHNOs on the same stack.

Target

Power(W)

Pressure (mTorr)

Rate(Å/s)

NiFe
Pt

50(dc)
15(dc)

3
3

0.27
0.2

Table 4.1: Deposition conditions for NiFe/Pt stack
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Figure 4.1: (a) Schematic of a double-constriction SHNO; (b) angular dependence
of the magnetoresistance of a 6 µm-wide bar under µ0 HIP = 0.1 T; (c) extracted
resonance frequency versus magnetic field (black dots) and the fit to the Kittel equation
(solid red line). Inset: the extracted linewidth versus microwave frequency (black dots)
and their linear fit (solid red line); (d) the current dependent extracted linewidth for
both positive and negative polarities of the external field (dots) and the linear fits to
them (solid lines)

Figure 4.1(b) shows the magnetoresistance of the stack under an in-plane field of
µ0 HIP = 0.1 T, where the extracted AMR ratio is equal to 0.81%. Moreover, we
took ST-FMR measurements to study the dynamic magnetic properties of the stack.
Figure 4.1(c) shows the microwave frequency versus the resonance field extracted
from the spectra for f = 3 to 12 GHz in the absence of dc current (black dots). The
experimental data shows a good agreement with the Kittel formula (Equation 1.3),
with an effective magnetization of µ0 Meff = 0.80 T by considering the gyromagnetic
ratio of γ/2π = 28.3 GHz/T. (solid red line)
The linewidth of the spectra versus the frequency (black dots) and the linear
fit to Equation 1.7 (solid red line) are plotted in the inset of Figure 4.1(c), where
the intrinsic damping is extracted to be α = 0.0215. Additionally, the ST-FMR
spectra are captured at different dc currents from Idc = -10 mA to +10 mA at a
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Figure 4.2: (a)–(c) Current dependent auto-oscillation PSDs for a 150 nm-wide
double-NC SHNO with constriction spacing of 300 nm under µ0 HIP = 30 mT directed
along ϕH = 38○ , 24○ , and 10○ , respectively; (d) the extracted auto-oscillation linewidth
from fits to a Lorentzian

fixed microwave frequency of f = 5 GHz for both positive and negative polarities
of the external field directed along ϕH = 30○ . Figure 4.1(d) shows the extracted
linewidth of the spectra as a function of the dc current (dots) and the linear fits to
them. Using the slope of the linear fit in Equation 1.8, the spin Hall efficiency for
the stack is calculated to be ξSH = 0.085.

4.1.2

Microwave characterization of single-NC, double-NC, and
triple-NC SHNOs

We captured the auto-oscillation PSD of a 150 nm-wide double-NC SHNO with
constriction spacing of 300 nm under an in-plane field of µ0 HIP = 30 mT. Figure 4.2(a)–(c) shows the PSD maps versus the current for three different directions
of the external field, ϕH = 38○ , 24○ , and 10○ , respectively. For higher values of ϕH ,
there are two separated spin wave modes, one from each of the nanoconstrictions.
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Figure 4.3: Angular dependence of the auto-oscillation PSDs, including the fundamental modes (lower panels) and the second harmonics (upper panels) at Idc = 2.8 mA
and µ0 HIP = 30 mT for (a) a single-NC SHNO, (b) a double-NC SHNO with constriction spacing of 300 nm, (c) a double-NC SHNO with constriction spacing of 900 nm,
and (d) a triple-NC SHNO with constriction spacing of 300 nm.

The modes are distinguishable because of the small difference between the two
constrictions that are in turn due to variations in the fabrication process. Unlike the
case of the out-of-plane external field [49], increasing the driving current under the
application of the in-plane magnetic field does not result in synchronization of the
spin wave modes. (Figure 4.2(a) and (b)) On the other hand, for the smaller ϕH ,
we observe a single synchronized mode (Figure 4.2(c)) with greater than an order
of magnitude drop in the linewidth compared to the two unsynchronized modes
(Figure 4.2(d)). It is worth noting that all the observed modes described in this
chapter are linear-like (Section 3.1), with the exception of the bullet mode at the
tail of Figure 4.2(c) at higher currents, which is outside the scope of this chapter.
To investigate the effect of ϕH in detail, we captured auto-oscillation PSD
by performing a fine-step sweep of the external field angle at a fixed current of
Idc = 2.8 mA and magnetic field strength of µ0 HIP = 30 mT. (Figure 4.3) The lower
row shows the fundamental auto-oscillation modes, and the upper row shows their
second harmonics. Figure 4.3(a) shows the angular dependence PSD for a single-NC
SHNO as a reference sample. Figure 4.3(b) and (c) show the PSD for double-NC
SHNOs with spacing of 300 nm and 900 nm, respectively, while Figure 4.3(d) shows
the PSD for a triple-NC SHNO with a spacing of 300 nm. As in Section 3.1.1, it
was not possible to electrically capture the fundamental modes of either of devices
around ϕH = 0○ , because the first derivative of the magnetoresistance versus ϕH
around this angle is almost zero. (Figure 4.1(b)) On the other hand, the second
harmonics are seen at lower angles because the second derivative has its maximum
near the zero angle.
Looking at the PSD of the fundamental modes for the double-NC SHNO with
300 nm spacing (Figure 4.3(b)), we observed two unsynchronized modes at higher
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angles of the external field. By lowering ϕH , the two modes synchronize from a
threshold angle of ϕH,th ≃ 20○ . The synchronization at lower values of ϕH is due
to the spatial profile of the modes where each mode expands in an oval area along
the direction perpendicular to the external field (Figure 3.4). Lowering the field
angle rotates the mode profiles and so decreases the relative angle between the
modes of the constrictions, thus increasing the probability of the synchronization.
Additionally, a strong second harmonic abruptly appears for angles lower than
ϕH,th , which might be a sign that synchronization under the in-plane field is driven
by the propagation of the second harmonics of the spin waves, as predicted in a
simulation-based previous work [85].
For the double-NC SHNO with the spacing of 900 nm, synchronization is more
difficult due to the longer spacing (Figure 4.3(c)). This weak synchronization thus
only occurs at very low angles smaller than ϕH,th ≃ 7○ , where the first harmonic of
the synchronized mode is not electrically detectable. However, we can still observe
the single strong second harmonic of the synchronized mode at these low angles.
Figure 4.3(d) shows the auto-oscillation PSD for a triple-NC SHNO. The modes
become synchronized by lowering the field angle, and a strong second harmonic
is seen at the same time, similar to what we observed for the double-NC SHNOs.
However, the frequency of the synchronized mode for the triple-NC SHNO decreases
with a much steeper slope than the double-NC SHNO. Such behavior is possibly
because the mode experiences more significant changes in the internal field due to
its spatial extension to a larger area, including the three nanoconstrictions [77].

4.1.3

Micro-focused BLS results

To confirm our electrical measurements regarding the synchronization of SHNOs,
we directly inspected the spin wave modes by using micro-focused BLS. Since the
spatial resolution of the µ−BLS setup is about 300 nm, we measured a double-NC
SHNO with a 900 nm separation, in order to be able to access each constriction
individually. We carried out the measurement at Idc = 3 mA along ϕH = 20○ for the
synchronized and unsynchronized states at µ0 HIP = 40 mT and 30 mT, respectively.
In the unsynchronized case, we expect two peaks from the NCs with a narrow
frequency gap lower than the spectral resolution of the measurement setup. We
observed a combination of the two peaks as a single broad peak, similar to the
synchronized case (the upper row of Figure 4.4). In order to distinguish the
synchronized and unsynchronized cases, we constructed 2D spatial maps of the
spin waves by focusing on either the right or left half of the frequency spectra. For
the unsynchronized case at µ0 Hext = 40 mT, the counts for the left half of the
frequency spectrum are mostly related to the upper constriction (Figure 4.4(a)),
while the counts for the right half of the spectrum come from the lower constriction
(Figure 4.4(b)). These maps demonstrate that the upper constriction oscillates at a
lower frequency than the other constriction, and so the NCs are not synchronized.
On the other hand, for the synchronized case at µ0 Hext = 30 mT (Figure 4.4(c) and
(d)), the counts for both the right and left sides of the frequency spectrum are almost

46

Mutual Synchronization of Multiple SHNOs under In-plane Field Configuration

Figure 4.4: Spatial profiles of the auto-oscillation modes at Idc = 3 mA along
ϕH = 20○ for the synchronized state at µ0 HIP = 40 mT (a–b) and the unsynchronized
state at µ0 HIP = 30 mT (c–d). The counts on each map are related to the frequency
range highlighted in blue on the BLS at the top of the map.

equally distributed between the two constrictions, which means the constrictions
are synchronized and oscillating at the same frequency.

4.1.4

Micromagnetic simulations

In the following section, we simulate a 150 nm-wide double-NC SHNO with 300 nm
spacing in order to investigate in detail its synchronization under the in-plane field.
The width of the constrictions differed by 10 nm so as to mimic the variations in the
fabrication process of the real devices. Figure 4.5(a) shows the total magnetization
evolution in 50 ns at Idc = 2.75 mA and µ0 HIP = 30 mT for ϕH = 35○ and 20○ .
The FFT of these total magnetization spectra are shown in Figure 4.5(b). There
is a single synchronized peak at ϕH = 20○ , while there are two unsynchronized
modes at ϕH = 35○ , one from each of the NCs. The 3D FFT colormaps versus
the current at the in-plane field of µ0 HIP = 30 mT are plotted for ϕH = 35○ and
20○ . (Figure 4.5(c–d)) The simulations qualitatively represent the electrical results
(Figure 4.2) where the modes become synchronized as the field angle reduces.
Figure 4.6(a) shows the angular-dependent 3D colormap of the FFTs versus ϕH
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Figure 4.5: (a) Evolution of the total magnetization over time at µ0 HIP = 30 mT and
Idc = 2.75 mA for ϕH = 20○ and 35○ ; (b) FFT over the total magnetization at ϕH = 20○
with a single synchronized mode and at 35○ two unsynchronized modes each from one
of the constrictions labeled by a plus and a star symbol; (c) 3D colormaps of FFT over
the total magnetization versus IDC for the unsynchronized state at ϕH = 35○ ; and (d)
3D colormaps of FFT over the total magnetization versus IDC for the synchronized
state at ϕH = 20○ .

at Idc = 3 mA and µ0 HIP = 28 mT, which agrees well with the experimental data
(Figure 4.3(b)). The spatial profiles of the modes are plotted in Figure 4.6(b)–(c) for
different field angles. As we expected, the modes are directed perpendicular to the
field direction and rotate with the rotation of the field. For synchronized states at
lower angles, we observe a single mode which extends to both the NCs with maxima
around both constrictions. On the other hand, each mode in the unsynchronized
state (ϕH = 35○ ) has maxima around only one of the constrictions, similar to the
µ−BLS maps shown in Figure 4.4.
To inspect the synchronization quantitatively, we calculate the phase of the
oscillation from the Hilbert transform of the magnetization dynamic at each constriction (ψ1 (t) and ψ2 (t)) and plot the constriction phase lag (ψ2 − ψ1 ) as a measure
of the incoherency of the synchronization (the black curve in Figure 4.6(c), and
Figure 4.6(d)) The incoherency increases with the field angle until the constrictions
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Figure 4.6: (a) FFT over the total magnetization versus ϕH at IDC = 3 mA and
µ0 HIP = 28 mT; (b) spatial maps at different values of ϕH ; (c) oscillation phase lag of
constrictions versus ϕH with (black) and without (red) exchange coupling between the
constrictions; (d) evolution of the phase lag over time for ϕH = 15○ , 25○ , 26○ , and 35○

become unsynchronized. We repeated this analysis by decoupling the upper and
lower halves of the structure to study the role of the exchange interaction in the
synchronization (red curve in Figure 4.6(c)). We conclude that the exchange interaction decreases the incoherency, thus enhancing the synchronization, although this
is not the only contribution to the synchronization of the modes.

4.2

Summary

In this chapter, we investigated the synchronization of multiple nanoconstrictionbased SHNOs as the angle of the in-plane field was altered. The electrical results
show separated modes from the constrictions at higher angles, which begin to
synchronize as the angle of the field reduces. The probability of the synchronization
is enhanced at lower angles on account of the spatial profile of the modes, where the
relative angle between the mode profiles decreases with ϕH . Such behaviour was
confirmed using micromagnetic simulation. In agreement with both the electrical and
the simulation results, µ−BLS measurement demonstrated the difference between
the synchronized and unsynchronized states by directly inspecting the spin waves
from each constriction. The synchronization observed under such low in-plane
external fields could be useful for the implementation of neuromorphic computing
using nanoconstriction-based SHNOs.

Chapter 5

Conclusion and Future Work
The results presented in this thesis can be divided into three main parts: improving
the performance of NC-based SHNOs, investigating their dynamical properties, and
synchronizing multiple SHNOs under in-plane fields.
● The first part presents different approaches aimed at improving the performance
of nanoconstriction-based SHNOs.
We fabricated SHNOs based on an NiFe (5 nm)/β−W (5 nm) stack in which
β−phase tungsten with a rather high spin Hall angle is used as the heavy metal.
The SHNOs based on this stack show a reduction of up to 60% in the threshold
current as compared to previous reports based on Pt, which makes them promising
for low operational current and low power applications. However, due to the high
resistivity of tungsten, the mismatch with 50 Ω should be carefully taken into
account; otherwise, most of the generated power would be reflected rather than
delivered outside. This issue would be more serious in more complex combinations,
such as in chains or 2D arrays of SHNOs. Further studies are thus needed to
optimize the thicknesses of the layers, the number of SHNOs connected to each
other, and the microwave output connections; this has the potential to significantly
improve the output power of the oscillators.
Next, SHNOs based on β−W(5)/Co20 Fe60 B20 (2)/MgO(2) were fabricated, using
high-resistivity Si as the substrate. The lower thickness of the stack reduces the
threshold current without degrading the output microwave signal. Moreover, due
to the perpendicular magnetic anisotropy of the ferromagnetic layer, the required
external field needed for SHNO operation decreases, while the frequency tunability
of the device improves. Since the PMA goes up as the CoFeB thickness is decreased,
optimization of the thickness would further enhance the performance of the devices.
Additionally, replacing the sapphire substrate by high-resistivity Si improves the
SHNOs on account of better heat conductance and microwave characterization of the
Si. Furthermore, this choice of substrate makes the fabrication of SHNO compatible
with CMOS technology, which is essential for its commercialization.
The final presented approach was to increase the spin Hall efficiency of the
NiFe/Pt bilayer by inserting an ultra-thin Hf layer in the interface. We studied this
49
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system by taking samples with different NiFe and Hf thicknesses. The insertion of
hafnium reduced the effective spin-mixing conductance of the NiFe/Pt interface,
thus lowering the damping of the system. It also slightly increased the magnetization
saturation of the ferromagnetic layer, while lowering the spin Hall efficiency of the
stack specifically for hafnium thicknesses greater than 0.4 nm. Overall, based on
these experimental results, the threshold current of SHNOs based on this stack was
improved by up to 20% for tHf = 0.4 nm. This approach still needs to be tested
and optimized on real SHNO devices based on similar stacks.
● The second part investigated the dynamics of nanoconstriction-based SHNOs.
We first investigated SHNOs under weak in-plane fields, where we observed two
types of spin waves—a linear-like mode and a bullet mode. While the former is
field-localized at the edges of the constriction, with a weak dependency on the drive
current, the later is localized centrally in the constriction by the spin-torque, and so
strongly depends on the current. We then studied the device under out-of-plane
external fields and observed a second bullet mode under the high-current and highfield regime. The new bullet is much larger than the first one and occupies the entire
constriction area. It also has a much narrower linewidth and a positive nonlinearity,
unlike the previously observed bullets. We demonstrated that the mode of the
SHNO can be switched between the three observed modes by simply tuning the
current, with no need for a tunable magnetic field. This current tunability could
be useful for the future applications of SHNOs, since implementing tunable strong
magnetic fields on the nanoscale is not practical. Moreover, the better insight into
the dynamics of the SHNOs developed in this part of the thesis is essential for
upcoming studies, including the synchronization of a net of SHNOs.
● The final part of this thesis covers the synchronization of multiple SHNOs
in weak in-plane external fields. We electrically investigated the auto-oscillation
of multiple nanoconstriction SHNOs versus the in-plane field angle, where the
synchronization occurred at angles lower than a critical angle. We supported our
results by directly inspecting the spin waves using µ−BLS measurement. Using
micromagnetic simulation, we concluded that the synchronization at lower angles is
due to the spatial profile of the spin waves, which are perpendicular to the external
field. Reducing the field angle thus results in a smaller relative angle between the
modes, and so a higher probability of synchronization. Such synchronization in weak
in-plane fields could be used in future studies to improve the quality of SHNO signals
for microwave applications, or in the implementation of neuromorphic computing
on the basis of nets of SHNOs.
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