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Abstract

Spin-torque oscillators (STOs) are capable of producing tunable broadband
high-frequency signals within a nanometer-sized region. In this thesis, novel
designs for STOs will be discussed; the common theme of these designs will
be their use of only one ferromagnetic (FM) material. This work was moti-
vated by the need to understand the fundamental magnetization dynamics in
such devices, improving signal quality, and reducing the complexities of device
fabrication in comparison to conventional nanocontact (NC-)STOs based on
a multilayered spin-valve structure.

Single-layer NC-STOs: The multilayered spin-valve structure in NC-
STOs may be replaced by a material stack with a single FM layer, reducing
the number of metallic layers as well as the total thickness of the devices.
Spin-transfer torque (STT) can be efficiently created at the interface to the
FM layer underneath the nanocontact, leading to the production of microwave
signals in zero applied field.

Spin Hall effect (SHE) driven dynamics: A charge current flowing
through platinum establishes spin accumulation at the edges of the material
due to the SHE. This can be used for STT-driven magnetization dynamics
in an adjacent FM layer. These so-called spin Hall nano-oscillators (SHNOs)
operate with the current flow being directed in-plane, simplifying nanofabri-
cation and allowing for direct optical access to the active area. SHNO devices
are designed in two device geometries: One uses pointed gold electrodes to in-
ject current into an extended active area, while the other focuses the current
at a nanoconstriction.

Implementation of Heusler alloys: The magnetodynamics of STOs
are governed by the properties of the FM free layer. The ease of fabrication of
single-layer NC-STOs and SHNOs opens up the possibility of implementing
nonconventional ferromagnets with unique magnetic properties. One such ma-
terial is the epitaxially grown half-metallic half-Heusler alloy NiMnSb, which
has a fundamentally lower magnetic damping than permalloy, leading to mi-
crowave emission spectra with ultralow linewidths.

Mutual synchronization of SHNOs: The mutual synchronization of
STOs is accompanied by an increase in the output power and a decrease in
the linewidth, thereby drastically improving the overall quality of the mi-
crowave signal. Here, the mutual synchronization of up to nine serially con-
nected nanoconstriction SHNOs is demonstrated, which potentially opens up
the possibility of implementing these devices in, for example, spin-wave-based
computing.
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Introduction

The high-speed communication of data is crucial for the future development
of the world’s prosperity, and has already experienced extraordinary growth
over the last few decades. By the time data finally reaches one’s smartphone or
computer, it has passed through a long chain of processing, storage, and com-
munication in logic circuits. These logic circuits are today almost exclusively
based on complementary metal-oxide-semiconductor (CMOS) technology, re-
lying on the presence or flow of electron charges in nanodevices. However,
with increasing operation frequencies and further miniaturization of CMOS
devices, this technology is approaching its limits due to the ever increasing
power that is needed to pass more electron charge currents. Alongside the
charge of electrons, it is therefore necessary to make use of the intrinsic mag-
netization of the electron, which arises from the quantum-dynamic property
of spin, as an additional parameter to manipulate. This approach leads to the
field of spintronics [1, 2].

These spintronic technologies, still in their infancy in terms of implementa-
tion in market applications, have opened up a wide array of research concepts.
One of these is the field of magnonics (the magnon is the quantization of a spin
wave), in which logic functions are implemented by the generation, manipu-
lation, and analysis of spin waves [3, 4]. It has been shown that spin-transfer
torque (STT) driven oscillations in extended magnetic multilayers can act as
nanoscopic sources of high-frequency spin-wave modes [5, 6], such as propa-
gating spin waves [7, 8, 9, 10|, spin-wave bullets [11, 12, 13, 14], and magnetic
droplets [15, 16, 17]. All of these findings relied on the presence of a mate-
rial system with at least 2 magnetic layers: one acting as a spin polarizer
and one as the free layer in which the actual spin-wave dynamics are excited.
However, it is clear that the presence of multiple magnetic films introduces
complexity into the device fabrication, as well as in the dynamics themselves,
as both layers mutually influence each other. Removing these complexities by
shifting towards STT-induced spin-wave generation in devices that consist of
only one FM layer—while also improving the device characteristics in terms
of spin-wave power, frequency, and linewidth—are therefore important goals
in driving forward the development of magnonic logic circuits [18, 19, 20].

The dynamics of spin valve (SV-) and magnetic tunnel junction (MTJ-)
spin-torque oscillators (STOs) have been widely studied in terms of appli-
cations, such as spin-wave propagation [21], mutual synchronization [22, 23,
24], modulation [25, 26, 27, 28], injection locking [29, 30, 31], and paramet-
ric excitation [32, 33, 34]. More recently, the implementation of the spin Hall
effect (SHE) [35] as the driving mechanism in STOs, has become increasingly



popular [36, 37, 38]. This development opens up the possibility of new device
layouts with in-plane currents and easier access to the spin-wave dynamics
by optical methods such as microfocused Brillouin light scattering (u-BLS).
Additionally, these so-called spin Hall nano-oscillators (SHNOs) have the in-
trinsic advantage of incorporating only one ferromagnetic (FM) layer, which
can even be an insulator, as no current flow through the FM is required.

This thesis aims to drive the applicability of STOs and SHNOs as spin-
tronic high-frequency generators forward, and the work is therefore focused
on (a) materials and devices with low linewidths and high output powers, and
on (b) simplifying device fabrication by using single ferromagnetic layer struc-
tures. Both paths can work hand-in-hand, as it has been shown, for example,
that the low-damping half-metallic material NiMnSb can be straightforwardly
implemented in single-layer NC-STOs and SHNOs.

This thesis is organized as follows:

Chapter 1 contains an introduction to the underlying physical effects,
which are needed to understand the experimental results in this thesis. Fur-
thermore, the applied measurement techniques will be introduced, and there
is a dedicated section describing the process of fabrication of SHNOs. Depo-
sition and lithography techniques will be introduced in more detail, where
applicable.

Chapter 2 focuses on single-layer NC-STOs; auto-oscillation dynamics
have been obtained in this layout for permalloy (Py) films, as well as for films
from the low-damping half-Heusler alloy NiMnSb. The Py-based devices show
reliable low-frequency (0.25 GHz to 3 GHz) oscillations that most likely stem
from vortex—antivortex excitations (gyration, generation, and annihilation),
as they have a high number of measurable harmonics and are straightfor-
wardly observed in zero applied magnetic field. On the other hand, among the
striking features of NC-STOs based on NiMnSb are their relatively high fre-
quencies (up to 6 GHz) combined with their record low oscillation linewidths
of ~500kHz. However, these auto-oscillations need a nearly perpendicular
magnetic field between 1000 Oe and 7000 Oe. A bigger drawback is that the
samples display low device-to-device repeatability, showing references to spin-
torque excitations in mechanical point contacts.

Chapter 3 then covers SHNOs and fundamental studies on their underly-
ing physics that lead into auto-oscillations. Sharp-tip gold electrodes were used
as localized current injectors into a Pt layer on top of various materials, such
as Py, CuygFe, By, and NiMnSb. It is shown that, for in-plane applied fields,
the auto-oscillation modes have relatively broad linewidths with frequencies
close to ferromagnetic resonance (FMR). The magnitudes of measured out-
put signals are directly related to the anisotropic magnetoresistance (AMR)
in the FM layer, which among these materials is undoubtedly the largest for
Py. The SHNOs based on Py are then further investigated in tilted magnetic
fields showing low-linewidth auto-oscillations, which are clearly identified as
nonlinear spin-wave bullets.

Chapter 4 extends the research on spin-wave bullets in SHNOs by syn-
chronizing them in order to increase the output power and reduce the linewidth
even more. In SHNOs based on double-needle Au electrodes, the current flow



generates two parallel bullets that mutually synchronize via the extended free
layer. Another synchronization scheme is achieved in nanoconstriction SHNOs,
where the serial connection of numerous constrictions yields the mutual syn-
chronization of up to nine devices.






1

Background and
Techniques

1.1 Basic Physical Effects

1.1.1 Spin Hall Effect

Edwin H. Hall discovered in 1879 that a current subjected to a transverse
magnetic field yields a measurable voltage on the sides of the conductor [39].
This effect, known as the Hall effect, can be understood as the Lorentz force
acting on the moving electrons. Shortly thereafter, Hall discovered a similar
effect in the ferromagnetic materials nickel (Ni) and cobalt (Co), in which the
transverse voltage depends not only on the magnetic field, but also on the
magnetization of the material [40]. This effect is known today as the anoma-
lous Hall effect (AHE) and provides direct evidence of spin-dependent forces
with opposite sign to the electrons, which due to the net spin polarization in
the ferromagnetic material shows itself as a charge imbalance on the sides of
the conductor. However, transverse, spin-dependent forces are also present in
nonmagnetic materials, leading to the separation of electrons of opposite spin
towards the edges of the material slab without a charge imbalance. This be-
havior is thus called the spin Hall effect (SHE) [35] and was first described by
D’yakonov and Perel’ in 1971 [41]. The first direct experimental observation
of the SHE occurred in 2004 by magneto-optical detection of the spin accu-
mulation in a semiconductor [42, 43], and in 2007 the first electric detection
in an Al stripe was successfully demonstrated [44].

The underlying mechanisms that lead to the SHE and AHE are of purely
quantum-mechanical origin, and stem from spin-orbit interactions. They re-
main an active area of research. Three main sources can be identified [45], of
which one is the intrinsic spin Hall effect resulting from the effects of spin-
orbit interaction on the band structure of the metal, thus leading to forces
on the electrons between scattering events [46]. Unlike the intrinsic spin Hall
effect, spin-skew scattering [47] and side-jump scattering [48] are both consid-
ered extrinsic effects, as they rely on the presence of scattering events and are
therefore highly dependent on material impurities [49]. While the spin-skew
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scattering can be described as an effective field gradient—and therefore as a
spin-dependent acceleration—on the scattering side, side-jump scattering is
understood as a small dislocation of the electrons of opposite spin summing
up over subsequent scattering events.
The spin Hall effect can be quantified by the spin Hall angle [45]
0’; e

v (1.1)

c b)
o, h

OsH =

where o3, is the so-called transverse spin Hall conductivity and og, is the
longitudinal charge conductivity of the material. Spin Hall angles are usually
given in the unit of % and in a material with a positive © sg, the magnetic mo-
ments of the spin accumulation along the edges follow the right-hand rule with
the charge current direction. The oppositely directed left-hand rule applies to
materials with a negative sign on the spin Hall angle.

Absolute values as high as |©sx|=33 % have been reported for a thin-film
device with 8-W [50] and the search for even larger spin Hall angles in, for
example, alloyed materials is ongoing. However, platinum (Pt) is certainly the
most commonly used material for implementing the SHE, on account of its
relatively high spin Hall angle in combination with its high conductivity and
the ease of material synthesis. Recent research has found a model based on
band-structure calculations—that is, on the intrinsic spin Hall effect—for the
4d and 5d transition metals, which consistently explains the measured spin
Hall angles [51, 52, 53]. Transition metals with less than half-filled d-orbitals,
such as Ta and W, can be explained as experiencing a negative spin Hall
angle, while materials with greater than half-filled d-orbitals, such as Pt and
Pd, have positive spin Hall angles.

1.1.2 Anisotropic Magnetoresistance

The dependence of the electric resistance of ferromagnetic materials on the
orientation between current flow and magnetization was discovered as early
as 1856 by William Thomson (Lord Kelvin) [54]. The angular dependence of
the resistance is described by:

p=pi+(py—pi)cos’, (1.2)

where p|| (pL) stands for the resistivity at parallel (perpendicular) orientation
between magnetization and current direction, and 6 describes an arbitrary
angle between both. The AMR ratio (p — p.)/pL of the majority of ma-
terials, such as permalloy, is typically positive and has its maximum on the
order of a few percent [55]. However, examples of materials with a negative
AMR ratios include half-metallic ferromagnets, such as the Heusler materi-
als Coy(Fe,Mn)Si [56] and NiMnSb, which is used in this thesis. Due to the
presence of only one spin direction on the Fermi level in half-metals, the other-
wise dominant s-d electron scattering processes with spin-flip are impossible;
these are otherwise responsible for the positive AMR sign in most magnetic
materials [57].



Figure 1.1: Illustration of the terms in the Landau—Lifshitz—Gilbert—
Slonczewski equation (eq. 1.3). The first (blue) term leads to a circular preces-
sion around H, tf, while the second (red) contribution describes the Gilbert
damping, which leads to a damped spiral movement, as shown by the dashed
black line. The third (green) term is the spin-transfer torque, which can com-
pensate the damping for sufficiently large spin-polarized currents.

1.1.3 Spin-Transfer Torque

Magnetization dynamics in spintronic devices are best analytically described
by the Landau-Lifshitz—Gilbert equation [58] with an additional spin-torque
term. This was first described by Slonczewski [6] and Berger[5] in 1996:

=) 5 (7 )] i 057

where P is a vector pointing along the spin polarization of the incoming
current. The first term in eq. 1.3 describes an undamped precessional motion
around the effective field vector H'e tf, while the second term results in a
damping vector directed towards H, t#; this would lead to an eventual parallel
alignment with M. The third term describes a current-induced torque, which
is oriented antiparallel to the Gilbert damping, resulting from the nonparallel
alignment of the current polarization P with M. Given the opposite directions
of the two latter terms, the spin-transfer torque can equalize the damping
for large enough currents, and thus result in an undamped (that is, steady)
oscillation in the ferromagnet. The directions of the three terms in eq. 1.3 are
illustrated in Fig. 1.1

Initially, the only source of spin polarization was the current flowing through
two spatially separated layers of ferromagnets, as shown in Fig. 1.2(a). In these
trilayer (“spin valve”) structures, the electrons are polarized while moving
through a fized ferromagnetic layer, followed by a nonmagnetic spacer layer
that is thinner than the spin-flip length of the electrons. Finally, the thus-
polarized current enters a free magnetic layer, where the generally nonparallel
alignment between polarizer and free layer results in the above described spin-
transfer torque. The magnetization in the fixed layer is in this way stabilized,
either via a large saturation magnetization M or a large volume; alternatively,
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Figure 1.2: The common technological means for achieving STT-driven devices
are as follows. (a) In a spin-valve structure, the current is spin-polarized as
a result of it flowing through a fixed layer, which applies a spin torque (the
green arrow) to the exchange-decoupled free layer. (b) An unpolarized current
from a nonmagnetic material becomes polarized as it flows into a ferromagnet,
leaving behind the accumulated spins of the opposite sign at the interface. (c)
A current flowing through a nonmagnetic material leads to spin accumulation
at its interfaces, due to the spin Hall effect. In cases of (b) and (c), the
accumulated spins can then diffuse into the ferromagnet, which results in a
torque. Note that, in the case of (c), no current flow through the ferromagnet
is required.

it is exchange-biased [59] to an adjacent antiferromagnet.

Recently, alternative approaches to the generation of spin-polarized cur-
rents, and thus of spin-transfer torque, have been successfully implemented by
relying on spin accumulation in an adjacent nonmagnetic metal, rather than
on the spin filtering described above. This accumulation can be achieved as an
intrinsic consequence of the spin filtering in a ferromagnet when current passes
through the NM-FM interface [60, 61] (see Fig. 1.2(b)), and has been used for
spin-torque-induced oscillations in single ferromagnetic layers [62, 63, 64, 65].
The spin Hall effect (see section 1.1.1) in nonmagnetic metals is also presently
being used as an effective source of spin accumulation [66, 67, 68, 69], in
which no current flow into a ferromagnetic material is required, as illustrated
in Fig. 1.2(c). This effect thus also makes it possible to expand the available
materials for spintronic devices to include ferromagnetic insulators [70].

1.2 Measurement Techniques

1.2.1 Ferromagnetic Resonance

The term ferromagnetic resonance (FMR) describes the collective movement
of the magnetization in a ferromagnetic material in an external magnetic field.
An analytical description can be thus obtained by treating the individual spins
as one macroscopic spin. The precession of a magnetization vector around a
magnetic field B follows from the differential equation [71]

—

B~ T x B, (1.4)
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Figure 1.3: (a) Illustration of an FMR measurement setup utilizing a coplanar
wave guide (CPW) for rf excitation. (b) For sufficiently thick films, besides
the uniform FMR mode with EzO, perpendicular standing spin waves (PSSW)
are also excited, which have a thickness-dependent oscillation amplitude and
phase.

which is simply the first term of eq. 1.3, and leads to a precessional motion
with Larmor frequency + /27 B. However, in ferromagnetic materials, and more
specifically in thin films, the demagnetization fields need to be taken into
account in addition to the external applied field. For the general case of a thin
film magnetized in an arbitrary out-of-plane angle, the field dependence of the
resonance frequency fq yields [12]

fo= %\/Hm (Hint + Mo cos® Oint), (1.5)

where H;,; and 0,,; are the internal field and the out-of-plane tilting, respec-
tively, and can be calculated from the external applied field H.,; and its angle
Ocxt by solving for the magnetostatic boundary conditions:

Hewt COos eewt = Hint COs Gint

. . 1.6
Hepisinlepy = (Hint + MO) Sin O ( )

For 0;,; = 0 eq. 1.5 transforms into the well-known Kittel equation for an
in-plane magnetized thin film [72, 73, 74]. Depending on the specific case,
anisotropy and exchange fields also need to be introduced for an accurate
description [75] as can be seen (for example) in Ref. [76].

It is notable that the FMR condition describes a spin wave with an in-
finitely large wavelength—that is, a minimal wave vector k = 0. The FMR
frequency thus represents an important distinction between propagating and
localized oscillation modes in spintronic devices. While localized spin-wave
modes with a frequency below FMR have no available wave vector in the dis-
tant region and therefore fade out [11], propagating modes have a frequency
higher than FMR and can therefore propagate for several pm within the fer-
romagnet with a finite & vector [10].

Experimentally, FMR, frequencies are determined by applying an in-plane
microwave field h,; oriented perpendicularly to the dc applied field. In the
resonance condition f.f = fo, energy from the rf source is absorbed into the
metallic thin film, as in a classical driven damped oscillator. The signal ob-
served in the FMR setup—which utilizes a coplanar waveguide (CPW) for ex-
citation and a lock-in technique for signal detection [Fig. 1.3(a)]—corresponds
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to the derivative of the absorbed rf power around the resonance field. It can
be described by the derivative of an asymmetric Lorentzian function [77, 78]:
dP o —SKIAH(H — Ho) + 2K (AH? — 4(H — Ho)?)
dH

_ .
[AHQ F4(H - HO)Q]

where K7 and K5 are fitting parameters for the symmetric and antisymmetric
Lorentzian parts, respectively. The CPW is designed to only excite spin-wave
modes with an in-plane wave vector k —0. Thus, besides the uniform FMR
mode, exchange-dominated perpendicular standing spin waves (PSSW) can
also be excited [79]. Their resonance field is shifted by an exchange field H,,, =

]2\4—‘?] (%”)2 w.r.t. the FMR mode, where d is the thickness of the film, A is the
exchange stiffness and p is the integer order of the PSSW mode. PSSWs are
characterized by a thickness-dependent spin-wave amplitude and phase [80],
which is schematically shown in Fig. 1.3(b) for p = 1. It is therefore possible
to extract the exchange stiffness of sufficiently thick films by in-plane FMR
measurements, where the knowledge of H., is readily obtained for high enough
frequencies [81]. This technique has been used in manuscript I for a study on
the exchange stiffness in NiMnSb half-Heusler films of varying composition.

Finally, the frequency dependence of the peak linewidth AH in a swept
magnetic field also yields information directly about the intrinsic Gilbert
damping constant « through the linear dependence [82]:

4
AH = AH, + Tﬂ-afo. (1.8)

1.2.2 Spin-Torque Ferromagnetic Resonance

In current-driven nanoscale devices, it is also possible to excite ferromagnetic
resonance oscillations through the application of a subthreshold microwave
current [83, 84, 85, 86], rather than by using an external microwave field, as
described for extended films in section 1.2.1. The driving force behind the
excitation in this case is then the periodic spin-transfer torque (term three
of eq. 1.3), which effectively reduces the damping in the case of f = fy. The
collective precession of the spins in the free layer leads in turn to a time-varying
resistance, due to the AMR effect in the case of SHNOs (see section 1.1.2). This
time-varying resistance, multiplied by the applied microwave current of the
same frequency, yields (via trigonometric relations amongst other terms) a dc
mixing voltage that can be readily measured. The magnitude of the observed
voltage is typically small, on the order of pV, and it is therefore common
to include a lock-in type measurement for an enhanced signal-to-noise ratio
by modulating the amplitude of the microwave current—for example, with a
pulsed signal, as illustrated in Fig. 1.4. In the case of SHE-driven excitations
in NM/FM bilayers, the mixing voltage around the resonance field follows,
according to Refs. [87, 68], an asymmetric Lorentzian function:

AH? OAH(H — H
Virin < S 1+ A ( 0)

AH? 4+ 4(H — Hy)? AH? +4(H — Hy)?’ (1.9)
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Figure 1.4: Schematic drawing of the ST-FMR measurement setup. The mi-
crowave source provides a pulsed output with a modulation frequency of
~100 Hz, which is synchronized to the lock-in amplifier for detection of the
resulting dc mixing voltage, while the external field is swept.

from which, by the relation between the amplitudes of the symmetric (S) and
antisymmetric (A) parts of the Lorentzian, the spin Hall angle ©gy can be

estimated:
Jsrp  SeugModnardrn Mgy
C) = L = — 1 — 1.10
SH= T A i Vi, (1.10)

Here dy s and dpjs represent the thickness of the NM and FM layer, respec-
tively.

1.2.3 Electrical High-Frequency Measurement

The NC-STO and SHNO devices described in this thesis are characterized via
their electrical microwave signal generation, following from the spin-torque-
driven precession of the magnetization. This precession leads to a time-varying
angle between the bias current and the magnetization, and thus to a rapid
(in the GHz range) oscillation of the device resistance through the AMR in
the FM layer. This can, in turn, be detected as an ac voltage signal, which
is experimentally decoupled from the applied bias current by the use of a
broadband (dc to 40 GHz) bias tee, as shown in the measurement circuit in
Fig. 1.5. As the generated signals have very low power spectral density (PSD),
the use of a low-noise amplifier (LNA) with a gain of >32 dB and a noise figure
on the order of <3dB is needed to raise the power of the signals above the
noise floor of the spectrum analyzer and to thus make them detectable. The
spectrum analyzer used throughout this thesis is a Rohde & Schwarz FSV-40,
commonly operated in frequency sweep mode with a resolution bandwidth
(RBW) of 1 MHz and a video bandwidth (VBW) of 10kHz. The combination
of a Keithley 6221 current source with a Keithley 2182A nanovoltmeter has
functioned as the main dc current source. However, Keithley 2400 and 2450
stand-alone source meters have also been successfully implemented into the
measurement setup without noticeable differences.

The spectra obtained in the frequency domain are post-processed using the
MATLAB programming framework, where they are first corrected for ampli-
fier gain and for losses from the apparent impedance mismatch that results
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Figure 1.5: Schematic drawing of the measurement setup needed to detect
microwave auto-oscillation in STOs and SHNOs. The applied dc bias results
in auto-oscillation signals captured at the rf port of the bias tee and amplified
by an LNA to raise their levels above the noise floor of the spectrum analyzer.
The external field can be applied using electromagnets or permanent magnets
in various in-plane and out-of-plane directions.

from the fixed 50€) impedance in the rf measurement circuit in connection
with the varying resistance of the devices. The auto-oscillations that occur in
the spectra are then fitted with a symmetric Lorentzian function, yielding ac-
curate measures of the oscillation frequencies, the full-width-at-half-maximum
(FWHM) linewidths, and the integrated output power.

1.2.4 Microfocused Brillouin Light Scattering

Besides the FMR, measurements, Brillouin light scattering (BLS) is a tech-
nique frequently used in the study of spin waves. The main advantage of the
BLS technique over FMR measurements is the possibility it gives of directly
observing spin waves in much smaller sample dimensions, limited only by the
laser spot size. In BLS measurements, the interactions between photons and
magnons—the quanta of light and spin waves, respectively—are the underly-
ing mechanism. An incident photon can annihilate or generate a magnon in
an inelastic scattering process in the FM film, thereby gaining or losing, re-
spectively, the energy of the magnon. This gain or loss of energy appears as a
shift in frequency and wavelength in the scattered light, which can in turn be
analyzed with an interferometer. This interferometer is the central part of the
BLS measurement setup, as it needs to have a very high frequency resolution
to distinguish between the manifold spin-wave modes.

The SHNOs in this thesis have been measured using a room-temperature
microfocused BLS (u-BLS) setup, where the incident laser light (532 nm single
frequency light) coming from a diode-pumped solid state laser is focused by a
dark-field objective (Zeiss, with numerical aperture NA = 0.75). This yields a
probing spot size on the order of the diffraction limit—that is, only a few hun-
dreds of nm. Spatially resolved maps of the magnetization dynamics are then
generated by scanning the sample underneath the probing spot with a three-
dimensional scanning stage. The scattered light is analyzed using a six-pass
Tandem Fabry-Perot TFP-1 interferometer (JRS Scientific Instruments) and
the frequency-resolved intensities are acquired on the measurement computer
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using a single photon counter. The obtained BLS intensity is proportional
to the square of the amplitude of the magnetization dynamics at the corre-
sponding frequency. Moreover, the u-BLS setup is equipped with a spectrum
analyzer connected to the sample via a bias tee to observe microwave electrical
signals simultaneously with the optical signals.

1.3 Fabrication of Spin Hall Nano-Oscillators
(SHNO)

Although the fabrication of NC-STOs has been previously developed in our
work group and is described in Ref. [88], a detailed process for the fabrication
of SHNOs needed to be developed. The first published working SHNOs [36]
were fabricated on sapphire (Al,O4) substrates, as their low electrical output
required optimization in terms of microwave losses and thermal conductivity;
for both of these factors, sapphire is superior to Si and SiO, substrates. How-
ever, the optical transparency and very low conductivity of sapphire led to
additional precautions being necessary for successful e-beam lithography. Be-
sides the change in substrate, the production of the devices also evolved from
a fabrication process on full-sized 100 mm wafers with a large number of chip
repetitions to a single-chip process allowing arbitrary substrate sizes down to
~10mm. This (on the first sight backwards) step was driven by the absence
of a lithography stepper in the cleanroom, although in the end, it opened
up the possibility of processing thin films received as part of collaborations,
where film depositions on large wafers are uncommon. The following sections
describe the process used to fabricate the SHNOs used in this work. The
choice of different material stacks and substrates leads to a challenge: during
the lithographic process, several parameters need to be adjusted accordingly,
although the general fabrication scheme (e.g., the resists and etching technolo-
gies used) remains the same. The fabrication techniques used here and their
application to the process of fabricating both nanoconstriction SHNOs [89]
and gold needle SHNOs [36] are briefly described in the following sections.

1.3.1 Film Deposition

Owing to the wide variety of material systems that our SHNOs have been fabri-
cated on—namely Nig,Fe,,/Pt, Co,oFe, By, /Pt, YIG/Pt, and NiMnSb/Pt—the
film deposition methods and underlying substrates were also heterogeneous.
While in the first two cases, both layers (FM and platinum) were deposited
in our AJA sputtering system on sapphire substrate pieces of 20 mmx 20 mm,
the YIG films were grown externally on GGG substrate and only sputter-
deposited with Pt after a thorough cleaning by us. In particular, the Heusler
film material was fully grown n situ by molecular beam epitaxy and sputter-
ing from the University of Wiirzburg. When the full film stack is deposited
on sapphire substrate pieces, no additional substrate preparation steps (e.g.,
etching or annealing) are needed, except a general cleaning by water rinsing
in order to remove particles.

13



___rotatable
Qi’s%mple holder,
]

Poase < 5 X 1078 Torr
Pargon = 3 mTorr

Figure 1.6: Illustration of the sputtering chamber used for fabrication. At
the bottom of the vacuum chamber are 7 sputtering guns circularly arranged
to deposit confocally onto the sample holder. Each gun is equipped with a
shutter, which is not illustrated here. Up to three guns can be activated si-
multaneously, allowing for codeposition of alloyed materials.

Sputtering was performed in an AJA Phase II system, consisting of a high
vacuum (HV) chamber, equipped with 7 confocal sputtering guns arranged
circularly in the bottom of the vacuum chamber. The samples are mounted
facing down onto the substrate holder and transferred via a load lock into the
vacuum. Up to three of the 7 guns can be activated simultaneously, making
thin-film deposition of alloys possible.

1.3.2 Alignment Mark Fabrication

A key point in obtaining a consistent process between the different substrate
materials is the choice of the size and (more importantly) the material of
the alignment marks. The limiting factor here was the use of the e-beam
lithography system and its semiautomated procedure of substrate aligning for
a large part of the processing. The alignment mark detection works through a
change in the detected secondary electrons when the electron beam is scanned
over a leg of the alignment cross. Making use of just the material stack as the
alignment mark material would give rise to uncertainty in each processing,
as the contrast of the very thin films (sometimes thinner than 10nm) might
not be sufficient for automated detection. The contrast is directly related to
the physical height of the mark, as well as to a material contrast in terms of
the atomic number Z, between the underlying substrate and the alignment
mark. To have a working set for all our processed substrates, it was therefore
decided to fabricate relatively thick, high-Z material alignment marks in a
lift-off process prior to all other lithographic steps.

A 100 nm layer of the MicroChem LORI1A lift-off spacer and a 1.3 pm layer
of S1813 photoresist are for this reason first coated and soft-baked onto the
material pieces. After exposure in the mask aligner, the lift-off layer develops
with a faster speed than the photoresist, leaving behind an undercut in the
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Figure 1.7: The three steps of the lift-off process using the example of align-
ment mark fabrication. (a) Positive photoresist with an lift-off layer under-
neath leads to an undercut. (b) Film deposition covers the whole sample as
well as the photoresist, but the lift-off layer prevents a closed film surface. (c)
Dissolving the resist layers leaves behind the desired structure.

bilayer (see Fig. 1.7(a)). The pieces are then sputter-deposited in the AJA
system with an ~80nm thick layer of tantalum (Ta), Fig. 1.7(b) and the
lift-off is performed in a warm bath of photoresist remover with intermittent
ultrasonic agitation. This technique leaves behind the desired alignment marks
on top of the substrate and the previously sputtered extended material stack,
as depicted in Fig. 1.7(c). The time needed to achieve a clean lift-off is strongly
dependent on the amount and type of agitation, and can vary from several
minutes to &1 hour. Tantalum was chosen due to its high atomic number
of Z=73 and its good adhesion to most substrate materials, coupled with its
drastically lower material price than other options, such as Au or Pt.

1.3.3 SHNO Mesa Fabrication

As a second step, it is necessary to pattern the devices’ active area—i.e., a
circularly shaped mesa into which the spin waves can expand, analogous to the
extended free layer in an NC-STO. Alternatively—using the same fabrication
method—we can form nanoconstrictions in the FM—NM bilayer material. In
these structures, the in-plane current is focused to a nm-sized region by the
absence of conducting material, similarly to nanopillar (MTJ-)STO devices
based on a spin-valve structure.

As the metal bilayer was initially deposited as an extended film, this pat-
terning always occurs as an etching step. The need for controlled etching of
lateral dimensions on the order of tens of nm, especially in the case of nanocon-
striction, as well as the inclusion of noble metals in our material stack, excludes
the possibility of a wet etching technique and leaves ion beam etching (IBE) as
the tool of choice for this step. IBE, as one of several dry etching tools, is useful
when used alongside reactive ion etching (RIE), as an rf plasma is generated
in a separate source, thus reducing the heat load on the sample during etch-
ing. This makes it possible to directly use (e-beam) resist as masking material
during etching, as long as it is thicker than the material being etched, as there
is no material selectivity due to the pure bombardment with noble gas (Ar)
atoms. The beam of Ar atoms is generated by extracting positively charged
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Figure 1.8: Fabrication of the EBL-defined SHNO mesas by ion milling. (a)
Schematic drawing of the IBE system. (b) Exemplary SIMS detection signal
vs. etching time for a NiMnSb (41 nm) /Pt (6) material stack. (¢) Illustration
of the 4 um disk after etching and resist removal.

Ar" jons from the remote plasma by two aligned grids placed in front of it,
and immediately neutralizing those with a beam of electrons in front of the
source, thus also eliminating the possibility of charge-induced damage to the
sample surface. The sample holder in the IBE vacuum chamber can be tilted
between 0° (perpendicular to the beam) and 90° (lateral beam incidence), in
order to adjust for etch defects, such as trenching and sidewall deposition [90].
Since, in most cases, we are etching only very thin films (<15nm), such de-
fects do not play a significant role and are easily avoided by tilting the sample
between §#=10° and 30° with simultaneous rotation (see Fig. 1.8).

The desired patterns are written by electron-beam lithography into the
negative resist ma-N 2401 [91, 92], which yields an etching mask ~110nm
thick—sufficient to allow ion milling of all SHNO material stacks that are
dealt with in this thesis. The IBE system is equipped with secondary ion
mass spectrometry (SIMS) endpoint detection, which is helpful in detecting
the speed of the etching in situ, and therefore eliminates the need to waste
material and time determining the etch rate for each material stack used. A
sample SIMS detection curve for the devices from Ref. [93] (manuscript IV)
is shown in Fig. 1.8(c), where the etching is stopped ~15s after the substrate
material (In,Ga)As is reached.

1.3.4 Gold Needle Fabrication

To focus the current in the center of the SHNOs with a circular mesa, it
is necessary to deposit sharp-tip electrodes with a much larger conductance
than the material bilayer. This is achieved by the choice of material, here
Au, and its great thickness, 150 nm. This lithography step is not needed for
nanoconstriction-based SHNOs, as there the current is naturally focused by
their shape.

The patterning is done by an EBL lift-off process, where two triangular-
based shapes with a tip-to-tip spacing of 50 nm to 300 nm are written on each
device. The resist used here is a single layer of the SX ARP 6200/2 posi-
tive e-beam resist, which has a thickness of ~220nm. This was shown to be
sufficient for the lift-off. No additional undercut layer (as in section 1.3.2) is
used, since this naturally leads to rounding at pattern corners and thus, in
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Figure 1.9: Micrographs of fabricated SHNOs. (a) and (b): SEM pictures of an
SHNO with a circular mesa and sharp electrode needles after the Au lift-off
process. (¢) and (d): SEM of nanoconstriction SHNO following ion milling,
showing a constriction width of less than 50 nm. (e) Optical micrograph of a
full device, including the top waveguide for electrical probing.

our case, a degradation of the sharp electrode tips. Positive resists in EBL
also have a small inherent undercut [94], making the lift-off of these nm struc-
tures possible. A thin film of Cu on top of the resist is required for reliable
EBL on transparent or highly resistive substrates, such as sapphire. This layer
could then easily be removed before resist development in a chromium etchant
solution.

The electrode material consists of 2 nm Cr as an adhesion-promoting layer,
followed by 150 nm Au. Both are sputter-deposited in the same chamber as al-
ready described in section 1.3.1. The lift-off is then done in warm resist remover
with minimal agitation as a measure to prevent damage to the nanostructures.
The process described reliably yields Au electrodes with tip radii of <30nm,
which are determined by scanning electron microscopy, as in Fig. 1.9(b).

1.3.5 Top Contact Fabrication

In order to easily contact the SHNOs with microwave probes, top contact
waveguides with 100 um wide lines are fabricated around the core devices.
The layout of these can be seen in Fig. 1.9(e), where the ratio of 2:1 between
the central signal strip width and the adjacent gap to the outer ground lines
leads to an rf impedance of =502 [95], and therefore reasonably good match-
ing to the impedance of the measurement circuit. The top contacts are litho-
graphically fabricated using a lift-off process (Fig. 1.7) employing a ~500 nm
thick undercut resist film, which aids the clean lift-off of the >1 pm thick Cu
waveguides.
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2

Single-Layer Nanocontact
Spin-Torque Oscillators

NC-STOs commonly work on the basis of STT-induced auto-oscillations that
are read out either via GMR [96, 97] or TMR [98]. The fabrication of these
devices thus requires the deposition of at least two FM metals separated by a
metallic or insulating nonmagnetic spacer. This introduces difficulties in the
material deposition and increases the thickness of the devices, which can be
significant in applications such as hard disks, where the thickness of the read-
ing sensor can limit the bit size and therefore the storage density. Previous
studies of mechanical point contacts on magnetic films [62, 99], as well as of
single-layer nanopillar devices [100, 63], have shown the presence of STT and
its accompanying instabilities. As has been theoretically shown, spin accumu-
lation is achieved by current flowing through the interface between an NM and
an FM layer [60, 61], which then also applies spin torque to the FM layer [101].
Thin FM layers with symmetric interfaces are expected to experience no net
torque due to the opposite signs on both sides of the layer. However, in the
NC-STO geometry, no such symmetries are present, as the current spreads
out underneath the NC, yielding different current densities on both sides of
the FM layer.

This chapter will describe NC-STOs with one FM layer where, for the first
time, STT-driven auto-oscillations could be electrically detected. This layout
is shown to work successfully for two material systems: permalloy and the

Si0, 50 nm
Cu 1.5 nm

NiMnSb 41 nm

(In,Ga)As buffer 200 nm
Si/ 1pm Si0, Substrate InP Substrate

Figure 2.1: (a) SEM micrograph of an NC-STO mesa with the NC (inset)
and ground contacts being etched into SiO,. Schematics of the single-layer
NC-STO stacks used: (b) with Py free layer and (c¢) with NiMnSb free layer.
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Figure 2.2: Microwave signal of a Py single-layer NC-STO with zero applied
field. (a) PSD map as a function of current. The inset shows the measured spec-
trum at T = —15mA with 5 visible harmonics. (b) Linewidth of the strongest
(second) harmonic as a function of current, showing values as low as 6 MHz.

half-Heusler material NiMnSb. On the one hand, the Py-based devices have
high repeatability and show hysteretic oscillations that can be attributed to
vortex/antivortex generation and annihilation. Details of this work can be
found in manuscript IT. On the other hand, a signature of the NiMnSb-based
devices is their low linewidth and low threshold current, though they suffer
from low repeatability. Details of this work can be found in manuscript ITI.

2.1 Py-Based Single-Layer NC-STOs

The material stack of these devices consists of a 5nm Pd seed layer, a 20 nm
Cu bottom electrode, a 7.7nm single Py layer, and a Cu (2nm)/Pd(2nm)
capping layer, as shown in Fig. 2.1(b). The NCs studied here have a nominal
diameter of 100nm etched into a 30nm thick insulation layer of SiO,. The
current flow in NC-STOs is schematically indicated in Fig. 2.1(b), from which
it is obvious that a larger current density, and therefore STT, is expected at
the top Cu-Py interface than at the bottom Py-Cu interface. This in turn
yields a net torque on the Py layer underneath the NC, which according to
Ref. [61] results in antidamping in the case of electrons flowing from the top
Cu layer into the Py layer. This is confirmed by our electrical measurements,
where oscillation dynamics are only observed for negative applied currents.
The measurement scheme in these devices accounts for the strong current
hysteresis observed, where first a current sweep is performed from 2mA to
—35mA, followed by a sweep back from —35mA to 2mA. The small positive
currents are applied to compensate for any remaining static magnetization
configurations. A measurement at zero applied field is shown in Fig. 2.2, and
it can be seen that at an onset current of —32mA, a broad background signal
emerges in the measured spectra. When sweeping the applied current back, the
electrical signal changes into a distinct narrow-linewidth oscillation, decreasing
in frequency from ~3 GHz at a current of —34mA to 250 MHz at —13mA,
below which no further signals are detected. For low applied currents, up
to 5 harmonics of a fundamental frequency are observable, with the even
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Figure 2.3: (a) Microwave emission frequency as a function of the bias cur-
rent under small in-plane fields. The frequencies are smaller for larger applied
fields. No signals are observed above 50 Oe. (b) The onset currents and cutoff
currents as a function of the applied field. The dynamics are sustained for the
largest range of currents at zero applied field.

harmonics being stronger than the odd ones, showing the high nonlinearity of
the spin-wave modes [102].

The influence of a small in-plane field along the direction of the mesa
[see Fig. 2.1(a)] is then studied in more detail, and is shown in Fig. 2.3. It
is observed that it has a negative effect on the oscillation dynamics, since
higher currents are needed to nucleate the initial broadband dynamics, and
the oscillations do not remain until the same low currents as is the case for
zero-field operation. The dependence of onset current and cutoff current shows
a linear trend with the in-plane field; see Fig. 2.3(b). For fields larger than
50 Oe, the current of —35mA, which is the maximum current the devices can
sustain for a long time, is no longer sufficient to excite dynamics. Contrary to
what one would generally expect for spin-wave frequencies, the frequency of
the oscillations reduces with a larger applied magnetic field.

From the strong hysteretic behavior of the microwave emission, it can be
reasoned that the physical origin is related to vortex dynamics [103]. Such
magnetic vortices are stable circular structures in extended films that can be
nucleated by, for example, the Oersted field from the current in the nanocon-
tact [104]. However, our signals cannot be directly related to the most com-
mon type of STT-induced excitation, the vortex gyration, which describes the
movement of the vortex core underneath the NC [105, 106]. Compared to the
signals from vortex gyrations, our devices show an unusually high frequency
and a much higher current tunability (=160 MHz/mA) than expected.

It has recently been shown in micromagnetic simulations [107, 108] that the
periodic creation and annihilation of small vortex—antivortex pairs underneath
the NC can result in a similar linear increase in the frequency with the bias
current as is observed in our devices. This is due to the linearly increasing
energy potential from the current-generated Oersted field. A small external
in-plane field will also alter this potential landscape by adding a tilt to it,
which can in turn reduce its effective height and therefore lead to reduced
oscillation frequencies, as seen in our study.
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Figure 2.4: Microwave emission of single-layer NC-STO with a 30 nm thick
NiMnSb layer. (a) PSD map as a function of bias current, showing a threshold
of I, = —1.9mA. (b) Measurement of a single spectrum at 7 = —3.8 mA. The
red solid line is a Lorentzian fit to the spectrum, yielding an FWHM of 520 kHz

2.2 NiMnSb-Based Single-Layer NC-STOs

The successful observation of electrical microwave signals in permalloy-based
single-layer NC-ST'Os motivates similar experiments on devices with a Heusler
magnetization layer. Half-metallic Heusler materials, such as Coy(Mn,Fe)Si
and NiMnSb, are promising candidates for spintronic devices, due to their
intrinsic low damping constants [109, 110] and high spin polarization at the
Fermi level [111, 112, 113, 114]. Only recently, the half-metallic Heusler ma-
terial Co,(Mn,Fe)Si was employed in nanopillars [115, 116], as well as in
nanocontact oscillators [117], showing high output power. This is achieved
through the enhanced GMR effect stemming from the unusually high spin
polarization. Here, we employ the half-Heusler material NiMnSb, which has a
considerably lower damping constant than Co,(Mn,Fe)Si in NC-STOs. Owing
to the fact that the magnetodynamic properties of NiMnSb are superior when
grown by molecular beam epitaxy (MBE) on InP(001) substrates [118, 119,
76], we are here initially limited to a single-layer of NiMnSb, rather than two
layers separated by a metallic spacer.

The layer structure of the NC-STO is displayed in Fig. 2.1(c), where the
Cu(1.5nm) capping layer was deposited in situ after the growth of NiMnSb
to protect the material from oxidation and relaxation. Auto-oscillations were
observed in NC-STOs from 40 nm and 30 nm thick NiMnSb, without any no-
ticeable difference in performance between them.

A measurement, of an NC-STO from the 30-nm thick Heusler layer with
a 90nm diameter NC is shown in Fig. 2.4(a). The device has a typical dc
resistance of 22.4) at 1mA, which is much higher than in permalloy-based
NC-STOs and can be explained by the absence of a thick Cu bottom electrode.
The magnetic field of 3500 Oe is oriented at an angle of 86° w.r.t. the sample
plane. Under these conditions, the auto-oscillations are visible starting from
a current of I = —1.8mA, which results in an estimated threshold current
density of j;, & 3 x 10*! A /m?. This value is much lower than the values being
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Figure 2.5: Microwave emission at constant current of I = —9mA from a
90 nm point contact on top of a 40 nm thick NiMnSb layer. (a) PSD map as a
function of applied field and (b) PSD map as a function of applied field angle
0. Two modes (f; and fs), separated by 1.5 GHz, are observable. Under
certain conditions, the frequencies f1 + fo and fi — f2 are also visible, proving
intermodulation between the two modes.

reported for spin-valve NC-STOs of comparable contact sizes [120, 104, 121],
whereas low thresholds are typically observed for vortex excitations. Besides
the low threshold current, also the repeatedly observed low linewidth of the
oscillations is remarkable. This is shown by the spectrum taken at a current
of I = —3.8mA in Fig. 2.4(b). The signal can be fit to a Lorentzian function
with an FWHM of 520 kHz, which is about an order of magnitude less than
the values achieved for permalloy-based NC-STOs [122]. This low linewidth
is a direct consequence of the drastically lower intrinsic Gilbert damping of
NiMnSb compared to Py.

In a number of the tested devices, it is also possible to observe two oscilla-
tion modes at the same time, despite the existence of only a single nanocon-
tact, as is demonstrated in Fig. 2.5. These results originate from an NC-STO
with a 90 nm diameter NC on top of the 40nm NiMnSb film. The bias cur-
rent of I = —9mA is kept constant while the auto-oscillation spectra are
recorded at different field strengths [Fig. 2.5(a)] or while changing the field
angle by rotating the sample [Fig. 2.5(b)]. The FMR frequencies calculated
from the magnetostatic boundary conditions are drawn in each figure, show-
ing that the modes have a frequency well below FMR, as is observed for
all auto-oscillations in these devices. However, in agreement with the general
trend in STOs, the auto-oscillation frequencies increase with increasing field
strength and decreasing out-of-plane angle. For all devices we measure an
insufficiently low integrated output power of <0.05pW, which is due to the
electrical read-out in single-layer devices relying on the AMR effect. However,
this is comparatively small in NiMnSb [93].

The microscopic nature of the observed oscillations is not yet fully un-
derstood, partially on account of the fact that the repeatability between two
nominally identical devices is relatively poor in terms of working range and fre-
quencies. The parameters, field, and angle in Fig. 2.5 approximately describe
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the overall conditions for which signals have been observed in roughly 60 %
of the tested NiMnSb single-layer NC-STOs. However, while for some devices
the field range spans only a couple of hundred Oe, some extend over a few
thousand Oe. Signals have been not observed for fields larger than ~8000 Oe,
which is less than the saturation magnetization, and suggests the necessity of
a nonhomogeneous magnetization in the relatively thick NiMnSb films. More-
over, the microwave signals are more likely to be present in a field tilted a few
degrees away from the perpendicular direction, as can be seen in Fig. 2.5(b),
where the stable two modes are observed only for angles below 88.5°. The fact
that no significant differences in linewidth or current dependence are seen
between devices from the 30nm and 40nm thick films is evidence that the
auto-oscillations are of essentially superficial origin.

In previous studies on mechanical point contacts with single-layer ferro-
magnetic films at cryogenic temperatures, nanoscopic magnetic domains have
appeared on the interface between the tip and the film. These can eventually
form a spin valve with the bulk ferromagnetic layer [62, 123, 124, 125, 126].
Although the formation and physical layout of the nanodomain underneath
the nonmagnetic tip material have not yet been fully explained in the litera-
ture, it may be possible to explain some of the observations with this kind of
structure in our devices. Mainly, the device yield and the somewhat random-
ized results in terms of microwave excitation parameters have been observed
in mechanical point contact systems [127, 128]. This is plausible, as these pro-
cesses are sensitive to the exact parameters of point contact formation, which
can be controlled only to a certain extent. For example, in our case of epi-
taxially grown films, the location of the NCs w.r.t. any surface defect could
potentially have an influence. These defects can act as pinning sites for, for
example, magnetic domains in the bulk film, and may be either intrinsic or
introduced by our fabrication processes.
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3

Magnetization Dynamics in
Spin Hall Nano-Oscillators

This chapter will focus on the generation of microwave signals in SHNOs [36],
under both in-plane and tilted applied magnetic fields. The first report of
electrically measured high-frequency signals in SHNOs appeared in 2013 as
Ref. [37]; the devices in this were operated with in-plane magnetic fields at
cryogenic temperatures. While, for low temperatures, a stable low-linewidth
(6 MHz) signal was measured, the oscillation characteristics changed dramat-
ically towards higher temperatures with the appearance of a high-frequency
mode with much larger linewidths, barely observable at room temperatures.

Here, only room-temperature measurements will be utilized. However, the
signals obtained are larger than those of previous reports, presumably due to
the possibility of measuring with less losses when not utilizing a cryostat. It
will be shown which sample properties are important for the device character-
istics, and the successful observation of SHE-induced dynamics will be shown
for three different FM materials. A similar behavior to the case of cryogenic
measurements, where two different modes have been observed, can then be
established by simply introducing an out-of-plane tilt to the magnetic field.
This is of technological importance, as the low-linewidth bullet mode can in
this way be easily accessed at room temperature, and also can be tuned in a
much broader frequency range than previously reported.

The devices described in this chapter each consist of a 4 pm diameter
disk of FM/Pt bilayer. The current is localized to a nm-sized region with the
help of sharp-tip Au electrodes that are centrally located on the disk and
have spacings between the electrode tips from 50nm to 300nm. The stud-
ied FM materials are Co,yFe B,y (5nm) (manuscript V), NiMnSb(41 nm)
(manuscript IV), NiMnSb(5nm), and Nig,Fey,(5nm) (manuscript VI). The
last of these is shown here to have the highest electrical output power, which
can be readily justified from the AMR ratios of these materials. However, the
first two studies also serve as proofs-of-principle that the SHNO geometry is
versatile and can be implemented in a variety of FM materials.
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Figure 3.1: (a) SEM topview micrograph of the SHNO layout. The in-plane
angle ¢ and the positive current direction are defined as shown in the picture.
(b) Normalized AMR measurements with saturating in-plane fields of >500 Oe
for the three films contained in the manuscripts. (c) FMR characterization of
the Py (5nm)/Pt (6 nm) bilayer. The solid line is a fit to the Kittel equation.
The inset shows FMR data for 5 GHz, 10 GHz and 15GHz. (d) Linear fits
to the FMR linewidths yield the damping constant of the bilayers, with the
NiMnSb-based films clearly having the lowest damping.

3.1 Basic Film Characterizations

To relate the auto-oscillation characteristics of the devices made from various
FM films, it is important to have an understanding of their basic magnetody-
namic properties, such as their saturation magnetization My, damping «, and
AMR.

The characterizing measurements for the three previously mentioned films
are summarized in Fig. 3.1. The AMR of the bilayer can be directly related to
the magnitude of any of the obtained electrical signal, such as in ST-FMR and
microwave emission measurements. The AMR measurements in Fig. 3.1(b)
were carried out on the final devices, where a rotating in-plane field is pro-
vided by a projected field magnet. The magnitude of the field is >500 Oe
for all measurements, which is large enough to ensure that the magnetization
in the device follows the direction of the applied field. The solid lines in the
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figure are fits to eq. 1.2. For thin Py films, AMR ratios of ~3% are avail-
able in the literature [55]. The much lower measured ratio of (0.19 £+ 0.01) %
is evidence that most of the current is shunted by the Pt(6nm)-layer in the
bilayer, due to its much higher conductivity. On one hand, this high current
flow in Pt is desired, as it generates the necessary transverse spin currents
to excite the magnetodynamics, but on the other hand, it reduces the pos-
sible amplitude of the measured electrical signal by more than an order of
magnitude. The successful operation of SHNOs therefore depends to a certain
extent on balancing the thicknesses of the FM and NM layers to achieve the
necessary current densities, as well as on the AMR ratio of the FM layer itself.
One prime example of this is the NiMnSb(41 nm)/Pt(6 nm) bilayer, where we
measure a considerable AMR of (—0.04 £ 0.01) %, but only achieve this by in-
creasing the thickness of the NM layer. This reduces the current density in Pt
to such low values that no auto-oscillations can be observed. As a comparison,
the AMR in devices made from NiMnSb(5nm)/Pt(5nm) (not shown) is re-
duced accordingly to (—0.007 £ 0.003) %, making it therefore barely possible
to electrically observe signals.

Fig. 3.1(c) shows FMR data obtained from the extended bilayers—that is,
prior to any device fabrication processes. My and «, which can be determined
from these measurements, have an important impact on the key values of
oscillation frequency and linewidth, respectively. The measured FMR data
[inset of Fig. 3.1(c)] is fit by eq. 1.7 to obtain the resonance fields and the
linewidths. Hy as a function of fj is then fit by the Kittel equation (eq. 1.5) and
an effective magnetization of pgMesr = 0.79 T for the Py film is obtained. The
similarly obtained values for the CoyzFe, By, and NiMnSb films are 1.27T
and 0.72 T, respectively.

The FMR linewidth, as a function of fy, is then fit by the linear func-
tion eq. 1.8—see Fig. 3.1(d). In this way, the damping of the Py (5nm)/Pt
(6 nm) bilayer is determined o to be 32 x 1073, which is more than three times
the value for the pure Py thin films [129]. The Gilbert damping constants of
CoypFe, Byy and NiMnSb are also significantly enhanced above their respec-
tive single-layer values [130, 131]. This can be explained by the spin-pumping
effect [132, 133], as well as the magnetic proximity effect [134]. In the case of
spin pumping, the energy of the magnetization precession in the FM is lost
by a spin current directed into the adjacent NM metal-—more significantly
for materials with large spin-orbit interactions. Additionally, the Pt atoms
at the NM/FM interface gain a magnetic moment, the magnetic proximity
effect [135], which also leads to increased damping. Although a material with
low damping is preferred for low threshold currents and low linewidth oscil-
lations, these enhancements of the Gilbert damping must be accepted, and
are present in all the studied bilayers. The intrinsic damping and the increase
in the damping from the Pt layer are dependent on the thickness of the FM
and NM layer, respectively, adding more constraints to the thicknesses in the
bilayer for the engineering of working SHNOs.
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Figure 3.2: ST-FMR measurements NiMnSb(41nm)/Pt(6nm) SHNOs. (a)
Mixing voltage as a function of applied field for two oppositely directed fields.
The applied microwave current has a frequency of f=5GHz and the data is fit
to asymmetric Lorentzian functions. (b) The resonance fields obtained from
the fits as a function of the applied field angle. The solid line is obtained by
fitting the data with a biaxial and uniaxial in-plane anisotropy field. (¢) When
applying an additional bias current to the device, the ST-FMR linewidth de-
creases when field and current have the same sign, and increases for opposite
signs.

3.2 Spin Hall Effect Controlled Magnetodynam-
ics

The influence of the spin Hall effect on the magnetodynamic properties of
the adjacent FM material can be directly shown by ST-FMR measurements
(see also section 1.2.2). The application of an rf current leads to a periodic
transverse spin current through the SHE which, in the resonance condition,
yields a sizable dc voltage via the mixing of the rf current with the time-varying
AMR of the same frequency. The data on the ST-FMR measurements on
SHNOs from the NiMnSb(41nm)/Pt(6nm) bilayer is pictured in Fig. 3.2.
Fig. 3.2(a) shows the mixing voltage as a function of the applied field, where
the field is directed at angles of ¢ = 30° and 210°—that is, along one axis but
with opposite signs. The data can be fit with eq. 1.9, where the symmetric
Lorentzian part is related to the SHE-induced spin torque. As can be expected
for these bilayer films, the sign of the symmetric Lorentzian part changes when
the direction of the magnetic field is reversed [66]. As can also be easily seen,
the resonance field does not change when the direction of the magnetic field
is reversed.

Epitaxially grown NiMnSb films experience a unique in-plane anisotropy,
with a strong uniaxial anisotropy term along the [110] or [110] crystallographic
direction and a weaker biaxial anisotropy along the [100] and [010] direc-
tions [76]. The anisotropy energy densities K, and Kj, for the uniaxial and
biaxial term, respectively, result in internal fields % and %, which can
shift the resonance condition by several hundred Oersted. This is naturally
true for the fabricated SHNOs as well, as can be seen in Fig. 3.2(b), where
the ST-FMR measurements have been conducted for in-plane field angles be-

tween —90° and 90° with ¢ = 0° being the [110] direction. The obtained
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resonance fields can be fit well with the anisotropy fields of 215(;‘ = 130 Oe and
% = 70 Oe, where [110] is the dominating uniaxial easy axis. This tunability
of the resonance frequency with the field angle introduces a new parameter
for tuning the output characteristics of SHNOs fabricated from NiMnSb.

The most important effect of the SHE in FM/NM bilayers is the constant
antidamping induced by the spin current from the Pt layer. This can also
be shown for the case of subthreshold currents by ST-FMR measurements,
where an additional dc current is applied to the sample. As the SHE in the
Pt layer follows the right-hand rule, the magnetic moment of the spin ac-
cumulation at the NiMnSb/Pt interface points towards ¢ = 180° for positive
currents and along 0° for negative currents. An effective spin-torque antidamp-
ing is expected according to eq. 1.3 when the spin-current polarization and
the magnetization are antiparallel. It is therefore expected that, for positive
fields between —90° and 90°, a positive current leads to reduced damping in
the FM layer and thus to a reduced FMR linewidth. The same effect is true for
negative currents and opposite field directions, while an additional damping is
expected for opposite polarities of current and field. It is possible to show this
effect in our NiMnSb SHNOs by plotting the ST-FMR linewidth as a function
of the applied current for two oppositely directed fields—that is, along 30° and
210°, as shown in Fig. 3.2(c). The linewidths show a linear decrease (increase)
with positive (negative) bias currents. However, the reduction in the NiMnSb
SHNOs is minute compared to Py/Pt bilayers [66], which can be explained by
the great thickness of the NiMnSb(41 nm) and the concomitant reduction of
the current density in Pt. Extrapolating the ST-FMR linewidth to 0 Oe—the
condition at which auto-oscillations can be expected—yields currents on the
order of 80 mA to 100mA. However, this is beyond the breakdown point of
the SHNOs, which occurs due to Joule heating, and no auto-oscillations can
be expected for these devices.

3.3 In-Plane Field Auto-Oscillations

Due to the read-out of the auto-oscillations by the time-varying AMR, it is
important to operate the devices with an applied field angle of ¢ #0°. The
apparent minimum or maximum at this angle [see Fig. 3.1(b)] leads to a
vanishing change in the AMR during small-angle precessions, similar to what
has been shown for the TMR read-out in MTJ-STOs [136]. The in-plane angles
at which auto-oscillations are measured thus lie between 10° and 40°, which
represents a balance between the AMR readout being maximum at 45° and
the STT efficiency being maximum at 0°.

Fig. 3.3 shows electrical signals measured from SHNOs with three differ-
ent materials: Py, Co,zFe By, and NiMnSb, each of 5nm thickness. The
current dependence of the signals is comparable between all samples. The sig-
nals are only observable for a current range of ~3mA, with the amplitude
(linewidth) having a maximum (minimum) in the center of this region. Be-
sides this, the signals have a slight red-shift towards higher currents. The main
differences between the three materials emerge in the frequency, signal am-
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Figure 3.3: The electrically measured auto-oscillations of SHNOs from (a)
Py (5nm) (b) Co,oFe By, (5nm), and (c) NiMnSb (5nm) films, where the
measurements were taken at comparable in-plane applied fields. The axes in
each figure span the same current and frequency intervals. While the output
power is largest for (a), the linewidth is clearly lowest for (c).

plitude, linewidth, and threshold current, which can be all explained by the
previously measured magnetodynamic properties.

On one hand, the maximum integrated powers of the measurements are
1.2pW, 0.17pW and 0.055pW for the Py, Co,zFe, ;Bsyy, and NiMnSb de-
vices, respectively, which obviously follows from the AMR of these three films.
On the other hand, the respective minimum linewidths are 52 MHz, 41 MHz
and 9.3 MHz, which is a direct consequence of the Gilbert damping constant.
This decrease in linewidth to less than one fifth of the values achievable with
permalloy shows once more the tremendous advantage of employing a low-
damping material in spintronic oscillators. The current needed to operate the
devices is lowest for the CoFeB film and highest for the NiMnSb-based devices,
which can be related to the order of the electrical conductivities o of the FM
materials OCo,Fe,oByy < ONigFe,, < ONiMnSb and to the therefore decreasing
current density in the Pt layer.

The microwave frequencies for in-plane fields are in all cases observed be-
tween 300 MHz to 500 MHz below the respective FMR frequency of the ex-
tended film. As a result of this, the frequency of the CoFeB SHNO in Fig. 3.3
is highest, although it was measured at the lowest field due to its considerably
larger saturation magnetization My. To understand both this difference from
the FMR frequency and the red-shift with applied current, it avails to look
into the Oersted field, which is the magnetic field generated by the current
flow in the devices. Calculations of the current flow and the accompanying
Oersted field are carried out using COMSOL Multiphysics® simulation soft-
ware with a three-dimensional finite-element model of the device. Since the
current in the device center is almost exclusively flowing along the y-axis, the
x-component of the Oersted field is the most relevant one.

Fig. 3.4 shows the result for a Py (5nm)/Pt (6nm) SHNO containing
150 nm thick Au electrodes with a tip-to-tip spacing of 120 nm. In this model,
the Oersted field Hp, in the Py layer at the center of the disk is estimated to
be 94 Oe in the negative & direction for a bias current of 20 mA, thus effectively
reducing the externally applied field H. This reduction of the external field
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Figure 3.4: COMSOL simulation of the current-induced Oersted field (x-
component) in the Py layer in a Py (5nm)/Pt (6 nm)-based SHNO. The red
dashed lines mark the location of the sharp-tip Au electrodes. The field is
simulated for an applied current of I = 20mA and reaches a value of -94 Oe
in the center of the disk.

leads in turn to a shift in the local FMR frequency by several hundred MHz,
depending on the angle of the applied field. Similar results can be obtained
for the other bilayers, with the Oersted field being larger the more current
flowing through the Pt—that is, in the case of high resistive FM materials. It
can also be seen from Fig. 3.4 that the Oersted-field-induced reduction and
thus the red-shift in frequency is larger the closer the in-plane angle lies to
0°, which is corroborated by the frequency tunability in the current scans at
slightly different in-plane angles in Fig. 3.3. It can therefore be argued that the
frequency of the observed auto-oscillations is solely the local FMR, frequency
at the disk center, amplified by the SHE from the Pt layer, and localized at
the disk center by the minimum in the inhomogeneous field landscape.

3.4 Spin Hall Oscillators in Oblique Magnetic
Fields

It was previously shown for NC-STOs that the auto-oscillation modes for
in-plane magnetization become localized, while propagating modes are ob-
served for tilted magnetizations [64, 14]. However, to date, auto-oscillations
in SHNOs have been experimentally studied only for in-plane applied mag-
netic fields, where consequentially only localized modes have been observed. A
self-localized spin-wave bullet at room temperature was found via u-BLS [36],
while electrically only a higher frequency mode was detectable, but was local-
ized due to the FMR landscape [37, 137]. The lack of information about the
microwave emission of SHNOs in tilted magnetic fields will be filled in here,
where we investigate only the Py (5nm)/Pt (6nm) SHNOs, on account of
their superior output power. It is found that by tilting the magnetization, the
SHNO can be reliably tuned to either excite the high-frequency mode localized
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Figure 3.5: (a) Schematic of the SHNO device. The out-of plane angle 6 is de-
fined away from the film plane, as shown. (b) Microwave emission as a function
of applied current for a device operated at H = 5800 Oe with 6 = 80°. In-
set: The corresponding FWHM linewidth as obtained from Lorentzian fitting,
showing an exponential decrease with a minimum value of 1.9 MHz. (c¢) Power
spectral density as a function of applied field for a constant current of 19 mA
showing the presence of two fundamentally different auto-oscillation modes.
(d) The minimum and maximum énternal magnetization angles at which the
self-localized spin-wave bullet is observed.

by the Oersted field or the self-localized bullet mode; there are also many cases
where both modes can be seen in the electrical spectra at the same time, sug-
gesting a mode-coexistence or mode-hopping regime. Propagating spin-wave
modes have not yet been observed experimentally in these tilted fields, al-
though they are predicted to occur in perpendicularly magnetized fields from
micromagnetic simulations [138].

Figure 3.5 shows information about the operation of the SHNO in oblique
magnetic fields. The out-of-plane tilting angle 6 of the external field is hereby
defined additionally to the already introduced in-plane angle ¢. A PSD map,
as a function of the applied current, can be found in Fig. 3.5(b), where the ap-
plied field of 5800 Oe is directed along 6 = 80° and ¢ = 24°. For these values of
the field, we only observe the spin-wave bullet mode starting from a current of

32



I = 13mA. It thus has a significantly lower threshold than the in-plane auto-
oscillations [see Fig. 3.3(a)] and also stays present until the maximum applied
current of 20mA. The frequency shows a larger red-shift at the threshold,
which is consistent with the decreasing size of the oscillation mode (i.e., self-
localization) [11, 12]. The measured linewidth thus drops exponentially from
~80MHz at the threshold to a minimum value of 1.9 MHz, seemingly only
limited by the maximum applied current. This value is not only much lower
than the high-frequency mode for in-plane fields, but is also lower than the
previously reported values for the bullet mode at cryogenic temperatures [37,
137].

The microwave characteristics in tilted fields change drastically with the
magnitude of the applied field, as can be seen from Fig. 3.5(c) for fields with
6 = 80° and ¢ = 24°. In the low field region (<1700 Oe), only a weak signal of
a high-frequency mode can be seen, which is shown to be of the same origin
as the auto-oscillations for in-plane fields. This mode is stable only for fields
up to ~4000 Oe, above which it disappears. However, the spin-wave bullet
appears above 1700 Oe and becomes clearly dominant in the absence of the
high-frequency mode (>4000 Oe), where the bullet reaches the low linewidth
and high peak power shown previously in Fig. 3.5(b). The occurrence of the
second harmonic signal of the bullet in the high-field region is a direct sign of
its large oscillation amplitude, as well as of its significant nonlinearity [102].
However, the characteristics of the spin-wave bullet in the intermediate re-
gion, where it is observed side-by-side with the high-frequency mode, are
clearly compromised. This suggest a strong mode-coupling regime in which
both modes interact through the transfer of magnons and thus equalize their
power and linewidth [139, 140].

The minimum and maximum internal magnetization angles 6;,;, between
which the spin-wave bullet is observed, can be obtained from the minimum and
maximum fields, respectively, through the magnetostatic boundary conditions
(eq. 1.6). The critical angles 6;,,; are plotted in Fig. 3.5(d) as a function of the
applied current for three different out-of-plane angles . It can be seen that
the upper critical angle is monotonically increasing with the increasing tilt of
the external field. To understand this upper boundary condition, it is helpful
to calculate the nonlinear frequency shift N from the FMR properties [12].
The existence of a spin-wave bullet requires N <0, which is only fulfilled for
Oint < O1in, at which 6y, is the internal magnetization angle with N = 0.
This critical angle is shown in the figure as dashed lines, and increases with
increasing applied magnetic field angle in the same manner as observed in
the electrical measurement. Above 6;;,, only linear propagating spin-wave
modes can exist; presumably, however, with a higher threshold current than
our current devices are able to handle. A lower critical angle is not predicted
by the theory of Refs. [11, 12], where the bullet is the predominant mode for
in-plane angles. However, the small 0;,,; in our experiment is accompanied by
the occurrence of the high-frequency mode, leading to an effective lower critical
angle of the spin-wave bullet due to competition between the two modes.
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4

Mutual Synchronization of
Spin Hall Nano-Oscillators

Spin Hall nano-oscillators exhibit a high nonlinearity, comparable to NC-
STOs, as demonstrated by the existence of the spin-wave bullet in the previous
chapter. This nonlinearity has already been used to readily phase-lock SHNOs
to an external microwave current [141]. However, it is also known to promote
the mutual synchronization of several oscillators; this has been demonstrated
for up to three parallel NC-STOs sharing one free layer [23, 22, 142, 24]. While
NC-STOs are mutually synchronized via the propagation of spin waves [143],
SHNOs must face limitations coming from the spin-wave bullet mode with its
self-localizing nature, hindering the interactions between oscillators.

In this chapter, the mutual synchronization of SHNOs based on Au elec-
trodes on an extended film, as well as the synchronization of nanoconstric-
tion based SHNOs, will be targeted. The successful mutual synchronization
in both layouts is shown. The synchronization of needle SHNOs has many
similarities to the case of NC-STOs, such as the parallel arrangement of two
individual devices on one extended free layer, which leads to an increase in the
current needed to drive both closely spaced SHNOs. This additional current
substantially increases the Joule heating and thus limits the applicability of
this scheme, especially when synchronizing a large number of devices.

However, due to the absence of an extended free layer in nanoconstriction
SHNOs, these devices can be readily arranged in series [144, 145, 146, 147],
with all oscillators sharing the same current path. Aside from the shared cur-
rent, the nanoconstrictions are coupled through spin waves in the magnetic
material in between, meaning that more robust synchronization is obtained
in nanoconstriction SHNOs. In manuscript VII, the synchronization of two
nanoconstrictions with distances of up to 1.2pum, as well as of up to nine
closer-spaced nanoconstrictions, is demonstrated. This number of synchro-
nized devices is three times higher than the maximum reported number in
NC-STOs [24]. The peak power density (2700nV?/Hz) and the quality factor
(>10,000) of the nine synchronized SHNOs are about two orders of magnitude
larger than values for single SHNOs [37].
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4.1 Synchronization of Au Electrode SHNOs

As a logical step forward from SHNOs with a pair of sharp-tip Au electrodes,
devices with double tips in the center of the extended disk are fabricated;
see Fig. 4.1(a). To ensure that the pointed electrodes act as two independent
SHNOs, it is important to increase the spacing between both electrode gaps
to more than the gap distance. Otherwise, the current distribution in the Pt
layer would readily merge into a single current path in the center. Additionally,
double-needle SHNOs with large spacings between the electrodes have a higher
yield in the lift-off process during fabrication, and will be therefore investigated
here.

The device measured in Fig. 4.1 employs a double-tip with a distance of
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Figure 4.1: (a) SEM micrograph of an SHNO with two parallel Au electrode
tips. (b) The simulated lateral current distribution (y-component) in the Pt
layer. The current density between the two SHNOs drops to about 50 % of
the value between the Au electrodes. (c¢) PSD map as a function of magnetic
field for a constant current of I = 26 mA. The corresponding (d) integrated
power and (e) linewidth suggest mutual synchronization between 5800 Oe and
6800 Oe due to a sharp increase of the output power and a decrease of the
oscillation linewidth.
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360 nm between the SHNOs, whose gap distances are 100nm each. The ex-
pected current distribution for this geometry is shown in Fig. 4.1(b) and was
calculated using COMSOL Multiphysics® software, ensuring that the require-
ment of two separated current paths in the device is fulfilled. The microwave
emission characteristics of the device are summarized in Figs. 4.1(c-e), where
the field magnitude is swept along 6 = 80° and ¢ = 25°, keeping the current
constant at I = 26 mA. While for fields >6800 Oe, two oscillation peaks from
the two SHNOs can be observed, only one mode is measured between 5800 Oe
and 6800 Oe, accompanied by a sharp increase in the power and linewidth as
obtained from the Lorentzian fit. Although the expected spin-wave bullets in
this field range are self-localizing, mutual synchronization is at least possible
over a distance much larger than the extent of the bullet. This can be achieved
either by dipolar interactions or by a small amount of evanescent spin waves
from the bullets.

4.2 Synchronization of Nanoconstriction SHNOs

In the second possible SHNO layout, the current is focused on a nm-sized
region by a constriction in the NM/FM bilayer [89]. The auto-oscillation char-
acteristics are comparable to the Au electrode-based SHNOs in the sense that
in-plane fields lead to relatively broad signals and a clear spin-wave bullet
with low linewidth is formed only in tilted magnetic fields. Due to the absence
of the extended magnetic free layer, the nanoconstriction SHNOs require far
less current for oscillations. With the high-frequency mode having its origin
in the extended magnetic film, it is also less pronounced in constriction-based
SHNOs, giving way to the existence of spin-wave bullets for a wide range of
applied fields.

While microwave signals in Au needle SHNOs show an exclusive depen-
dence of lower frequencies on higher currents (red shift)—see Fig. 3.5(b)—the

f(GHz)

I (mA)

Figure 4.2: (a) SEM micrograph of two 120 nm wide nanoconstrictions, spaced
de = 300nm apart. (b) and (¢) PSD maps as a function of applied current
for double nanoconstriction SHNOs with spacings of 300 nm and 900 nm, re-
spectively.
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Figure 4.3: (a) Total u-BLS spectrum in the unsynchronized state
(I = 2.6mA). (b) and (c) Spatial maps of the oscillation amplitude, focus-
ing on the lower and upper frequency part of the total peak, respectively.
(d)—(f) are the respective plots for the synchronized state at I = 3.0mA. The
positions of the constrictions are marked as white dashed lines

current dependence of the signal in constriction SHNOs is more complex.
An initial red shift is followed by a turnover towards larger frequencies (blue
shift), in which an increasing frequency with applied current is typically a
sign of spin-wave propagation. The blue shift, in our case, can be related to
the magnitude of the internal field, which results from the external field, the
Oersted field, and an uniaxial in-plane anisotropy imposed by the shape of
the constriction.

The microwave emission of two serially connected constrictions is described
in Fig. 4.2. The spacing is varied here between 300 nm (see Fig. 4.2(a)) and
1.2 pm. Sample measurements as a function of the applied current are shown
in Fig. 4.2(b) for double-constrictions with spacings of 300 nm and 900 nm.
In all observed cases, successful synchronization of two constrictions is only
possible for currents above the turnover point at ~2.4 mA, where blue shifting
of the signals begins. For the case of d.. = 300nm, Fig. 4.2(b), the signals
from both constrictions merge into one oscillation peak with an increased
output power and reduced linewidth at 2.5mA. They remain synchronized
up to the maximum applied current of 3.8 mA. As expected from a decreasing
interaction with increasing oscillator distance [23], the mutual synchronization
of constrictions with 900 nm spacing, Fig. 4.2(c), shows two oscillation peaks
for most of the currents. Signs of mutual synchronization, such as frequency
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Figure 4.4: (a) Schematic and (b) SEM picture of the multinanoconstriction
devices measured. (c¢) PSD as a function of applied current for an SHNO
with 9 nanoconstrictions placed in series. The field of 7200 Oe is oriented in
similar directions as for the previous SHNOs. (d) Plots of the PSD at the two
currents of 2.83 mA and 3.86 mA. In the first case, only two constrictions are
synchronized, while in the latter, all 9 constrictions show a single peak with
a peak power density of 2700nV?/Hz.

pulling and merging of the two signals, can be found around 3 mA. However,
with an increasing current, the frequency difference between the individual
oscillators increases and the weak interaction is no longer sufficient for mutual
synchronization.

Thanks to the optical access to the magnetization dynamics in SHNOs,
the mutual synchronization of nanoconstrictions can be directly observed
by p-BLS measurements, as shown in Fig. 4.3. The device consists of two
nanoconstrictions placed 900 nm apart. Due to the limited frequency reso-
lution of the optical detection path, the total BLS signal appears as one
single peak in both cases of unsynchronized [Fig. 4.3(a)] and synchronized
[Fig. 4.3(d)] auto-oscillations. However, by dividing the p-BLS map into the
lower and higher frequency parts of the sum peak, one can immediately vi-
sualize the different behavior in the two cases. In the unsynchronized case in
Figs. 4.3(b) and (c), the upper nanoconstriction is energized at lower frequen-
cies and the bottom constrictions at higher frequencies. When both constric-
tions are synchronized (see Figs. 4.3(e) and (f)), they show no variation in
their relative amplitude when focusing on the lower or higher frequency part
of the BLS signals.

The remarkably robust synchronization of two 300 nm spaced nanocon-
strictions encourages experiments involving the synchronization of a larger
number of oscillators. The results from a device with 9 serially arranged
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SHNOs are summarized in Fig 4.4. This is the maximum number of success-
fully synchronized devices achieved. Fig 4.4(c) shows a microwave emission
measurement, where the current is swept up to 4mA in a constant field of
7200 Oe along 6 = 80° and ¢ = 24°. At low currents, the individual nanocon-
strictions generate separate microwave signals. As more of the nanoconstric-
tions pass their minimum frequency, their mutual synchronization begins as
pairwise synchronization and increases to regions where most (but not all)
constrictions are mutually synchronized. In Fig 4.4(d), the PSD at 2.83mA is
displayed as a blue curve, where at least two constrictions have synchronized,
alongside other, weaker signals from unsynchronized nanoconstrictions. At a
current of 3.86 mA, it is, however, possible to observe a single high-power
microwave peak with a linewidth of about 814 kHz and a peak power density
of 2700nV?2/Hz, which is shown as a red curve in Fig 4.4(d). This suggests
the full synchronization of all nine nanoconstrictions under these conditions.
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Summary and Outlook

This thesis presents several experimental approaches to improving the key
parameters of spin-torque oscillators, such as ease of fabrication, low current
oscillations, and low linewidth signals with appreciable high powers and fre-
quencies.

From the point of fabrication, all device layouts here can be processed with
standard lithographical methods, and can possibly thus be integrated into
current semiconductor-based technologies. The number of processing steps
required for a working oscillator is clearly the lowest for nanoconstriction
SHNOs, yet these offer the same or better electrical signal quality as compared
to NC-STOs or SHNOs with an extended free layer. This makes constriction-
based SHNOs likely to be the devices with the largest future potential, as
was also shown by the mutual synchronization of several nanoconstrictions
yielding high quality-factor signals.

The implementation of the low-damping material NiMnSb in Chapters 2
and 3 has led to low-linewidth signals at low threshold currents in NC-STOs, as
well as low-linewidth auto-oscillations in SHNOs. However, given that Heusler
materials generally possess lower AMR than permalloy, the present readout
mechanism is limited and yields only low power signals. Overcoming this
limitation by developing new readout schemes, such as an additional MTJ
nanopillar on top of a NiMnSb SHNO, would greatly improve the power while
maintaining the advantages of very low linewidth signals.

While in the case of NC-STOs, a current flow through the magnetic layer
is required, the newer type of spin Hall nano-oscillators work on the basis of
pure spin currents, making them more versatile and also somewhat easier to
fabricate. Successful operation of SHNOs was shown for three different FM
materials in Chapter 3. In the future, the two layouts of Au electrodes and
nanoconstrictions for SHE-driven auto-oscillations are expected to be readily
applicable to a much larger variety of materials.

It was shown in Chapter 3 that, with the application of out-of-plane mag-
netic fields, the electrical output characteristics of SHNOs can be drastically
improved compared to in-plane fields and also compared to NC-STOs. This is
achieved through the robust formation of a nonlinear self-localizing spin-wave
bullet. Although numerically predicted [138], the experimental observation of
propagating spin waves emitted from SHNOs remains an open problem, and
will be an important step forward for the applicability of these devices in
spin-wave based computing [18, 148, 149].

The mutual synchronization, as observed for two different SHNO layouts
in Chapter 4, is crucial for meeting the power and phase-noise requirements
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of commercial applications. Moreover, the demonstration of robust synchro-
nization over large distances and a large number of nanoconstriction devices
opens up additional intriguing possibilities in spin-wave-based computing—
among other applications. While the mutual synchronization of nanoconstric-
tions was shown here with all devices connected on a line, one can envision
more complex arrangements, such as spin-wave majority gates [150].

The limitations on the number of synchronized devices in the scheme pre-
sented here include the increasing distance between the first and last con-
striction, as well as the increasing electrical resistance, yielding larger Joule
heating for each additional SHNO. However, these problems could be miti-
gated in the future by layout miniaturization or layer thickness optimizations,
potentially allowing for smaller distances as well as generally lower currents
needed for successful operation.
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A

Selected Lithography
Recipes

A.1 Recipe for Photolithographic Lift-Off

e Spin-coat sample with lift-off resist:

— LORI1A at 4000min~! for 1min: results in ~ 100nm thickness.
Appropriate for thin films, e.g., alignment marks.
— or LOR3A at 1700 min~"! for 1 min: results in ~ 500 nm thickness.
Appropriate for thicker films, e.g., top contacts.
o Bake the lift-off resist on a hotplate at 160 °C for 5 min.

« Spin-coat photoresist Microposit S1813 at 4000 min~! for 1 min: results
in &~ 1.3 pm thickness.

¢ Bake the sample on a hotplate at 115 °C for 2 min.

o Expose layout in the Suss MA/BA 6 contact mask aligner for 6.5s (nom-
inal UV light intensity: 6 mW cm~—2).

o Develop in Microposit MF-319 Developer for 100s. Rinse in DI-H,O.
Blow dry.

e Deposition of desired metals in AJA Phase II sputtering system.
o Film lift-off:
— Soak sample in resist remover mr-Rem 400 at 55°C for at least
30 min,

— Agitate until the film is completely removed by either pipette stream
or ultrasonic,

— (Optional) Rinse in isopropyl alcohol,
— Rinse thoroughly in DI-H,O,
— Blow dry with nitrogen.
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A.2 Recipe for SHNO Mesa Fabrication

« Spin-coat negative e-beam resist ma-N 2401 at 4000 min~! for 1min:
results in & 100 nm thickness.

o Bake the sample on a hotplate at 90 °C for 1 min.

e E-beam lithography with JEOL JBX-9300FS at 100kV with base dose
of 260 mJ cm—2.

o Develop in ma-D 525 Developer for 30s 4 30s. Rinse in DI-H,O. Blow
dry.

e Ion beam etching in Oxford Ionfab 300 Plus. Upeam =500V, U,..=300V,
Tbeam=60mA, 25° tilting, and 10min~' rotation. Etching progress is
monitored via SIMS.

¢ Resist removal:

— O, plasma etch in PlasmaTherm BatchTop RIE at 50 W and 250 mTorr
for 1 min

— Soak sample in resist remover mr-Rem 400 at 55°C for at least
10 min

— (Optional) Agitate with ultrasonic

— (Optional) Rinse in isopropyl alcohol
— Rinse thoroughly in DI-H,O

— Blow dry with nitrogen

A.3 Recipe for Gold Electrode Fabrication

« Spin-coat positive e-beam resist SX ARP 6200/2 at 4000min~! for
1 min: results in ~ 220 nm thickness.

o Bake the sample on a hotplate at 160 °C for 5 min.

e Deposition of 20nm Cu in AJA Phase II sputtering system for dis-
charge and optical reflection. (only for transparent and highly resistive
substrates, e.g., sapphire and GGG)

e E-beam lithography with JEOL JBX-9300FS at 100 kV with base dose
of 380 mJ cm~2 (sapphire substrate) or 270 mJcm~2 (InP substrate).

¢ Removal of the Cu discharge layer by wet etching in standard premixed
Chromium etchant (water, ceric ammonium nitrate, nitric acid). Rinse
with water. Blow dry.

¢ Develop in n-amyl acetate for 60s. Blow dry.

¢ Deposition of 2nm Cr + 150nm Au in AJA Phase II sputtering system.
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e Film lift-off:
— Soak sample in resist remover mr-Rem 400 at 55°C for at least
90 min,
— Agitate until the film is completely removed by pipette stream,
— (Optional) Rinse in isopropyl alcohol,
— Rinse thoroughly in DI-H,O,
— Blow dry with nitrogen.
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