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ABSTRACT OF THE DISSERTATION

Nanowire Spin Torque Oscillator Driven by Spin Orbit Torques
By
Andrew Smith
Master of Science in Chemical and Material Physics
University of California, Irvine, 2016

Professor Ilya Krivorotov, Chair

The field of spintronics deals with the use of the spin degree of freedom of the electron and
the spin current that arises from it. There are many static and dynamic applications for
spin current whether it is supplied by spin polarized electric current from a magnetic layer
or from spin orbit torques. This dissertation will focus on the later cases where the spin Hall
effect present in platinum supplies a spin torque on an adjacent permalloy layer creating a
spin torque oscillator(STO). Previous studies have demonstrated the existence of STOs in
the 0-dimensional case and its absence in the 2D case therefore the 1D case, a ferromagnetic
nanowire, is tackled here. This will cover the first instance of a micrometer scale STO and

will show the excited modes are the edge and bulk spin wave eigenmodes of the nanowire.
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Chapter 1

Introduction

Spintronics has become a hot topic in the scientific community for a reason. By utilizing
the the spin degreee of freedom of an electron, new nanoscale devices are now possible such
as STT-MRAM and logic gates. In metals with low spin orbit coupling (SOC), the spin
of the electrons are orientated randomly resulting in only electric current. However, in
magnetic or large SOC materials, the spins become polarized leading to both electric and
spin current. These spin currents can then interact with other magnetic layers allowing for

local manipulation of magnetic moments via spin transfer torque.

One such case is a spin torque oscillator (STO) where the Gilbert damping of a magnetic
layer is cancelled out by the spin torque from a spin current which leads to self-oscillatory
dynamics in the GHz range. These auto oscillators are among the smallest in the world (as
small as 50 nm) and have garnered interest from industry for applications such as on chip
local oscillators, associative memory blocks for image processing, nanoscale magnetic field
sensing, logic devices and many more. Chapter 2 will cover the background material needed

to understand the results of this work. Chapter 3 will go over what a nanowire spin Hall



oscillator is and the interesting role dimensionality plays in STO. Chapter 4 will conclude

these thoughts.



Chapter 2

Background

2.1 Spin Transfer Torque

The concept of spin transfer torque was first proposed by Slonczewski! and Berger? in 1996.
The phemoneom is best understand in the framework of exchange interactions between
quasi-localized and conduction electrons as illustrated in Fig. 2.1. The local d electrons
responsible for ferromagnetism of a material is initially at an energy minimum with its spin
aligned with the local magnetic field. When a conduction electron that is polarized in a
different direction than the local moment passes by, the two spins exert torque onto each
other due to the exchange interaction. This will cause both electrons to deflect from their
original directions which has two consenquences. The first is that the conduction electron
will leave the site with the spin information of the local moment which can then interact
with other local moments. Secondly, the local moment will now be shifted away from the

energy minimum which will then relax back to its ground state.

If now there is a constant flow of electrons with the spins polarized along a given direction,

then the local moment will be continuously kicked in that direction and will remain there
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Figure 2.1: Illustration of spin torque where conduction electron and localized magnetic
moment exert torques on each other which temporarly shifts the moment away from equal-
ibrium.

< L

as long as the current is present. Once the current is removed, the local moment will then
return back to an energy minimum. In the case of a constant flow of electrons but the
spins are polarized in random directions, then the local moment will be kicked around in
random directions which average out to 0 leading to the moment staying aligned along the
local magnetic field. In either case, this incident electric current will then be converted into
electric and spin current with its polarization in the direction of the local moment which can

then be used by a second ferromagnetic layer.



2.2 Sources of Spin Current

2.2.1 Spin Valve

The first sources of spin current, a spin valve, utilized a relatively thick reference ferromag-
netic layer (~ 8 nm) called the fixed layer to spin polarize an electric current. This is then
injected into a nonmagnetic spacer layer of similar thickness and then into a ferromagnetic
layer of interest called the free layer which experiences a torque. Often times, the fixed
layer consists of additional layers that help increase the coericive field in order to improve
the stability of the fixed layer. The polarization effeciency (P) of the spin valve depends on
the spin dependent band structure of the whole system. The intial polarization of the spins
depends on the spin dependent density of states where if all of the conduction electrons are
spin up, then P = 1 and if all of them are down, P = -13. Then, the conduction electrons
pass through the rest of the structure where spin flip and reflection events take place. These
events predominately occur at interfaces and are governed by the band structure mismatch
of dissimilar materials. The total polarization effeciency is then defined as the net spin
current to charge current ratio that enters the free layer. This value is typically between
0.1-0.5 and is highly dependent on not only the ferromagnetic materials but also the spacer
layer. If the metallic spacer layer is replaced with an insulating layer, an additional torque
is present called the field like torque*. This is due to it now being a tunneling process which
only involves select states on the Fermi surface. Therefore, a nonzero transverse component

of the spin polarization is possible.

2.2.2 Spin Hall Effect

Recently, the spin Hall effect (SHE) and spin orbit coupling (SOC) has become of great

interest in the spintronics community because of its ability to generate spin current without



the use of a ferromagnetic reference layer®°.

Instead of the ferromagnet, a material with
strong SOC such as Platinum or Tantalum is used. Due to spin dependent scattering, a
pure spin current is generated transverse to the injected electric current with its polarization
transverse to both. The ratio of spin current to charge current is called the spin Hall angle
(SHA) and can reach as high as 33 percent”. The physics describing the SHE is the same

as for the anomalous Hall effect in ferromagnets which is described by both intrinsic and

extrinsic contributions.

The intrinsic contribution results from the Berry phase accumulated as you sweep through
k-space about the Fermi surface therefore this happens inbetween scattering events.®>'? The
Berry phase is maximized when SOC splits a band such that one spin orientation lies just
below the fermi surface while the other just above such that their respective phases are not
cancelled out!'. This phase acts as an addition spin dependent transverse voltage to the

applied voltage which deflects spins in different directions based on their spin orientation.

The extrinsic contribution is due to two mechanism both of which occur due to scattering
events. The first is skew scattering where electrons with opposite spin are deflected in
opposite directions due to the difference of the SOC of the host material and the impurity!2.
The second is side jump scattering where electrons of opposite spin are shifted instead of
deflected in opposite directions'®. This results in spin accumulation transverse to the applied

voltage and may have a different sign as the intrinsic contribution.

2.3 Magnetoresistance

The use of magnetoresistance (MR) is critical in magnetics since it allows the magnetic state
to be observed by electrical means. Without it, magnetic memory would have never became

the mainstream research direction in the semiconductor industry. Although there are many



different types of magnetoresistances, the three that appear the most are anisotropic mag-
netoresistance (AMR), giant magnetoresistance (GMR), and tunneling magnetoresistance

(TMR).

Anisotropic magnetoresistance, discovered in 1857 by Lord Kelvin, is an effect such that
the resistance of the ferromagnetic layer depends on the orientation of the magnetization
and the electric field where the resistance is maximum when the two are aligned and min-
imum when they are transverse!*. This is due to increased s-d scattering in the direction
of the magnetization from SOC. Although typical AMR ratios range from 0.5-5 percent in
bulk materials and typically decreases with decreasing thickness, it only requires a single

ferromagnetic layer unlike other commonly utilized magnetoresistances!®.

Giant magnetoresistance, a magnetoresistance so important that its discovers, Albert Fert
and Peter Grnberg, were awarded a Nobel prize in 2007, relies on 2 magnetic layers seperated
by a nonmagnetic metallic spacer layer'®'7. The resistance of the overall structure depends
on the angle between the 2 magnetizations and typically is minimum when they are parallel
to each other and maximum when anti-parallel. The GMR ratio, which can be as high as
220 percent!'®, depends on the band structure of all 3 layers and can best be understood as a
simple 2 channel resistor problem, one for spin up and the other for spin down as illustrated

in Fig. 2.219.

A spin up electron can more easily pass through a ferromagnetic material if it is also spin up
due to the increased density of states (DOS) of the majority conduction band. On the other
hand, if the ferromagnetic material is of opposite spin, there will be increased resistance as
there is a lower DOS for the minority conduction band. Therefore, if both ferromagnetic
layers are spin up, then the spin up electrons will easily pass through the structure while
the spin down electrons are blocked. Eventually, these blocked spin down electrons will
undergo a spin flip event and then be allowed to pass. This can be viewed as shorting out

the circuit along the spin up channel. Now, if one layer is spin up, and the other is spin
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Figure 2.2: Diagram illustrating low resistance (left) and high resistance (right) states for
giant magnetoresistance.

down, the electrons that can easily pass through one layer are blocked by the other. In this

configuration, the circuit is no longer shorted so the resistance is higher.

Tunneling magnetoresistance is very similar to GMR however, instead of a metallic spacer
layer, an insulating layer is used. Because of this, the electrons must tunnel across the
insulating layer which greatly limits the available states for transport. Since tunneling is
required, the non spin dependent transport is severly reduced which then allows for much
higher MR ratios of up to 1144 percent?®. Currently, TMR is used in read heads for hard

drives and the building block for MRAM.

2.4 Structures

Although there are many different ways a device can take shape, there are three main
categories that most belong in such that high current densities needed for spin torque ma-
nipulation are achieved. The first is the nanopillar structure as shown in Fig. 2.3(a) where
there is a free layer and a spin valve that supplies the spin current. Both parts are patterned
into a nanoscale structure (~100 nm) and an electric current is applied vertically through

the structure. This leads to a spin current in the same direction due to the spin valve which
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Figure 2.3: Illustrations of device geometries with electric current in green and spin current
in red for (a) nanopillar, (b) point contact and (c¢) spin Hall structures.

then manipulates the free layer. In order to read the state, GMR or TMR is used depending

on the spacer layer.

The second structure is the point contact configuration as shown in Fig. 2.3(b) and is very
similar to the nanopillar. Instead of patterning the free layer and the spin value, it is left
as a thin film. In order to provide the high current densities needed for applications, a very
small (~10 nm) nonmagnetic contact is fabricated ontop of the film. The dynamics of these
structures differs from nanopillar devices due the interactions between the magnetization

under the point contact and the rest of the film.

The third structure called the spin Hall geometry shown in Fig. 2.3(c) is unlike the other
two. Instead of a spin valve, a spin Hall (SH) material such as Platinum is used. Electric
current is then applied longitudinally through the FM and SH layers which injects spin
current vertically into the FM. The state of the magnetization can then be determined
through AMR instead of GMR or TMR since there is only one magnetic layer. Even though
the magnetoresistance of this structure type is smaller compared to the vertical current
counterparts, it has exploded in popularity due to the ease of fabrication along with the

polarization of the spin current always being normal to the flow of the electric current.



2.5 Magnetization Dynamics

How magnetization responds to magnetic fields is described by the Landua Lifshitz (LL)

equation®!?2,

dm

E:—’y(mXHeff—FOémeXHeff) (21)

This equation shows that a magnetic moment in the presence of a magnetic field will experi-
ence two torques. The first is the conservative field torque that causes the moment to process
about the field direction. The second is a non-conservative damping torque that aligns the
moment with the magnetic field direction. This means, when a moment isn’t aligned with
the magnetic field, the moment will oscillate as its time averaged component moves towards
the field direction. Once the time averaged moment is aligned, the oscillation will decay

away leading to static magnetization in the direction of the field.

d
d_rf:_V(mXHeff—{_amxmXHEff+ﬁm><m><p+6’m><p) (2.2)
h|J PA2 ,
B_‘E dM, (A2 + 1)+ (A2 — 1)(m - p) B = const x 5

If now spin current is present, two more addition torques get added to Eq. (2.1) called
the Slonczewski terms which leads to Eq. (2.2)'. Again, there is a field like torque and a
non conservative damping like torque resulting from the spin current where the polarization
direction replaces the field direction. Generally, the field like torque is small and is often
omited except for magnetic tunnel junction devices. The damping like torque however, allows
for a lot of different phenomena as it can modulate the effective magnetic damping in the
system. If the spin torque is large enough, it can overcome the magnetic damping in the
system and rotate the magnetization away from the magnetic field direction as discussed

in section 2.1. Solving Eq. (2.2) is fundamental to understanding all types of magnetic

10



phenomena ranging from switching a magnetic element to exciting GHz frequency auto-

oscillations.

2.5.1 Micromagnetics

A useful tool for understanding experimental data is micromagnetics which involves break-
ing up a layer of magnetic material into cells the size of the exchange length (Aezen) and
solving the LLG equation. The most common micromagnetic software is Object Orientated
Micromagnetic Framework (OOMMEF) developed by NIST which is open source and CPU
based?. Micromagnetics is heavely used for studying ferromagnetic layers because neigh-
boring atomic spins are parallel to each other due to the exchange interaction being the
dominate energy. This allows for an intermediate characterisitc length scale (Aezer, ~ 5 nm)
to be used that has a manageable number of sites (magnetic moments) compared to atomic
scale such that the LLG equation can be numerically calculated. At this scale, other energies
become more relavent which can rotate the magnetization of one cell away from another cell

leading to spatially varying magnetization profiles.

E = Eezch + Edemag + Eanis + Ee:pt (23)
oF
H. = o (2.4)

The energy of a magnetic moment is described by Eq. (2.3) and the effective magnetic
field resulting from this energy is described by Eq. (2.4). The first term is the exchange
energy which, as discussed earlier, trys to keep neighboring moments aligned with each other
in a ferromagnet. The second term is the demagnetization energy which trys to align the
magnetization along the surfaces in order to reduce surface magnetic charges which results
in a curvature of the magnetization. The competetion between these two energies provide

the main contributions to the curl of the magnetization. The third term is the anisotropy

11



energy which tries to align the magnetization along a perfered axis or plane. The sources for
this energy are many, but they can all be characterized as either volumetric or interfacial.
The last term is due to an external magnetic field being applied to the sample and tries
to align the moment to this field. Therefore, the process for micromagnetics is to calculate
the energy for the current magnetization state using Eq. (2.3), use that to calculate the
magnetic field using Eq. (2.4), which is then plugged into Eq. (2.2) and calculated for a
small timestep which then produces a new magnetic state. This then is repeated until dd—r;‘
is below a threshold such that an energy minimum is found or a certain amount of time has

passed.

2.5.2 Spin Waves

A spin wave is a disturbance in the magnetic order that is also a eigenmode of the magnetic
system. The simpliest form is a plane wave solution such that it can be written as an

oscillation of the magnetic moment about a time independent equalibrium magnetization

(m,).
m(r,t) = m, + Am(r)e' kT (2.5)

The frequency of a spin wave is in the GHz regime where its wavelength is tied to its frequency
through the magnetic field dependent dispersion relation of the system. The particle version
of a spin wave is called a magnon which is analogous to phonons for lattice vibrations. The
easiest example of a spin wave can be seen in a 1D chain of magnetic moments as shown in
Fig. 2.4 with a wavelength of five moments. The equalibrium magnetization is set by the
static local field, H, and then an external force perturbs the system which excites the spin

wave. This excitation can be caused by various methods but the most common are thermal,

12



Figure 2.4: Spin wave with a wavelength of 5 magnetic moments in a 1D chain.

which is frequency indepedent, or a GHz frequency torque, either an AC magnetic field or

spin torque.

2.5.3 Spin Torque Ferromagnetic Resonance

Spin torque ferromagnetic resonance (ST-FMR) is a useful tool for measuring the spin wave
eigenmodes of a nanowire. By applying an AC spin torque into a ferromagnetic layer, spin
waves are resonantly excited when the injected frequency matches an eigenfrequency of
the magnetic system. When a spin wave is excited, the magnetization will oscillate which
generates a resistance oscillation due to the magnetoresistance present in the device at the
frequency of the spin wave or its harmonics. This resistance oscillation will rectify the

injected electric current generating a DC voltage?*25.

V= VPR + VPV = ]chdc + IacéRac COS ¢ (26)

Therefore, there will be either peaks or dips in the DC voltage depending on the phase
difference whenever a spin wave mode is excited. In order to see these extremas, whose
linewidth is proportional to the damping of the mode, either the injected frequency or the

applied magnetic field is held fixed while the other is swept.

13
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Figure 2.5: llustration of the canceling damping like torques leading resulting in self-
oscillations (left) which produces an AC voltage due to the oscillating resistance (right).

2.5.4 Spin Torque Oscillators

Spin torque oscillators (STO) are one of the more unusual outcomes between the competition
of the damping torques from an applied magnetic field and the presence of spin current. If
the polarzation of the spin current has a component that is anti-parallel to the magnetic field
direction as illustrated in Fig. 2.5, then the damping like torque from the spin current acts
as negative damping and can cancel out the damping torque from the field. If they are of
equal magnitude, then the conservative torque will cause the magnetic moment to oscillate
about the equalibrium magnetization direction along a constant energy trajectory. This is
an auto-oscillatory state whose frequency is determined by the eigenmode frequency of the
excited state?s. Typically, a self-localized bullet mode is excited whose frequency is below
the spin wave spectrum, however, spin waves can be excited in certain geometries. These
magnetic oscillations will then produce an AC voltage due to the oscillating resistance and

the DC electric current which can then be detected with a spectrum analyzer.
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Chapter 3

Nanowire spin torque oscillator driven

by spin orbit torques

When spin torque from a spin current is applied to a nanoscale region of a ferromagnet, it
can act as negative magnetic damping resulting in the excitation of self-oscillations of the
magnetization resulting in a 0D spin torque oscillator (STO). In contrast, if the spin torque
is uniformly applied to an extended ferromagnet (2D), then the self-oscillatory state is not
excited, but rather leads to a reduction of the saturation magnetization. This chapter reports
the studies on the effect of spin torque in a nanowire which is an intermediate dimensionality
(1D)?". Coherent self-oscillations of magnetization are observed in a ferromagnetic nanowire
which serves as the active area of a STO driven by spin orbit torques. This work demonstrates
that STOs can be excited in 1D systems and can exceed sizes beyond the nanometer length

scale.
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3.1 Introduction

A current of spin angular momentum incident on a ferromagnet exerts torque on its mag-

netization and drives it out of equilibrium?!2.

Owing to its non-conservative nature, this
spin torque (ST) can act as effective negative magnetic damping and thereby excite magne-

tization self-oscillations?®?®. Spin torque oscillators (STO) have been realized in nanoscale

26,29-31 32-34

spin valves , point contacts to magnetic multilayers and nanoscale magnetic tunnel

junctions®3?. Recently, a new type of STO based on current-induced spin orbit torques in
4345

a Permalloy(Py) /platinum(Pt) bilayer was demonstrated?®*2. Spin orbit torques in this

system can arise from the spin Hall effect in Pt561146749 and the Rashba effect at the Pt/Py

interface®? 3.

In all STOs studied previously, the active region where the negative ST damping exceeds
the positive Gilbert damping of the ferromagnet was restricted to nanoscale dimensions. A
recent study® of spatially uniform ST applied to an extended ferromagnetic film revealed
that coherent self-oscillations of magnetization cannot be excited in this two-dimensional
(2D) magnetic system. Instead, spin torque was shown to significantly reduce the saturation
magnetization of the film®!. The absence of ST-driven self-oscillations in a 2D ferromagnet
was attributed to amplitude-dependent damping arising from nonlinear magnon scattering
that prevents any of the multiple interacting spin wave modes of the system from reaching
the state of large amplitude self-oscillations. As a result, the energy and angular momentum
pumped by ST into the film is redistributed among a large number of spin wave modes leading
to reduction of the saturation magnetization of the film. This study raises an important
question on the role of the magnetic system dimensionality in ST-induced magnetization

dynamics.

In this chapter, it is demonstrated that spatially uniform ST can excite self-oscillations

of magnetization in a one-dimensional (1D) magnetic system — a ferromagnetic nanowire.
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Figure 3.1: (a) Schematic of a Pt/Py nanowire STO device. (b) Scanning electron micro-
graph of the Pt/Py nanowire STO. The inset shows resistance versus in-plane magnetic field
applied perpendicular to the nanowire measured at T, = 4.2 K and a bias current of 0.5 mA.

Studies of ST-driven dynamics in a Pt/Py bilayer nanowire are covered, in which SO torques
excite self-oscillations of magnetization over a 1.8 pym long active region. This nanowire STO
exhibits two types of self-oscillatory modes that directly arise from the edge and bulk spin
wave eigenmodes of the Py nanowire. This chapter suggests that geometric confinement of
the spin wave spectrum in the 1D nanowire geometry limits the phase space for nonlinear
magnon scattering compared to the 2D film geometry and thereby enables STOs with a

spatially extended active region.

3.2 Results

3.2.1 Sample description

The nanowire STO devices studied in this work are patterned from Pt(5 nm)/Py=NigoFeq (5
nm)/AlO, (4 nm)/(GaAs substrate) multilayers deposited by magnetron sputtering. Multi-
layer nanowires that are 6 pm long and 190 nm wide are defined via e-beam lithography and
Ar plasma etching. Two Au(35 nm)/Cr(7 nm) leads are attached to each nanowire with a
1.8 pm gap between the leads, which defines the active region of the device as shown in Fig.

3.1. The resistance of the device measured at bath temperature 7, = 4.2 K versus magnetic
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Figure 3.2: Power spectral density (PSD) of the microwave signal emitted by the nanowire
at direct current bias I;. = 2.45 mA, bath temperature T, = 4.2 K and magnetic field H =
890 Oe applied in the plane of the sample at an angle (a) § = 85° and (b) f = 80° with
respect to the nanowire axis. (c) Dependence of the emission spectrum on I, for H =
890 Oe and = 85°. The inset in (a) shows the spatial profiles of the edge and bulk spin
wave modes across the nanowire width given by micromagnetic simulations. The inset in (b)
shows angular () dependence of the integrated power in the fundamental and the second
harmonic of the bulk and edge groups of spectral peaks measured at I;. = 2.4125 mA and
H = 890 Oe.

field applied in the sample plane perpendicular to the nanowire is shown in the inset of Fig.

3.1. This plot reveals that the anisotropic magnetoresistance (AMR) of the Pt/Py bilayer is
1 %.

3.2.2 Electrical measurements

To study self-oscillatory magnetic dynamics excited by SO torques, a saturating magnetic
field (H > 0.5 kOe) is applied in the plane of the sample in a direction nearly perpendicular
to the nanowire axis. In this configuration, SO torques applied to the Py magnetization
act as effective magnetic damping®”. Direct current bias I is applied to the nanowire and
the microwave signal emitted by the device is measured using a spectrum analyzer?®. The
microwave signal V. ~ I;.0 R,. is generated by the AMR resistance oscillations 0 R, arising
from the magnetization self-oscillations®?. Microwave signal emission, shown in Fig. 3.2,

is only observed above a critical current I, with the current polarity corresponding to SO
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torques acting as negative damping®”. The microwave emission is measured for five nominally

identical devices and similar results for all these samples is found.

For all samples, the microwave emission spectra for I;. > I. exhibit two groups of closely
spaced peaks with a frequency gap between the groups of ~1 GHz. Each group consists of
1 to 4 distinct emission peaks separated from each other by tens of MHz. The high and
low frequency groups of peaks appear at similar critical currents. Both groups of peaks
are observed in the entire range of magnetic fields (H = 0.5 — 1.5 kOe) employed in this
study. For the high frequency group of peaks, microwave emission is observed not only at the
fundamental frequency shown in Fig. 3.2, but also at the second harmonic. As illustrated
in the inset of Fig. 3.2(b), the emitted power at the fundamental frequency is zero for
magnetic field applied at an angle g = 90° with respect to the nanowire axis and increases
with decreasing 8. In contrast, the emitted power in the second harmonic has a maximum at
£ = 90° and decreases with decreasing 3. Such angular dependence of the emitted power in
the fundamental and second harmonic is expected for a microwave signal arising from AMR.
For the low frequency group of peaks, no emission is seen at the second harmonic, which can
be explained by the smaller amplitude of magnetization precession reached by these modes
and an equilibrium magnetization direction within the mode excitation area being closer to
the nanowire axis. Fig. 3.2(c) illustrates the dependence of the emission spectra on ;. for

H =890 Oe and 3 = 85°.

In order to determine the origin of the microwave emission signals, measurements of the spec-
trum of spin wave eigenmodes of the nanowire using spin torque ferromagnetic resonance
(ST-FMR) is performed?*?>55. 1In this technique, a microwave current I,. applied to the
nanowire excites magnetization dynamics in Py by the combined action of current-induced
SO torques and the Oersted field from the current in Pt, and thereby generates AMR re-

55

sistance oscillations at the frequency of the microwave drive®. Mixing of the current and

resistance oscillations as well as variation of the time-averaged sample resistance in response
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Figure 3.3: (a) ST-FMR spectrum of the nanowire device measured at the microwave drive
frequency of 6 GHz, f = 85° and Iz, = 2.0 mA < I.. (b) Frequency versus magnetic
field applied at § = 85°: (squares) spin wave eigenmodes measured by ST-FMR, (crosses)
self-oscillatory modes at 1. and (lines) bulk and edge spin wave eigenmodes given by micro-
magnetic simulations for an ideal nanowire. (c) Bias current dependence of the integrated
emitted power in individual peaks of the bulk group of self-oscillatory modes (open symbols)
as well as the sum of integrated powers of all bulk modes P, (crosses).

to the microwave drive®®:>7

give rise to a direct voltage V. that is measured as a function
of magnetic field H applied to the sample. Peaks in V,.(H) arise from resonant excitation
of spin wave eigenmodes of the nanowire. An ST-FMR spectrum of spin wave eigenmodes

measured at § = 85°, drive frequency of 6 GHz and I;. = 2.0 mA < I. is shown in Fig.
3.3(a).

Similar to the microwave emission spectra, two groups of modes in the ST-FMR spectra are
observed. In Fig. 3.3(b), the field dependence of the eigenmode frequencies measured by ST-
FMR at I4. < I. to the frequencies of self-oscillatory modes measured at I, is compared. This
figure demonstrates that the frequencies of all self-oscillatory modes at I, coincide with the
frequencies of spin wave eigenmodes of the system measured by ST-FMR. Therefore, all self-
oscillatory modes of the system arise directly from spin wave eigenmodes of the nanowire.
This type of eigenmode self-oscillation is qualitatively different from the spin wave bullet
mode excited by SO torques in a planar point contact to an extended ferromagnetic film*°.
The bullet mode is a nonlinear type of oscillation, self-localized to a region with dimensions

below 100 nm and with frequency below the spectrum of spin wave eigenmodes of the film®®.
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It is well known that spin wave eigenmodes of a transversely magnetized thin-film ferromag-

netic nanowire can be classified as bulk and edge eigenmodes®® 6!

. These eigenmodes have
spatially inhomogeneous profiles along the wire width with reduced (enhanced) amplitude
near the wire edges for the bulk (edge) eigenmodes. The frequencies of the edge spin wave
modes lie below those of the bulk modes due to reduced internal magnetic field near the wire
edges®. The frequencies of all eigenmodes are sensitive to the values of magnetic parameters
of the Py film, which are different from their bulk values due to the influence of proximate
nonmagnetic layers. In addition, the frequencies of the edge modes depend on the edge

roughness and spatial variation of the film magnetic properties (magnetic dilution) at the

nanowire edges induced by etching®!.

The future section 3.2.4 describes how micromagnetic®? fitting of three sets of experimental
data: (i) wire resistance versus in-plane magnetic field, (ii) wire resistance versus out-of-plane
magnetic field and (iii) quasi-uniform spin wave mode frequency versus magnetic field applied
parallel to the wire axis can be used to determine the values of saturation magnetization
M = 608 emu/cm?, surface magnetic anisotropy K, = 0.237 erg/cm? and edge dilution depth
D = 10 nm, where D is defined as the distance from the wire edge over which magnetization
linearly increases from zero to the full film value®. These values of M,, K, and D are

6264 Using these values of the

consistent with previous studies of thin Py nanomagnets
nanowire magnetic parameters and assuming translational invariance along the nanowire
axis, micromagnetic simulations are performed to find the spectrum of spin wave eigenmodes
for magnetic field applied in the sample plane at 5 = 85° discussed in section 3.2.4. This
shows that the two lowest frequency spin wave modes are the edge and bulk modes, whose
spatial profiles (defined as normalized out-of-plane amplitude of dynamic magnetization m,)

across the wire width are shown in the inset of Fig. 3.2(a). The frequencies of these two

modes versus in-plane magnetic field are shown in Fig. 3.3(b).
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It is clear from Fig. 3.3(b) that the frequencies of the calculated edge (bulk) modes are similar
to the low (high) frequency groups of eigenmodes measured by ST-FMR and observed in
STO measurements. This shows that the high (low) frequency groups of experimentally
observed eigenmodes are closely related to the bulk (edge) eigenmodes of an ideal nanowire
with translational invariance along the nanowire axis. Quantization along the wire results in
splitting of the ideal nanowire eigenmode peaks, consistent with the experimentally observed
fine frequency splitting within the high- and low-frequency groups of eigenmodes. The
validity of this interpretation of the origin of the fine mode splitting, as opposed to e.g.
symmetry breaking due to structural disorder of the wire edges, is demonstrated by the
spatially resolved BLS data shown in Fig. 3.5(b) in section 3.2.3. Fig. 3.3(c) shows the
dependence of the integrated microwave power emitted by the STO device on direct bias
current I, for the three spectral peaks comprising the bulk group. The sum of the integrated
powers in the three peaks versus I4. is shown as well. Although the power in each individual
peak exhibits irregularities as a function of I4., the sum of integrated powers of the entire
group of bulk peaks is a smooth function of I;.. This further suggests that the finely spaced
peaks within the group arise from the splitting of a single peak by longitudinal quantization.

The same trend is found for the edge group of peaks.

The precession cone angle 6, achieved by the bulk mode in the self-oscillatory regime is esti-
mated by assuming that the oscillation profile is approximately uniform along the wire length
and define ¢, as the maximum angle of deviation of the magnetization from its equilibrium
direction. 6, is calculated by equating the experimentally measured integrated power in the
bulk group of peaks P, to the integrated power generated by the bulk mode of amplitude
0, in an ideal nanowire as shown in section 3.2.5. This analysis shows that the maximum
precession cone angle ¢, ~ 19° is achieved at I;. =2.425 mA. Although this value of 8, is
only an approximate estimate, it clearly shows that large precession cone angles are achieved
in the auto-oscillatory regime. The maximum precession cone angle of the edge mode is es-

timated to be 6. ~ 14°. The large values of the integrated power emitted by the nanowire
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Figure 3.4: Bias current dependence of the integrated microwave power emitted by the bulk
(a) and edge (b) spin wave modes measured at § = 85°, H = 890 Oe and several values of
the bath temperature Tj. (c) Spin wave dispersion relation for BVSW and SSW modes of a
5 nm thick Py film at H = 890 Oe%. Arrows indicate energy- and momentum-conserving
four-magnon scattering of two uniform mode magnons into two BVSW magnons with wave
vectors ks and —k4.

exclude the possibility that the observed microwave emission originates from magnetization
oscillations localized within a small fraction of the nanowire’s active region. This further
corroborates the conclusion that SO torques excite spin wave eigenmodes of the system that

occupy the entire length of the nanowire STO active region.

Measurements of the microwave signal emission as a function of temperature are also per-
formed. Figs. 3.4a and 3.4b show the the dependence of the total integrated power in the
bulk and edge groups of peaks measured at several values of the bath temperature T,. The
integrated power decreases with increasing 7;, and vanishes at T, ~ 250 K. The actual tem-
perature of the nanowire is significantly higher than 7T}, due to Ohmic heating. The nanowire
temperature can be estimated from measurements of the nanowire resistance as functions
of T, and I;*? which is discussed in section 3.2.6. For T, = 4.2 K, the actual nanowire

temperature at I. is approximately 150 K.
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3.2.3 BLS measurements

In order to better understand the nature of the self-oscillatory dynamics induced by SO
torques in the Pt/Py nanowire system and to directly confirm that the self-oscillatory modes
occupy the entire active region of the nanowire, micro-focus Brillouin light scattering (BLS)
measurements® of the current-driven magnetization dynamics in this system are performed.
Since a 5 nm thick layer of Pt is not sufficiently transparent for BLS studies, a separate
batch of samples was made for BLS measurements with the reverse order of deposition of
the AlO,, Py and Pt layers. These AlO,(2 nm)Py(5 nm)/Pt(5-7 nm)/(sapphire substrate)
nanowire samples are prepared by e-beam lithography and liftoff technique as described in
section 3.4.1. The microwave signal emission from these samples is similar to that of the
previous samples, with two notable differences: (i) the amplitude of self-oscillations of the
edge mode is significantly higher than that of the bulk mode and (ii) the microwave emission
from the edge mode persist up to room temperature. These differences are likely to originate
from the different sample fabrication procedures: the lift-off fabrication process creates less

nanowire edge damage than the Ar plasma etching process.

The main results of the BLS measurements are presented in Fig. 3.5. Fig. 3.5(a) shows
a representative BLS spectrum measured by placing the probing laser spot at the center
of the nanowire. In agreement with the results of electronic measurements of samples with
Pt on top, the BLS spectrum exhibits a series of auto-oscillation peaks with the typical
frequency separation of several hundred megahertz, which belong to the group of edge modes.
By using the high spatial resolution of the BLS measurements, individual auto-oscillation
peaks within the group are identified. For this the BLS detection frequency is fixed at
the frequency of one of the peaks and spatial profiles of the dynamic magnetization are
recorded by moving the probing laser spot along the nanowire axis with the spatial step
size of 50 nm. As seen in Fig. 3.5(b), the spatial profiles corresponding to the two peaks

are fundamentally different. While the profile for the first edge mode exhibits a slightly
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(a)BLS spectrum acquired by placing the probing laser spot at the center of
the nanowire. BLS intensity is proportional to the intensity of the dynamic magnetization.
(b)Spatial profiles of the intensity of the dynamic magnetization in the section parallel to
the nanowire axis. The data were obtained at H=550 Oe and the bias current of 2.4 mA.
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distorted bell-like shape, the profile for the second peak possesses three maxima. Based on
the obtained data it is concluded that the individual auto-oscillation peaks within the groups
correspond to the standing-wave modes quantized in the direction parallel to the nanowire
axis®’. The first peak corresponds to the combination of the fundamental mode having no
nodes and the antisymmetric mode possessing one nodal line at the center. These two modes
are indistinguishable in the spectrum, likely due to their small frequency separation. The
second peak apparently corresponds to the mode possessing two nodal lines at the positions
of the minima of the measured profile. It is important to note that since the BLS technique
is sensitive to the intensity of the dynamic magnetization, the measured profile does not

show a change of the sign across the positions of the nodal lines.

3.2.4 Material parameters of the Permalloy nanowire

Magnetic properties of the Py film in the Pt(5 nm)/Py(5 nm)/AlO,(4 nm)/(GaAs substrate)
nanowire samples are expected to differ from those of bulk Py. Previous studies of thin Py
films interfaced with non-magnetic metallic layers and alumina have shown reduction of
the saturation magnetization M,%% and presence of perpendicular surface anisotropy K568
In addition, patterning of the film into nanowires by Ar plasma etching creates material

61,64~ Therefore, in

intermixing at the nanowire edges and results in magnetic edge dilution
order to be able to predict the spectrum of spin wave eigenmodes of the nanowire, relevant
magnetic parameters of the Py layer need to be extracted from experiment. This section
expains how micromagnetic® fitting of three sets of experimental data: (i) wire resistance
versus in-plane magnetic field, (ii) wire resistance versus out-of-plane magnetic field and
(iii) quasi-uniform spin wave mode frequency versus magnetic field applied parallel to the

wire axis is used to determine approximate values of saturation magnetization M, surface

magnetic anisotropy K and the edge dilution depth D.
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The value of the exchange stiffness of bulk Py A =~ 107% erg/cm is known only approxi-
mately® ™ due to the lack of reliable direct methods for measuring this quantity. It is also
known that the value of A is usually reduced in thin films and nanomagnets compared to
its bulk value™. In order to estimate the value of A for the Py layer in the nanowire device,
the scaling relation A ~ M2 and the value of saturation magnetization M, = 608 emu/cm?
extracted from the micromagnetic fit described below is used. This scaling predicts the ex-
change stiffness to be approximately half of the bulk value, and thus A =5 x 107" erg/cm is
adopted throughout all micromagnetic simulations in this chapter. Also, a thin-film value of
the spectroscopic g-factor (g = 2.03) measured for a 5 nm thick Py film is employed™. For
quantification of the magnetic edge dilution, the model developed in Ref. [61] is adopted, in
which the saturation magnetization varies linearly from zero at the wire edge to the full film

value M, over the edge dilution depth D.

The micromagnetic fitting procedure begins by fitting the data of the normalized wire mag-
netoresistance R as a function of magnetic field H;, applied in the plane of the sample
perpendicular to the wire axis (Fig. 3.6 (a)). This is a convenient starting point because
}%(Hip) is independent of K, which directly establishes a relation between M, and D through
micromagnetic fitting to the R(H,,) data in Fig. 3.6 (a). The 190 nm wide, 5 nm thick Py
nanowire is divided into 2 nm X 1 nm X 5 nm micromagnetic cells and the equilibrium
configuration of magnetization for a given value of H;, is found. Then the wire resistance
R is calculated by dividing the wire onto N = 190 Py(5 nm)/Pt (5 nm) bilayer strips (each
strip is 1 nm wide) along its length and use the equation for resistors connected in parallel to
calculate the wire resistance R = (ZzN:1 R; 1) _1. The resistance of each strip R; (i = 1..N)
is calculated according to the AMR formula: R; = Ro + AR, cos®(0;), where Ry = NR, is
the resistance of the Py(5 nm)/Pt (5 nm) bilayer strip magnetized perpendicular to the strip
axis, AR; is the full AMR of the i-th strip, Ry is the resistance of the1 nanowire magnetized
perpendicular to the nanowire axis AR = (Zf\il <NR0 + A]:%Z> 1) ) — Ry is the full AMR

of the nanowire and #; is the angle between magnetization in the i-th strip and the nanowire
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axis. This equation for calculating the wire resistance is a good approximation because
AR < Ry and the resistivities of Py and Pt are similar to each other. The simplifying
assumption that AR; in the -th strip is proportional to the value of M; in this strip'® is

made so that AMR is reduced at the nanowire edges due to the magnetic dilution.

Several values of the edge dilution depth D is chosen between 0 and 70 nm, and for each
value of D a set of micromagnetic simulations is performed to determine the value of M,
that gives the best fit to the Z%(Hip) data. The resulting dependence of M, on D is shown
by circles in Fig. 3.6 (b). A fourth order polynomial fit to the data is performed and shown
in Fig. 3.6 (b) which thereby establishes the functional dependence M (D) that is used

throughout the rest of the micromagnetic simulations.

The fit of the normalized nanowire magnetoresistance data measured as a function of mag-
netic field H,, applied perpendicular to the sample plane is shown in Fig. 3.7(a). A set
of micromagnetic simulations is performed for several values of the edge dilution depth D
between 0 and 70 nm, and for each value of D, the value of K is found that gave the best
micromagnetic fit to the R(H,,) data in Fig. 3.7(a). In these simulations, the function
M,(D) established in the R(H;,) fitting is used. The resulting dependence of K, on D is
shown by circles in Fig. 3.7(b). Fitting a fourth order polynomial to the data in Fig. 3.7(b)
gives the functional relation K (D) that is used throughout the rest of the micromagnetic

simulations.

In order to determine the value of D that best describes the properties of the nanowire device,
measurements of the quasi-uniform spin wave mode frequency f; as a function of magnetic
field H|| applied parallel to the nanowire axis is used. These measurements are made by
the spin torque ferromagnetic resonance (ST-FMR) technique?*?® described in section 3.2.2.
The measured dependence of f, on H)| is shown by crosses in Fig. 3.8. To find the theoretical
dependence f,(H||), micromagnetic simulations is employed to calculate the spectrum of spin

wave eigenmodes of the nanowire. For these simulations, a pulse of SO torque and a pulse

31



of Oersted field is simultaneously applied to the nanowire magnetization. Both pulses are

generated by a spatially uniform sinc-shaped current pulse applied to the nanowire™:

sin(27 f.t)

Ity = 1o 2 fot

(3.1)

Such a current pulse excites all spin wave eigenmodes of the system that have amplitude
profiles symmetric with respect to the nanowire center and have frequencies below the cutoft
frequency f. = 20 GHz. The current pulse amplitude is chosen to be small enough that
the magnetization dynamics remains in the linear regime. The magnetization of each mi-
cromagnetic cell is recorded as a function of time and then Fourier transformed. Peaks in
the Fourier transform amplitude of the dynamic magnetization correspond to frequencies of
spin wave eigenmodes of the nanowire. For a magnetic field H|| applied along the length of
the nanowire, the simulations show that the lowest frequency mode is the quasi-uniform spin
wave mode without nodes along the wire width. The simulations show that the frequency of
this mode depends on the edge dilution depth D and therefore can be used with the exper-
imental data in Fig. 3.8 to determine the value of D appropriate for the nanowire device.
Using the functions M(D) and K(D) established by the magnetoresistance data fitting, a
single parameter (D) fit of the data in Fig. 3.8 is performed and the best agreement with
the data for D = 10 nm is found. The solid line in Fig. 3.8 shows the best fit to the data

for D = 10 nm.

The micromagnetic fitting described above gives the set of magnetic parameters accurately
describing the magnetic properties of the nanowire device: D = 10 nm, M,(10 nm) =
608 emu/cm?® and K (10 nm) = 0.237 erg/cm?. Using these parameters, micromagnetic
simulations are performed to determine the spectrum of the nanowire spin wave eigenmodes
for magnetic field applied in the plane of the sample at the angle f = 85° with respect
to the nanowire axis. As in the easy-axis field case described above, a pulse of SO torque

and Oersted field generated by a spatially uniform sinc-shaped current pulse is applied and
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the spin wave eigenmode frequencies is determined from the positions of spectral peaks in
the Fourier transform of the time-dependent dynamic magnetization. The lowest frequency
mode is found to be the edge eigenmode, whose amplitude is maximum at the wire edge.
Its spatial profile across the wire width is shown in the inset of Fig. 3.2. The next lowest
frequency mode has bulk character and exhibits maximum amplitude in the center of the
wire as shown in the inset of Fig. 3.2. Solid lines in Fig. 3.3 show the calculated dependence

of frequencies of these two modes on the applied magnetic field.

3.2.5 Precession Cone Angle Estimate

In this section, the precession cone angle 8, achieved by the bulk mode in the self-oscillatory
regime is estimated based on comparison of the measured integrated power P, in the bulk
group of microwave emission peaks to the integrated power predicted to arise from self-
oscillations of the bulk mode with the amplitude #, in an ideal nanowire. The bulk mode
profile across the nanowire width for an ideal nanowire is calculated micromagnetically as

described in the previous section and is shown in the inset of Fig. 3.2(a).

The measured integrated power at the fundamental frequency emitted by the bulk group of
modes P, (corrected for frequency-dependent attenuation and amplification in the measure-
ment circuit) is plotted as a function of direct bias current [, inFig. 3.3(c). This power is
directly related to the amplitude of the nanowire resistance oscillations d R,.; at the funda-
mental frequency of magnetization self-oscillations. The microwave voltage generated by the
nanowire STO device at the fundamental frequency of the bulk mode I;.0R,. is detected

by a 50 Ohm microwave spectrum analyzer as microwave power P25

1 Ry \°
P, = L0 Ry ——20 3.2
" 9R, ( d 1R+R50> (32)
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where R5y = 50 Ohm is the spectrum analyzer impedance and R is the nanowire resistance.
From this equation, the amplitude of resistance oscillations at the fundamental frequency as

a function of the emitted power is expressed as:

SR — D 0 oy (3.3)

Idc V R5O

On the other hand, dR,. for a given value of 6, can be calculated from the micromagnetic
bulk mode profile shown in the inset of Fig. 3.2(a). For this calculation, the wire is divided
into N = 190 strips along its length and an approximate time dependence of the in-plane
angle 6;(t) of magnetization is calculated with respect to the nanowire axis in the i-th strip

according to the following equation:
0;(t) = 00 + a;0p sin(wt + ;) (3.4)

In this expression, 6, is the equilibrium direction of magnetization in the i-th strip, a; is the
normalized bulk mode profile shown in the inset of Fig. 3.2(a) (a; = 1 in the wire center), w
is the bulk mode angular eigenfrequency, ¢; is the phase of the bulk mode in the i-th strip
and 6, is the precession cone angle of the bulk mode (defined as the precession cone angle

in the center of the nanowire).

Next, the AMR formula is employed to calculate the time dependence of resistance R;(t) of

the 7-th strip:
Rl<t, 9[)) = RU + Aél COSQ<0%’ (t)) (35)

Finally, the time dependent resistance of the nanowire is calculated as:

R(t,0,) = (Z m) (3.6)

i=1
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This expression is then expanded into a Fourier series to find the amplitudes of resistance
oscillations at the fundamental frequency dR,.; and the second harmonic dR,.. Fig. 3.9
shows the calculated dR,.; and dR,. as functions of the precession cone angle #,. The
horizontal dashed line in this figure marks the the value of d R, determined via Eq. 3.3
from the experimentally measured integrated power P, = 9.0 pW at I;. = 2.4125 mA and
H = 890 Oe applied at angle g = 85° with respect to the nanowire axis. The intersection of
this line with the theoretical curve 0 R,.1(6) gives an estimate of the precession cone angle
0, ~ 18.4° at these current and field values. The horizontal dotted line in this figure is 0 R,
evaluated via Eq. 3.3 from the measured integrated power in the second harmonic Py, =
15.5 pW for the same current and field bias values. The intersection of this line with the
theoretically calculated d R,.2(0,) gives an independent estimate of the precession cone angle
0, = 24.3°. The few degree difference between these two estimates of 6, most probably arises
from simplifications of the theoretical model assuming perfect nanowire with translational
invariance along the wire axis. Nevertheless, these two independent estimates show that

precession cone angles can reach values of tens of degrees in the regime of self-oscillations.

3.2.6 Sample Temperature

Direct current bias I;. can significantly increase the temperature of the nanowire due to
Ohmic heating. In order to estimate the actual temperature of the nanowire at large Iy,
measurements of the wire resistance as a function of temperature at small I;. = 0.1 mA to
measurements of the wire resistance versus I taken at the bath temperature T, = 4.2 K is
compared*?. This data is plotted in Fig. 3.10, which shows that resistance of the nanowire
is approximately quadratic in both T, and I;. This allows for an estimate of the actual
temperature of the nanowire directly from Fig. 3.10. For example, at I;. = 2.0 mA, the

actual temperature of the nanowire 7'~ 150 K.
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3.2.7 Ciritical Current Density Estimate

In this section, the expected critical current density for excitation of self-oscillations of mag-
netization in the Pt/Py bilayer nanowire is estimated and compared to the experimentally
measured critical current density. The critical spin current density injected from the Pt layer

into the Py layer Jg (measured in units of charge current density) is given by

2
Jg = Eea(Heff—FQWMeff) Mt (37)

where H.¢y ~ 600 Oe is the in-plane effective field approximately equal to the hard-axis
applied field minus the in-plane hard-axis saturation field, M. = My — K/ (2n M t) = 484
emu/cm?, t = 5 nm is the Py layer thickness, and o = 0.023 is the Gilbert damping constant
appropriate for a 5 nm thick Py layer interfaced on one side with a Pt layer™. Eq. (3.7)
gives the expected critical spin current density Jg = 7.7 x 106 A/cm?. This value should
be compared to the measured critical spin current density in the Pt/Py bilayer nanowire
system. Using the thin-film resistivity values of Pt and Py layers (ppy =20 p2 cm and
ppy =45 uf2 cm®) and taking into account that the critical charge current for excitation of
magnetization self oscillations in the bilayer nanowire is approximately 2.2 mA, the critical
charge current density in the Pt layer is calculated to be Jo = 1.6 x 10® A/cm?.  The
corresponding transverse critical spin current density can be estimated as Jg ~ Oy Jc®,
where gy is the spin Hall angle in Pt. Assuming gz = 0.056°°, the estimated critical spin
current density is Jg = 9.0 x 10° A/ecm?, which is similar to the value expected for this

system.

It is also instructive to compare the estimated critical spin current density in the Pt/Py bi-
layer system to that measured in Py(5.5 nm)/Cu(20 nm)/Py(20 nm) spin valve nanopillars”.
The critical charge current density measured in these nanopillar devices is Jo = 1.75 x 107

A/cm?. Assuming spin current polarization P = 0.3, the measured critical spin current
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density is Jg = P - Jo = 5.2 x 10° A/cm?. This value is nearly one half of the critical
spin current density measured for the Pt/Py nanowire system, which is consistent with the
damping of the Py free layer in the nanopillar (o = 0.017%) being approximately half of that

in the Pt/Py system.

3.3 Discussion

Recent experiments® demonstrated that application of spatially uniform SO torques to an
extended ferromagnetic film does not result in excitation of magnetic self-oscillations because
the amplitudes of all spin wave modes of the film are limited by nonlinear magnon scattering
processes. Therefore, this observation of self-oscillatory dynamics excited by SO torques in
the entire 1.8 yum long active region of a ferromagnetic nanowire is surprising. Thi suggests
that the quantization of the spin wave spectrum in the nanowire geometry reduces the
number of available nonlinear magnon scattering channels and thereby enables excitation of

self-oscillatory dynamics of the low-energy spin wave eigenmodes of the nanowire.

Fig. 3.4(c) shows the spin wave dispersion relation of a 5 nm thick Py film calculated for
spin wave propagating parallel (backward volume spin waves, BVSW) and perpendicular
(surface spin waves, SSW) to the in-plane magnetization vector®. Energy- and momentum-
conserving four-magnon scattering processes from the uniform (k = 0) mode into spin wave
modes with a finite wave vector k4 are allowed for the BVSW but not for the SSW modes as
schematically illustrated in Fig. 3.4(c). This nonlinear scattering channel is always present
in the 2D film geometry and it contributes to the nonlinear damping of the uniform mode.
When such a film is patterned into a nanowire aligned perpendicular to the magnetization
direction, the BVSW mode spectrum becomes quantized and the energy-conserving four-
magnon scattering channel becomes suppressed for a wire of width w < 7k; . This example

illustrates how a nonlinear scattering channel present in the 2D film geometry becomes
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suppressed in the 1D nanowire geometry. A number of other higher-order nonlinear scattering
channels allowed by symmetry in the film are also suppressed in the nanowire due to breaking

of translational invariance in the direction perpendicular to the nanowire axis.

Since multiple nonlinear magnon scattering processes responsible for limiting the amplitude
of low-frequency spin wave modes are eliminated in the nanowire, ST excitation of large-
amplitude self-oscillatory spin wave modes may become possible above the critical current.
At higher currents, SO torques increase the occupation numbers for all magnon modes, which
results in (i) enhanced scattering in the remaining nonlinear channels and the associated
decrease of the amplitude of self-oscillations seen in Fig. 3.3(c) and (ii) reduction of the
saturation magnetization and the associated decrease of the self-oscillatory mode frequency
with current seen in Fig. 3.2(c). The data in Fig. 3.4 showing decreasing self-oscillation
amplitude with increasing temperature suggest that magnon-phonon scattering might also
play a role in suppression of the self-oscillatory dynamics. Development of a detailed theory
accounting for all magnon scattering channels in the nanowire in the presence of SO torques
is required for quantitative explanation of the experimental data, and hopefully this work

will stimulate the development of such a theory.

In conclusion, this chapter demonstrated that spatially uniform spin torques can excite self-
oscillations of magnetization in a 1D ferromagnetic system — a Pt/Py bilayer nanowire.
The self-oscillatory modes induced by spin torque in this system directly arise from the
bulk and edge spin wave eigenmodes of the nanowire. The 1D nanowire geometry offers
unique advantages for studies of magnetization dynamics driven by spin torques over the 2D
extended thin film system, in which spatially uniform spin torque does not excite magnetiza-
tion self-oscillations. This result suggests that the self-oscillatory dynamics in the nanowire
geometry is enabled by geometric confinement of magnons that suppresses a number of non-
linear magnon scattering channels. This chapter demonstrates the feasibility of spin torque

oscillators with the active region dimensions extended beyond the nanometer length scale.
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3.4 Methods

3.4.1 Sample fabrication

All layers of the Pt(5 nm)/Py(5 nm)/AlO, (4 nm)/(GaAs substrate) samples are deposited by
magnetron sputtering at room temperature. The 6 ym long nanowires are defined via e-beam
lithography and Ar plasma etching using e-beam evaporated Cr mask. The Au(35 nm)/Cr(7
nm) leads with a 1.8 ym gap between them defining the active region of the nanowire STO
are made via e-beam lithography and e-beam evaporation of the Au/Cr bilayer followed lift-
off. The fabrication process of the AlOx(2 nm)Py(5 nm)/Pt(5-7 nm)/(sapphire substrate)
samples for the micro-BLS measurements starts with deposition of a 5 nm thick Pt layer
onto a sapphire substrate at 550 °C, which results in growth of a continuous Pt film as
verified by high resolution SEM and atomic force microscopy imaging. Then the nanowire is
defined on top of the Pt film via e-beam lithography, brief Ar plasma cleaning immediately
followed by in situ room temperature sputter deposition of a AlOx(3 nm)/Py(5 nm)/Pt(2
nm) trilayer, and lift-off. The Au(40 nm)/Cr(7 nm) leads are defined via e-beam lithography
and e-beam evaporation of the Au/Cr bilayer followed by lift-off. As the final fabrication
step, Ar plasma etching is used to remove the 5 nm thick bottom Pt layer everywhere but

under the Py nanowire and the Au/Cr leads.

3.4.2 BLS measurements.

Micro-focus BLS measurements were performed at room temperature by focusing light pro-
duced by a continuous-wave single-frequency laser operating at a wavelength of 532 nm into
a diffraction-limited spot. The light scattered from magnetic oscillations was analyzed by

a six-pass Fabry-Perot interferometer TFP-1 (JRS Scientific Instruments, Switzerland) to
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obtain information about the BLS intensity proportional to the square of the amplitude of

the dynamic magnetization at the location of the probing spot.
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Figure 3.6: (a) Normalized magnetoresistance of a 190-nm wide Pt(5 nm)/Py(5 nm)
nanowire measured as a function of magnetic field applied in the plane of the sample per-
pendicular to the nanowire axis (circles). The solid line shows a micromagnetic fit to the
data for the edge dilution depth D = 10 nm, which gives the value of M, = 608 emu/cm?.
(b) Circles show the dependence of My on D given by the micromagnetic fit to the data in
(a). The line is a fourth order polynomial fit to the data.
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Figure 3.7: (a) Normalized magnetoresistance of a 190-nm wide Pt(5 nm)/Py(5 nm)
nanowire measured as a function of the magnetic field applied normal to the sample plane
(circles). The line shows the micromagnetic fit to the data for the edge dilution depth D =
10 nm, which gives the value of K, = 0.237 erg/cm?. (b) Circles show the dependence of
K, on D given by the micromagnetic fitting to the data in (a). The line is a fourth order
polynomial fit to the data.
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Figure 3.8: Frequency f, of the quasi-uniform spin wave mode of the nanowire as a function
of magnetic field H)| applied parallel to the nanowire axis. Crosses show the experimental
data measured by ST-FMR, the line is the micromagnetic calculation result for the edge
dilution depth D = 10 nm.
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Figure 3.9: Dependence of the amplitude of resistance oscillations at the fundamental
frequency 0R,.; and the second harmonic d R,. of the bulk mode on the precession cone
angle 6,. The solid lines are theoretical curves based on micromagnetic simulations of the
bulk mode profile. The horizontal dashed and dotted lines mark the amplitude of resistance
oscillations at the fundamental frequency and the second harmonic determined from the
measured values (at Iy, = 2.4125 mA) of the integrated power in the fundamental (P, = 9.0
pW) and second harmonic (P = 15.5 pW) of the bulk group of peaks.
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Chapter 4

Conclusion

It is widely known that spin-polarized current can excite self-oscillations in 0D systems where
the ferromagnetic layer is constricted. Recent work in 2D systems where the ferromagnetic
layer is a thin flm with no added constriction has shown that self-oscillations are not possible
but rather reduces the saturation magnetization®®. This thesis explored the 1D case by using
a ferromagnetic wire and showed that self-oscillations do occur?”. The modes excited were
shown to be the bulk and edge spin wave eigenmodes where fine splitting occurred due to
confinement from the leads by using spin torque ferromangetic resonance, self-oscillatory
emission measurements, micromagnetics, and micro Brillouin light scattering. This new
dimensionality for spin torque oscillators needs to be studied further to better understand

what exactly inhibits self-oscillatory dynamics.
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