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ABSTRACT OF THE THESIS

Enhancement of Spin Hall oscillator (SHO) power via giant magneto-resistance (GMR)
effect

By
Jen-Ru Chen
Master of Science in Chemical and Material Physics
University of California, Irvine, 2018

Professor Ilya N. Krivorotov, Chair

Spin Hall effect in a heavy metal (HM) generates a pure spin current flowing perpendic-
ular to an applied electric charge current. When injected into a ferromagnet (FM), this
pure spin current can act as negative magnetic damping thereby exciting self-oscillations of
magnetization. In a simple HM/FM bilayer geometry, the current-driven self-oscillations of
magnetization result in a microwave voltage generation due to anisotropic magneto-resistance
(AMR) of the FM. Since AMR in thin films of typical FM materials such as Permalloy (Py)
is relatively small, the output microwave signal generated by the HM/FM bilayer spin Hall
oscillators (SHOs) is typically limited to ~ 0.1 nW. Here we report a new type of SHO
by replacing FM layer with spin valve multilayers. In this type of devices, the microwave
power generation relies on current-in-plane (CIP) giant magneto-resistance (GMR) instead of
AMR. Since the magnitude GMR typically exceeds that of AMR, this new type of SHO can
generate significantly higher power than the AMR-based SHOs. The maximum microwave
power generated by the device exceeds 1 nW, which is over an order of magnitude higher

than that in HM/FM bilayer SHO nanowire devices.
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Chapter 1

Introduction

One of the most famous quotes of Issac Newton says, If I have seen further it is by standing
on the shoulders of Giants. In 2007, Nobel Prize in Physics was awarded to Albert Fert and
Peter Grunberg for the discovery of giant magnetoresistance (GMR) effect. This discovery
has been opened tremendous studies on nanomagnetism and spintronics. The GMR-based
multilayer structure also has been applied to make the read-head of hard drive and magnetic
field sensors. In this dissertation, we studied the magnetic dynamics of nano-fabricated
devices based on GMR effect, in which I appreciate we can stand on the shoulders of these

respected Giants.

We investigate the dynamics of magnetization of GMR-based spin Hall oscillator (SHO)
nanowire devices. The device structure combine with a heavy metal (HM) layer to the
metallic spin valve multilayers, which consists of a free ferromagnet (FM), a normal metal
(NM), and a pinned FM layers. The operation of these devices relies on the spin Hall effect
(SHE), which converts the charge current flow in the plane of the HM layer into the pure
spin current flow across the HM/FM interface. This pure spin current works as the anti-

damping torque on the magnetization of the free FM layer and results in self-oscillations.



The microwave power generation is corresponded to current-in-plane (CIP) GMR, and the
high output power is achieved. Moreover, the investigation of angular dependence of the
GMR-based SHOs supports the enhancement of microwave output powers. In chapter 2,
the basic background will be introduced to understand the behaviors and properties of the
GMR-based SHOs. Chapter 3 shows the nano-fabrication of the nanowire devices, including
the introduction of instruments and fabrication procedures. The motivation and the experi-
mental results will be discussed in detail in chapter 4. Finally, conclude the study in chapter

D.



Chapter 2

Background

2.1 Giant Magnetoresistance (GMR)

In spintronics, Magnetoresistance (MR) is a very frequently mentioned word. Simply speak-
ing, MR is the change in electrical resistance due to the change of magnetization amplitude
and orientation. There are many different types of MR, and one of the most important
ones is GMR. The discovery of GMR is initially in antiferromagnetic coupled Fe/Cr sys-
tems which Grunberg and Fert studied and won for the Nobel Prize in 2007.[2, 3] Now, of
course, it is known that the antiferromagnetic coupling is not completely necessary for the
GMR effect. More generally, GMR is the dependence of electrical resistance on the angles
between the magnetization orientations of two ferromagnetic layers which are separated by
a normal metal (NM) layer. The resistance is low for parallel (P) alignment, and high for
anti-parallel (AP) alignment in collinear magnetization geometry. This concept has triggered
the studies on a simply trilayer structure, or named metallic spin valve structure, and has
been applied widely in magnetic memories and sensors. The GMR effect can be explained by

spin-dependent electron scattering mechanism. Ideally, we can assume that at the interface



the scattering rate depends on the electrons spin orientation with respect to the local mag-
netizations. So in the top graphs of Fig. 2.1, it is assumed that only electrons with opposite
spin orientation related to FM layer are scattered. This yields an increase of total number
of scattering events, so increases the electrical resistance. (Ry > R;) The Mott two-current
model for the electrical conductivity in metals can be introduced here to understand the
GMR effect. [4] The bottom graphs of Fig. 2.1 shows the two-current channel model of
trilayer structure correspond to the top graph. If the Mean free path for both spin direc-
tions is much larger than the layer thickness. We can represent the resistances of same-spin

and opposite-spin channel as R; and Ry. So the resistances for the P and AP cases are

R, =2RRy/(Ry + Rs) and R,, = (Ry + Ry)/2. The GMR ratio can be expressed as

GMR = M
Rp
(R1 — Ry)?

4R Ry

(2.1)

For most of the general systems, Ry, Ry > 0. It follows that R,, > R,, so the GMR ratio is

positive.

2.2 Spin Hall Effect

It was proposed that when an electrical current circulates in a paramagnetic metal should
lead to a transverse spin current in the system, called Spin Hall Effect (SHE). [5-7] The SHE
originates from the spin-orbit interaction in metals and semiconductors. When an electron
flow through a non-magnetic metal and encounter a local potential due to the large spin-
orbit coupling of existing impurities or defects, the local potential causes a spin-asymmetry
scattering of the electron. The electron will acquire a transverse velocity depends on the spin

orientation. Fig. 2.2 shows the schematic graph of the SHE. In this simple explanation, the



Figure 2.1: Top: The schematic drawings of two spin polarity electrons going through
FM/NM/FM multilayers. The left graph shows parallel (P) state of two FM layers. The elec-
tron with the same spin orientation as the FM layers pass through this multilayer straightly
while the electron with opposite spin orientation is largely scattered when passing through
FM layer. The right graph shows anti-parallel (AP) state. Both electrons go straight through
in one layer and scatter in another layer. Bottom: The Mott two-current model of P and AP
states of FM/NM/FM structure correspond to the tops. The same-spin and opposite-spin
channel is represented as R; and Rs.

red arrows are spin up electrons and the green ones represent spin down electrons, and the
spin imbalance leads to the spin accumulation in both edges, i.e. y =0 and y = L. SHE can
be separated to intrinsic SHE and extrinsic SHE according to its mechanisms. The difference
between the intrinsic and extrinsic SHE is similar to the mechanisms of spin relaxation. For
intrinsic SHE, the electrons are affected by local potentials and acquire a transverse velocity
in between the scattering events. While a transverse velocity or displacement is generated
by electrons during the scattering event are referred to as extrinsic SHE. The impurity
concentration is essential for SHE in normal metal systems. Due to the different dependence

of Spin Hall conductivity to the different mechanisms of SHE, both intrinsic and extrinsic



SHE can contribute to the SHE in different metal systems. As a consequence, charge current
in a normal metal system can be converted to pure spin current, which could be applied in
all kinds of spintronic systems. The efficiency of converting charge current to spin current
depends on the quality and the elements of metals. In general, heavy metals (HMs) have an
averaged higher Spin Hall angle due to stronger spin-orbit coupling. So here we use the HM,
platinum (Pt), which has a good conductivity and high spin Hall angle, to combine with FM

multilayer for the study of spin Hall oscillator system.[7]
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Figure 2.2: The schematic of spin Hall effect (SHE). The spin-up (green) and spin-down (red)
charge carriers are deflected perpendicular from its original trajectories and imbalance accu-
mulated to the two edges y = 0 and y = L. The right graph shows that the electric voltages
at two edges are the same, Vs, however spin dependent chemical potential differently.

2.3 Spin Transfer Torque (STT) and Magnetization
Dynamics

In 1996, the effect of spin transfer torque (STT) in a magnetic multilayer system had been

predicted by Slonczewski [8], which suggests that the flow of spin polarized electric current

can excite the magnetic states of ferromagnets (FMs) due to exchange interactions. We can

use a simple schematic example to understand STT, shown in Fig. 2.3.

When a conduction current is applied through a magnetic multilayer, it is polarized by first
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Figure 2.3: A example schematic shows spin transfer torques (STTs). The random spin
electron current is polarized when pass through the FM1. This spin polarized current is
transferred to FM2 and exert torque to local magnetic moment due to exchange interac-
tion. After interaction, both magnetization in FM2 and transferred carriers change its spin
orientations.

FM layer (FM1) and transported to the second FM layer (FM2). If the spin polarized current
is differ from the direction of local magnetic moments in the FM2 layer, they exert torques
onto each other and cause deflections from their original directions. This torque is called
spin transfer torque, 7,t, denotes by black arrow in the right graph. The local magnetic
moment in FM2 is express by the blue arrow, m. The polarization of electron current is
denotes by red arrow, p. For conduction current, it carries the spin information of the local
moments and interact with other magnetic moments after passing the FM2 layer. For the
local magnetic moment in the FM2, it could have three possible results. First, if the STT
torque is too small and not continuously applied on the local moment, the magnetization
will differ from its original direction and relax back to its local minimum. Second, if the STT
happens to be the cancellation of the magnetic damping torque of the magnetization, the
local moments could stay deviated from its local minimum and start the precession motion.
Finally, if the STT is overwhelming the damping of the system, it could cause the switching
of the local moments to another local minimum. These results are schematically shown in

Fig. 2.4. [1]

Here, 1 describe this STT behaviors with some assumptions and intrinsic properties of the



Figure 2.4: Illustration of the affection of spin transfer torque (STT) that leads to different
motions of magnetic moment. If 7y, < 74, the magnetic moment relax back to its equilibrium.
If 74 ~ 74, the magnetic moment moves along a stable trajectory and self-oscillates. If
Tst > Tq, the magnetic moment could oscillates in a larger and larger trajectory and eventually
switches to another equilibrium position. [1]

system. For example, a system can have just one or two local minimums, it depends on
geometry, material property, composition, and an external applied field of a system. So let’s
introduced the Landau-Lifshitz-Gilbert (LLG) equation [9, 10] to describe the equation of
motion of single magnetic moment (with magnetization m) in a multilayer metallic spin valve

system.

dm - dm I
_m:—ymxHefer%mx —m+n“im>< (P x m)

:TH+Td+TSt

The first term of this equation is field like torque which usually is small and can be ignored
mostly in this metallic spin valve system. The second term is damping like torque, in which
« is the Gilbert damping parameter. [10] This torque tends to pull the magnetization toward
its equilibrium position. The third term is the STT. As we mentioned in this section STT
can excite dynamics of magnetization once STT is comparable to damping like torque of a

system. The continuous precession motion of a magnetic moment is usually a GHz auto-



oscillations which will be further discussed in next section.

2.4 Spin Torque Oscillator (STO) and Spin Hall Oscil-

lator (SHO)

Spin torque oscillator (STO) is a special nanoscale magnetic device in which its magnetization
is excited and auto-oscillated when the damping torques are compensated by the spin transfer
torques (STTs). The conventional STOs are widely understood in current perpendicular-
to-plane (CPP) metallic spin valves and magnetic tunnel junctions (MTJs). The oscillation
of magnetization in these system is basically the change of MR (GMR or TMR), thus the
auto-oscillation can be detected electrically as a microwave voltage. Another new type of
STOs, called Spin Hall oscillator (SHO), is also introduced here. Since we know that the
excitation of oscillation is induced by spin carriers which exchange interact with the local
moment, it doesn’t matter that the spin current comes from a polarized current or other
ways. We have learned that spin Hall effect (SHE) in a heavy metal (HM) layer can create
pure spin current transverse to bias current direction. So SHOs which rely on SHE induced
spin current to excite self oscillations are studied by combining the HM layer to FM layer or

magnetic multilayer.



Chapter 3

Nano-devices Fabrication

Most of the experiments in this thesis were carried out on fabricated nanowire devices of mul-
tilayer thin films. The sample structure is Sapphire(substrate)/IrMn(4 nm)/Co(2 nm)/Cu(4

nm)/Co(0.5 nm)/Py(3.5 nm)/Pt(5 nm). Here, the details of fabrication procedures and

instruments are introduced.

3.1 Sputtering Deposition

Sputtering deposition uses argon plasma to eject small amount of source material then
deposit onto a surface (substrate) while placing substrate in the trajectory of ejected material.
Conductive material can be deposited by using DC power supply and insulator material can
be deposited by using RF power source. The reason why the RF (13.56 MHz) power source
is used is to accelerate argon plasma and get rid of the accumulated charges on the insulating
target surface. The sputtering deposition is usually performed in an ultra high vacuum(UHV)
chamber. By using the magnetic field to confine charged particles (Ar plasma), it enhances

both the efficiency of the initial ionization process and also allows plasma to be generated

10



at lower pressures which can reduce the deposition rate of materials. This is named as
magnetron sputtering. The Base pressure of the sputtering deposition system in our lab can
reach 5 x 107 torr. The few-nanometer thin films with uniformity close to the substrate can
be deposited by flowing low pressure argon gas into the chamber and modifying power levels.
For our system, the deposition rate is quite stable for a given power. The precise values can
be extracted out by measuring the thickness of thin films. Figure 3.1 is the schematic and a

picture of sputtering deposition system.

—> rotating

“* substrate
Ar plasma

R

Sputtering deposition system

seven sputter
targets

Figure 3.1: Left: The mechanism of sputtering deposition system. Right: The pictures of
AJA magnetron sputtering system in the Lab.
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3.2 Electron Beam Evaporation

Here, we introduce another way to deposit multilayer thin films, electron beam evapora-
tion (E-beam evaporation). Unlike sputtering deposition that we use for growing couples of
nanometer materials. The E-beam evaporation can be used for depositing tens of nanome-
ter to microns of materials. E-beam evaporation is a form of physical vapor deposition.
Basically, an intense electron beam is generated from a high voltage charged filament and
accelerated via electric and magnetic field to a target material. The kinetic energy of elec-
trons is transferred to the target material, which vaporized the material in a high vacuum
chamber. This vapor can be used to coat a substrate positioned above the evaporating ma-
terial. The E-beam evaporation was used to deposit alignment marks and contact leads on
the device structures. The material combinations can be Ti/Au, Cr/Au, or Al/Au. The first
layer (Ti, Cr, Al) is the adhesion layer with the thickness from 5 to 10 nm. The gold layer,
with the thickness from 30 to 60 nm usually, offers a good contact for electrical conducted

measurement.

3.3 Scanning Electron Microscopy and Electron Beam

Lithography

A scanning electron microscopy(SEM) uses focused electron beam to scan sample’s surfaces
to create an image. The electrons interact with solid samples and generate signals which
include information of sample’s surface topography and chemical compositions. The most
command signal that reveal sample’s surface image is secondary electrons. The high energy
electron beam interacts with the atoms of sample surface and excite the energy states of
atoms. Then, the lower energy electrons are emitted by these atoms when the atoms fall

back to their ground states. These emitted electrons are called secondary electrons which

12



are detected and compose a 2-dimensional image. Figure 3.2 is an example of SEM image
of a SbyTe3 nanoribbon. One of the most important applications of SEM is electron beam
lithography (EBL), which uses focused electron beam to write a pattern on a thin-layer of
E-beam resist. Depends on the types of resists, the pattern or mask can be developed. This
resist-composed pattern or mask structure could be used for deposit materials onto it. Then,
after a lift-off procedure to remove the resist, a pattern of desired materials shows up on the
substrate. This technique can create nanoscale devices for different desired measurements

and applications.

Figure 3.2: The SEM image of a SbyT'e3 nanoribbon. The scale bar is 500 nm.

3.4 Ion Milling

In general, etching process is an essential procedure for micro- or nano-fabricated devices.

Usually it can be categorized to two groups, wet etch or dry etch. Depends on the materials

13



and structures, we can choose the most efficient and reliable methods to perform etching
process. The dry ion beam milling used to be the good way for etching of nano-sized structure
due to the repeatability and precision. In general, the ion milling can simply pictured as an
atomic sand blaster by using accelerated Argon ions to bombard target surface. Due to the
rotation of sample stage and the changeable stage angles, ion milling etching process can
create clean and straight side walls of samples. This method is beneficial to determine the

nanowire geometry in our study.

3.5 In-Filed Oven Annealing

Set-up the reference ferromagnetic layer orientation is needed of the GMR spin-valve struc-
ture devices. Usually, there are two ways to determine the reference layer orientation of
the spin-valve structure we focused above. We can do the deposition with a magnetic field
applied during the process or do the post annealing in a magnetic field. Here, we perform
the post annealing in a special sample holder with strong permanent magnets to apply the
magnetic field. The annealing procedure is in a high power oven equipped with a pumping
station. The oven chamber is capable to anneal at ambient temperature 300°C in 2.4 x 1076

torr high vacuum environment.

3.6 Device Fabrication Procedures

The schematic of nano-fabrication procedures of a multilayer nanowire device is shown in

Fig. 3.3.

14



Deposit multi-layer on sapphire
substrate by magnetron
sputtering deposition.

Spin coat negative resist for E-
beam lithography procedure.

Pt
Pt
.

Pt Use electron beam to write the
pattern on the resist-coated
sample.

y 4
Pt

Figure 3.3: Nano-fabrication procedures.

Develop the written sample in
Ma-D 525 solution to display the
pattern. The patterned negative
resist is used as the hard mask for
etching the nanowire geometry.
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Etch down the multi-layer to
make the nanowire stack by

‘ Argon ion milling.

Ti/Au Finally, use EBL once again to
make Ti/Au contact leads to the
nanowire.

Figure 3.4: Nano-fabrication procedures.
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Chapter 4

GMR-based and AMR-based SHOs

4.1 Introduction

STOs which rely on spin angular momentum exerts on a FM to excite magnetization self os-
cillations have great potential for applications in communication, navigation, and microwave
sensing systems.[8, 11-17] Recent observations of a new type of STOs have attracted a lot
of interests due to its simple and flexible design of devices. Based on spin Hall effect (SHE)
[5-7, 18-21], a lateral current in a non-magnetic layer generates transverse pure spin cur-
rent, the adjacent FM layer is excited by spin orbit torques and self-oscillates to generate
microwave AC signals. Recent studies on Pt-metallic FM devices with different geometries
[22-28] and Pt-magnetic insulator system [29] also indicate that that these current-in-plane

(CIP) SHOs have comparable characteristics and advantages to STOs.

One of the key reasons that obstacle SHOs toward the real application is the magnitude
of microwave output powers. From the studies up to date of STOs, the system which
based on magnetic tunnel junctions (MTJs) demonstrates higher output powers up to 0.1

to 10 uW. [30-34] However, due to the nature of quantum behavior of MTJs, tunneling

17



magneto-resistance (TMR) effect arisen from highly polarized, non-scattered tunneling cur-
rent requires current perpendicular to the plane (CPP) geometry of the device. This limited
the possibility by applying lateral SHE into MTJs-based system, thus the nanoscale MTJ
device fabrication becomes a consumable and complicate process. Let alone there is an issue
related to impedance mismatch to RF circuits of TMR-based STO systems. Since conven-
tional CPP-GMR, STO devices usually provides reasonable microwave power output with
narrower linewidth oscillation modes [35-39], we suggest to apply CIP-GMR structure into
SHO system. To our knowledge, this GMR-based SHO system could be the biggest power

boost among the lateral SHO systems.

In this dissertation, we investigate the dynamics of magnetization of GMR-based SHO
nanowire devices. The device structure combine with Pt layer to the metallic spin valve
multilayers, which consists of a free FM, a normal metal (NM), a pinned FM, and an anti-
ferromagnetic (AFM) layers. Figure 4-1(b) shows the schematics of this SHO system. The
comparison to the bi-layer (HM/FM) SHO device is also included.(The schematic shows in
Fig. 4-1(a)) The operation of these devices relies on the SHE, which converts the charge
current flow in the plane of HM layer into the pure spin current flow across the HM/FM
interface. This pure spin current works as the anti-damping torque on the magnetization
of free FM layer and results in self-oscillations. The self-oscillation corresponds to the re-
sistance oscillation of MR. Fig. 4-1(c) and (d) show the angular dependence of AMR and
GMR. If the equilibrium direction of magnetization is fixed at 90 degree, the spin Hall effect
induced spin current direction, the oscillations happens at the red circle point for both GMR
and AMR SHOs. The AC resistance difference (§R,.) is obviously larger at the incline slop
position for GMR angular curve than the valley position for AMR angular curve. Therefore,
the investigation of angular dependence of the GMR-based SHOs supports the enhancement
of output powers. It also reveals the most efficient consuming of spin orbit torque while
in operation of these devices. Moreover, the microwave power generation is corresponded

to CIP GMR. Since the GMR value is usually larger than the AMR, the microwave power

18



output of GMR SHO is far above the power output by any bilayer AMR-based SHO systems.

The maxima power output achieved of GMR SHOs is 2 nW in our studies.
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Figure 4.1: (a) The schematic of AMR-based SHO structure which includes one FM layer
and one HM layer. The in-plane DC current flow through the HM layer to generate spin
current in in-plane perpendicular direction via Spin Hall effect and add onto the FM layer.
The top two equation simply imply the behavior that AC output power is proportional
to resistance oscillation. The amplitude of resistance oscillation comes from MR, which is
GMR or AMR here. And the GMR magnitude is much larger than AMR magnitude. (b)
The schematic of GMR-based SHO structure, which includes a free FM layer, a normal
metal (NM) layer, a fixed FM layer and a AFM layer. (c) The normalized AMR angular
dependence plot. The AMR variance is proportional to cos(6)?. (d) The normalized GMR
angular dependence plot. The GMR variance is proportional to (1 — cos(6))/2.
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4.2 SHO nanowire devices, GMR and Spectrum

The GMR-based SHO nanowire devices were patterned from a sapphire (substrate)/IrMn
(4)/Co (2)/Cu (4)/Co (0.5)/Py (3.5)/Pt (5) multilayer (thickness in nanometers), which was
deposited by magnetron sputtering. The 0.5 nm cobalt layer was inserted in between Cu and
Py layer to modify the interface and enhance the GMR ratio. [40] This metallic spin valve
multilayer was processed with an in-field post annealing at 250°C for 1 hour to determine
the orientation of pinned FM layer (Co layer) by AFM exchange bias pinning effect [41, 42].
The magnetization orientation of Co layer was along the nanowire axis and defined as the
easy axis. The geometry of nanowire was defined by using e-beam lithography and Argon
ion milling. The width was 65 nm and the length was 40 ym in order to approximate the
demagnetization field close to zero along the wire axis. The device was fabricated to have
a 740 nm microwave emission active region in between the two attached Ti (5 nm)/Au (40
nm) contact leads. Fig. 4.2(a) shows the scanning electron microscopy (SEM) image and the
layer structure of the GMR-based SHO device. The AMR-based SHO nanowire device was
also fabricated with a similar geometry (width 70 nm, active region 650 nm) shown in Fig.
4.2(b). This control sample was made from the sapphire (substrate)/Cu (4)/Co (0.5)/Py
(3.5)/Pt (5) multi-layers. By adding the Cu layer in this control sample, we can keep similar

current density flow through the Pt layer to excite self-oscillations.

For the GMR-based SHO nanowire and the AMR-based SHO nanowire, the electrical mea-
surements were performed in a cryogenic system at liquid helium temperature (4.2 K). The
magneto-resistance (MR) curves were investigated of both devices by sweeping an external
magnetic field along the easy (hard) axis. The MR difference of GMR-based SHO nanowire is
about 10 times larger than the value of AMR-base SHO nanowire. The GMR effect with the
field along the easy and hard axis of the device are shown in Fig. 4.3(a) and Fig. 4.3(b). Fig.
4.4 shows the AMR value with the field applied perpendicular to the nanowire axis. Since

the microwave signal, V,. ~ I;.0 R,., is generated from the self-oscillations of magnetization
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Figure 4.2: (a)/(b) The scanning electron microscopy (SEM) image of GMR/AMR-based
SHO nanowire device and it’s multilayer structure showing on the bottom.

that is magneto-resistance oscillations (0 R,.). Therefore, the microwave emission power of
GMR-based SHO is expected to be much larger than that of AMR-based SHO based on the
MR values.

Fig. 4.5 shows the microwave emission spectrum of the devices. A dc current was applied
to the device to excite the self-oscillation and the microwave signal was generated via the
GMR or AMR resistance oscillations and measured by a spectrum analyzer. Fig. 4.5(a) is
the power spectral density amplitude of GMR-based SHO as functions of emission frequency
and applied dc bias. An 800 G external field was applied in-plane perpendicular to the
nanowire axis. (Hard axis) Fig. 4.5(c) shows the single spectra at 6 mA cross section line
of Fig. 4.5(a). In comparison with the GMR-based SHO, Fig. 4.5(b) and (d) also shows

the spectrum of AMR-based SHO and the cross section spectra at 3.65 mA. In order to
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Figure 4.3: (a)/(b) The MR of the GMR-based SHO device with the magnetic field applying
in-plane parallel to the easy/hard axis.
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Figure 4.4: The MR of the AMR-based SHO device with the magnetic field applying in-plane
parallel to the nanowire axis.

compare to the GMR-based SHO device with similar conditions, an 800 G external field
was applied to the AMR-based SHO device 85 degree with respect to the nanowire axis
(near perpendicular to the nanowire axis). In Fig. 4.5(a), the oscillation frequency increases
as applied dc bias increases. This blue-shift behavior is likely from the dynamic dipolar
interaction to the pinned cobalt layer oscillation modes. In previous reports [16, 20, 22],
the frequency red-shifts of spectrum is usually observed in Pt/Py AMR-based SHO systems.
One of the possible reasons is due to the dc bias induced oersted field exerting on the FM
layer and decreasing the effective magnetic field. In the AMR-based SHO device which we
reported in this letter, a copper layer was specifically added under the Permalloy (Py) layer.
Since the current density flow through the top Pt layer is similar to the bottom Cu layer,
there is no obviously shifting of spectrum (Fig. 4.5(c)) as a function of applied dc bias. To be
noticed, the excitation bias current of GMR-based SHO is larger than the one of AMR-based

SHO. Also, the linewidth of the self-oscillation mode of GMR-based SHO is larger than the
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one of AMR-based SHO. (Fig. 4.5(c) and Fig. 4.5(d)) This implies that the thermal noise,
which comes from the shunted current through the spin valve multilayer, on GMR-based

SHO is greatly limiting the emission efficiency.
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Figure 4.5: (a) Current bias (I4.) dependent power spectral density (PSD) of GMR-based
SHO device at H = 800 G. (b) Current bias (/;.) dependent PSD of AMR-based SHO device
at H =800 G. (c) The PSD cross line profile of GMR-based SHO spectrum at I;. = 6 mA.
(d) The PSD cross line profile of AMR-based SHO spectrum at I;. = 3.65 mA.
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4.3 Integrated power analysis

Next we extracted out the integral microwave emission power of both devices for comparison.
Figure 4.6 shows the integrated power as a function of applied dc bias current of both
GMR-based SHO (blue curve) and AMR-based SHO (red curve). The Fig. 4.6(b) is the
enlargement of the red curve in Fig. 4.6(a). The highest output power of the GMR-based
SHO device happened at 6 mA is around 1.2 nW whereas the highest power of AMR-
based SHO device is 4.6 pW at 3.6 mA. In an approximated evaluation, the microwave
emission power is proportional to the square of current and GMR and AMR resistance
differences. Paarramr) ~ (LaeARaary AMR))2 By calculating the ratio from the equation,
Parir/Povr =~ 0.004, this value is surprisingly matched to the experimental result. In
our experiments, the integrated power of the GMR-based SHO did not reach the highest
power output in Fig. 4.6(a), because we limited the applied bias current to protect of nano-
geometry device. Therefore, the non-maxima power output usually demonstrates that the
spin wave mode of GMR-based SHO is less coherent in oscillations and thus less emission
power output than expected. However, the AMR-based SHO has been shown that maxima
emission power should be happened while its magnetization equilibrium orientation is at 45
degree with respect to the nanowire axis. So the integrated power of AMR-based SHO taken
at 85 degree with respect to nanowire axis (shown in Fig. 4.6(b)) is smaller in magnitude
than that in the maxima position. Since both the GMR and AMR-based SHOs output
less microwave power in our experimental configuration, this leads to the result to be quite

reasonable.

25



—
Q
S

(b)

1.2 >

= | S
£ 1r z
y —o— GMR SHO 2
[<?] j =
E 08 —— AMRSHO °§
&~ 06} &
T -
< 04 /S | - &
Y) T s o g
& 02 S oY)
= | g T 5]
= [ el - = s

0 ? 30399 - ] ] Lo 0 | . 1 L 1

3 5 6 3 3.5 4

Figure 4.6: (a) The bias dependent auto-oscillation integral microwave power of GMR based
SHO (blue) and AMR-based SHO (red). (b) The enlarge image of the red curve plotted in

(a).

4.4 Angular dependence

As we mentioned in previous paragraphs, the output power of SHO is related to the oscil-
lations of MR of FM layer, which depends on the magnetization orientation relative to a
reference direction. This reference direction is the pinned FM layer direction of the GMR-
based SHO, and its also the current flow direction of both GMR and AMR-based SHOs. In
this report, we have it always along the nanowire direction. Therefore, the integrated power
of SHOs possesses an angular dependence due to the origins of angular differences of AMR
and GMR. The resistance oscillations can be written as the changes of the relative angles.
dR,. %12(9)50(% t). For GMR-based SHO, ‘Mg% ~ sin(f), the maxima of resistance os-
cillation is happened at 90 degree with respect to nanowire axis. Whereas for AMR-based
SHO, E)Ag% ~ sin(20), the maxima is at 45 degree. Fig. 4.7 shows the integrated power
angular dependence of both the GMR and AMR-based SHOs. A 500 G external field was
applied at the angle 6 related to the nanowire axis. The microwave emission signals were

taken in a 90 degree range at a constant bias current. There is one single maximum of GMR-
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based SHO at 8 = 90 degree and two maxims of AMR-based SHO at 70 and 110 degrees.
Fig. 4.7(a) proves that the maxima power of GMR-based SHO is exactly at 90 degree angle
and the power drops quickly when the external field is applied off from the 90 degree angle.
In Fig. 4.7(b), the highest power output of AMR-based SHO is not at 45 degree instead it
is symmetric and 20 degree off from the 90 degree angle. Since the demagnetization field of
1-D nanowire is much larger along the wire axis, the magnetization orientation is dragged
toward the nanowire axis. Also, the spin orbit torque which comes from the spin Hall Ef-
fect in Pt layer is most efficiently transferred as an anti-damping torque at 90 degree. The
threshold current of SHO possesses a trend as function of external field direction relative to
the nanowire axis. So power maxima angles of AMR-~based SHO should be in between the

45 and 90 degree angles as what we expected.
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Figure 4.7: (a) The angular dependence of the integral power of GMR-based SHO at H = 500
G. 0 indicates the angle of applied external field related to the nanowire axis. The bottom
graph shows the single spectra of 6 equals to 90, 80, and 70 degree. The integrated power

decreases as the  increases. (b) The angular dependence of the integral power of AMR-based
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Chapter 5

Conclusion

There have been lots of studies on different SHO systems, for example, nanogap contacts
on heavy metal (HM)-FM disk, nano-constriction of Pt-Py bilayer structure, and 1D Pt-Py
nanowire. In these SHO systems, the advantages include easier fabrication steps and direct
optical measurement on the oscillation active region. However, these SHOs usually exhibit
lower emission power output. By integrating the GMR stack into the SHO nanowire, we still
keep the benefits of the SHO systems and also largely enhanced the output powers. The pos-
sible improvements of GMR-based SHO could be introduced and enhance the output powers
even more. For example, the thermal stability can be increased by decreasing the distance
of contact leads. The GMR stack could be optimized by increasing the stiffness of pinned
layer and GMR ratio of devices. Recent study on multiple nano-constricted bilayer SHO
devices have shown that the mutual synchronization of SHOs was achieved and enhanced
the output power. The method which synchronizes multiple nano devices has been applied
to both STO and SHO to increase output powers. This also promises the GMR-based SHOs
to be able to reach sufficient power for real applications. We have shown that by integrating
the GMR metallic spin valve stack into the SHO nanowire device, the output powers can be

significantly enhanced. Remarkably, comparing to the conventional bilayer AMR-based SHO
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system, the output powers can be increased more than an order of magnitude. Further, the
simple fabrication of oscillators could be beneficial for developing and building into future

electronic applications.
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