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Summary

Ferromagnetic nanostructures have received much interest over the past
decades due to their great importance in fundamental research and their
potential in a wide range of emerging applications. In this thesis, a systematic
investigation of magneto-transport, magneto-optical and dynamic properties of
Co/Pd multilayer based nanostructures and bi-component magnonic crystals
(MCs) is presented.

Firstly, the magnetization reversal mechanism of circular Co/Pd
nanomagnets including nanodots and nanorings has been investigated. It was
observed that the reversal process of the Co/Pd dots is dependent on both the
number of Co/Pd bi-layer repeat and the dots diameter. For closely packed
Co/Pd dots, dipolar coupling plays a crucial role in affecting the switching
behaviors, with potential for magnetic logic applications. Further investigation
of interlayer coupling was performed in [Co/Pd]s/Au(t4,)/[Co/Pd], pseudo
-spin-valve (PSV) rings by varying the Au spacer layer thickness #4,,.

Secondly, magnetoresistance (MR) behaviors of [Co/Pd], nanowires
(NWs) have been systematically probed as a function of temperature 7. A
linear non-saturating MR response was observed in the NWs up to a
maximum field as large as 40 kOe due to magnon magnetoresitance (MMR)
effect. The MMR effect is strongly dependent on both the bi-layer repeat n
and the temperature 7.

Thirdly, the effects of interlayer coupling on the magnetization reversal
and MR behaviors of [Co/Pd]4+/Au(ta,)/[Co/Pd], PSV NWs have been studied.
The interlayer coupling field (H...,,) was extracted using minor MR loop
measurements. The H.,, of the PSV NWs is much larger than the
corresponding continuous PSV films due to stray field interactions and it is

markedly sensitive to both 74, and T. At low 7, the competition between the




Summary

interlayer coupling strength and the margin of switching field difference
among the soft and hard Co/Pd stacks determines the overall magnetization
reversal process and MR behavior of the PSV NWs. It is further shown that
either ferromagnetic or antiferromagnetic type of interlayer coupling can be
achieved in the [Co/Pd]4/Co/Ru(tg,)/[Co/Pd], PSVs by varying tg,.

Finally, a novel process for fabricating high quality 2-D MCs has been
developed. The MCs includes a continuous NiggFe,o film on top of periodic
2-D arrays of perpendicularly magnetized Co/Pd dots (or NiggFey dots with
in-plane anisotropy) and Fe filled NigoFe, antidot nanostructures in which the
“holes” of NiggFe, antidot are filled with Fe dots. The presence of Co/Pd dots
(or NigoFeyy dots) array significantly modifies the static and dynamic
behaviors of the top NiggFeyo film when compared with the reference NigoFey
film without the dot array underneath. In the Fe filled NigoFey antidot
nanostructures, although the Fe dots are not in direct contact with the NigoFey
antidot, their stray fields strongly influence the magnetization reversal, the
ferromagnetic resonance and the MR behaviors of the host NiggFeyo antidot.
The experimental results are in good agreement with micromagnetic

simulations.
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Chapter 1

Introduction

1.1 Background

Ferromagnetic nanostructures have attracted tremendous interest in the
past decades due to their great importance in fundamental research and the
potential in a wide range of emerging applications'"” ?. From a fundamental
viewpoint, due to the extremely small dimensions, both the static and dynamic
properties of these nanomagnets are usually quite different from those of bulk

materials or thin films"!.

]

Magnetization reversal behavior'®, transport

properties!™ ® [7. 8]

as well as dynamic responses can therefore be drastically
modified in nanostructures due to lateral confinement. These modifications
become extremely prominent when the lateral size is comparable to or smaller
than certain characteristic length scales, such as spin diffusion length, carrier
mean free path and magnetic domain wall width®® ')

Magnetic nanostructures are also the basic building blocks for future

[11, 12]

spintronic devices such as magnetic logic devices , magnetic random

13-15] 17,

access memory (MRAM)! and magnonic devices!” *l. For successful
implementation of logic devices, single-domain ferromagnetic nanomagnets
are required due to their well-defined logical values (“0” and “1”) by
magnetization states (spin “up” and “down”). Perpendicularly magnetized
nanostructures show advantages in logic implementation due to their inherent
logic states (i.e. up and down magnetization), given by the uniaxial nature of
perpendicular anisotropy. Realization of logical “NOT” function has been
reported using coupled Co/Pt nanowires (NWs) with perpendicular magnetic

anisotropy (PMA)!'?. The idea was using the dipolar field interaction created

by the input wire to control the magnetic switching of the output wire.
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Magnetic nanostructures have also attracted much attention in MRAM
design due to their non-volatile characteristic: when switched off, the
magnetic state is preserved. In MRAM, the information is stored based on the
spin dependent transport phenomena. For a viable MRAM cell design, a
device configuration consisting of at least two ferromagnetic (FM) layers
separated by a nonmagnetic (NM) spacer layer would be desirable. Depending
on the relative orientation of magnetization of the two FM layers, the
resistance can be high or low, which represent the states “1” and “0”
respectively. The writing of an MRAM cell can be achieved by applying a
current induced magnetic field or via spin transfer torque (STT)!®). Compared
to nanostructures with in-plane magnetic anisotropy, perpendicularly
magnetized nanostructures are predicted to be more beneficial from their
improved thermal stability, lower critical current density for spin transfer
switching and lower cell geometry dependence, implying higher packing
density for future MRAM design!'"".

Among the material choices for fabricating nanostructures with PMA are
CoCrX (X=Pt, Ta, Nb....) alloys, L1, alloys (e.g. FePt) and [Co/X(=Pd, Pt,
Ni...)], based magnetic multilayers®®. CoCrX alloys are commonly used for
conventional continuous film recording, and they are advantageous due to the
widely available information on fabrication and characterization. However, the
achievable PMA in CoCrX alloys is very limited, which raises question on
their future technology extension. The L1, alloys possess large PMA when the
as-deposited fcc texture is transformed into fct texture upon high temperature
annealing””. In contrast, [Co/X(=Pd, Pt, Ni...)], multilayers do not need high
temperature to form perpendicular anisotropy. It exhibits high inter-granular
exchange coupling, high and easily controllable PMA, high coercivity and

21,22
large squareness[ -22]

as deposited at room temperature, making it suitable for
future spintronic applications. Compared with other [Co/X(=Pt, Ni...)],

systems, [Co/Pd], multilayer structures are more attractive for
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magneto-transport applications due to their higher magnetoresistance ratio and
larger PMA resulting from smaller Pd layer thickness!"*!. This work will focus
on [Co/Pd], multilayer based nanostructures with perpendicular anisotropy.
Another emerging application of magnetic nanostructures is in the area of
magnonic devices. The artificial magnetic nanostructures with periodic lateral
variations in their magnetic properties are called magnonic crystals (MCs).
MCs can be conceived as the magnetic analog of photonic crystals because of
the possibility to manipulate spin-wave propagation. Since spin waves in
microwave frequency range (GHz-THz) have shorter wavelengths (ranging
from nanometer to micrometer) as compared to electromagnetic waves (in
millimeter range), magnonic devices based on MCs offer better prospects for

7,8,23

device miniaturization' I'at these frequencies.

1.2 Motivation

One of the major challenges for technological applications utilizing
perpendicularly magnetized nanostructures is to precisely control the magnetic
switching process. This is linked directly to the understanding of the reversal
mechanism with geometrical variation such as shape, size and element spacing.
However, most of the works done so far have been focused on the magnetic
switching of Co/Pd (or Co/Pt, FePt) islands with perpendicular anisotropy[24'27].
There have been limited studies on other type of nanostructure geometries
with PMA, such as antidot[28'3l], nanoringsm] and nanowires®>,

Since the MRAM exploits the ‘spin’ of electrons to store information, it is
important to understand the spin dependent transport phenomena in magnetic
nanostructures. The magneto-transport technique provides an efficient way to
electrically sense the magnetization states during the reversal process, and
hence it has been widely used to probe the magnetoresitance (MR) behavior of

various magnetic nanostructures with in-plane anisotropy*®>*). However, the

investigation on the magneto-transport properties of perpendicularly

3
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magnetized nanostructures is still lacking.

Furthermore, when the ferromagnetic layers are arranged in a
pseudo-spin-valve (PSV) stack (typical film structure for an MRAM cell),
interlayer coupling plays an important role in determining the magnetic
switching behaviors. The interlayer coupling of patterned nanostructures is
significantly different from that of continuous PSV films due to the
contribution from stray field interactions, which becomes extremely

39, 40]

prominent as the magnetic elements are scaled down' . Moreover,

depending on the material and thickness of the spacer layer, either
ferromagnetic or antiferromagnetic type of interlayer coupling can be
achieved in the PSVs*" *%. In this regard, the understanding of interlayer
coupling of patterned nanostructures with perpendicular anisotropy is of
significant importance for future MRAM design. However, earlier studies
have focused on the interlayer coupling of PSVs with in-plane anisotropy”” *>
“1and on the continuous PSV films with perpendicular anisotropy*>>". There
have been limited number of reports on the investigation of interlayer

AllS. 52

coupling in patterned PSV nanostructures with PM and even fewer

about temperature dependent study.
Apart from the static properties, the dynamic response of magnetic
nanostructures have also received a lot of attention recently due to their

potential in a wide range of magnonic applications such as microwave

[8, 53-55]

resonators, filters and spin logic devices . These artificial magnetic

nanostructures are called magnonic crystals (MCs). In contrast to single

[56, 57]

component MCs , one can introduce bi-component MCs which consist of

arrays of one FM material in the matrix of another FM material. This allows

for an additional degree of freedom in tailoring spin wave properties'> ®.

However, because of the difficulty in fabricating high quality bi-component
MCs, only several experimental studies of such structures have been

reported®*®!,
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1.3 Focus of Thesis

In this thesis, a comprehensive study of magneto-transport,
magneto-optical and dynamic properties of ferromagnetic nanostructures is
presented. The discussion in this thesis is divided into two parts. The first part
focuses on the magnetization reversal and MR behaviors of Co/Pd multilayer
based nanostructures as a function of various geometrical parameters. The
second part discusses the static and dynamic properties of bi-component 2-D
MCs including continuous NiggFe,o films which was placed on top of arrays of
Co/Pd dots (or NigoFe;o dots) and Fe filled NigoFe;o antidot nanostructures.

The main objectives of this thesis are listed as follows:

(a) Developing a large area process for fabricating magnetic nanostructures
with perpendicular anisotropy by leveraging on what has been done with
in-plane nanostrucutres.

(b) Probing the magnetization reversal and MR behavior of [Co/Pd],
mutilayer based nanostructures as a function of geometrical parameters.

(c) Investigating the influence of interlayer coupling on the magnetization
reversal and MR behavior of [Co/Pd]4s/Au/[Co/Pd], PSV nanostructures as
a function of Au spacer layer thickness and temperature.

(d) Developing novel processes for fabricating high quality bi-component 2-D

MCs and mapping their static and dynamic behaviors.

1.4 Organization of Thesis

The thesis is organized as follows: in chapter 1, the background and
motivation for this research work are discussed. In chapter 2, a theoretical
background for a better understanding of the experimental work is described.
This is followed by chapter 3 where the fabrication process and various
characterization techniques utilized in this thesis are introduced. In chapter 4,

the magnetization reversal of circular Co/Pd nanomagnets including nanodots,

5
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antidots and nanorings is investigated with emphasis on coupled Co/Pd dots
which shows potential for magnetic logic applications. In chapter 5, the
magnetization reversal and MR behaviors of Co/Pd NWs and
[Co/Pd]4/Au(t4,)/[Co/Pd], PSV NWs are systematically investigated as a
function of 74, and temperature 7. In chapter 6, the static and dynamic
properties of 2-D MCs including continuous NigoFe,o films on top of arrays of
Co/Pd dots (or NiggFeyodots) and Fe filled NigoFe,o antidot nanostructures are
investigated. Finally in chapter 7, a summary of the main points of this thesis

together with suggestions for future work is presented.



Chapter 2

Theoretical Background

2.1 Introduction

This chapter provides the basic theoretical concepts and reviews of earlier
work relevant to the main research topics of this thesis. § 2.2 discusses the
origin of perpendicular magnetic anisotropy and magnetization reversal
mechanism of Co/X (=Pd, Pt, Ni...) multilayer systems. § 2.3 introduces the
typical spin dependent transport phenomena associated with the Co/Pd
multilayer nanostructures. This is followed by § 2.4 which provides a brief
overview of various interlayer coupling mechanisms for a typical multilayer
system. Finally, § 2.5 describes the basic concepts of spin dynamics with

emphasis on ferromagnetic resonance (FMR) and magnonic crystals (MCs).
2.2 Co/X (=Pd, Pt, Ni...) Multilayers

2.2.1 Origin of Perpendicular Magnetic Anisotropy

In Co/X (=Pd, Pt, Ni...) multilayers, the magnetic anisotropy can shift
from in-plane to out-of-plane as the thickness of Co layer reduces below a
critical value. The determination of anisotropy axis depends on the
combination of the anisotropy from the ferromagnetic Co layers and those
contributions from induced magnetization in the nonmagnetic X (=Pd, Pt,
Ni...) layers!®®. The total anisotropy energy K, is defined as the difference in
between the perpendicular and parallel magnetization energy density as given

by[62-65]

K, = 2K, +K, —27M; (2.1)

Z-Co
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where K; is the interface anisotropy energy at each of the two interfaces in one
bi-layer period which also includes the shape and volume anisotropy
contributions from the induced magnetization in the X layers'®> °7). K, is the
volume anisotropy of the Co layers which includes magnetoelastic

contributions arising from lattice mismatch between the Co and X layers!® ®1,

-27M and tc, represent the shape anisotropy and thickness of the Co layers

respectively. Schematics of the various anisotropy energy terms contributing
to K, are shown in Fig. 2.1. When K, is positive, the easy axis of
magnetization is normal to the film surface, whereas for negative K, the
magnetic easy axis is in-plane. Experimentally, K, is obtained from the
estimated areas between the perpendicular and parallel magnetization curves,

approximated by the horizontal bisectors of the hysteresis loops!®*..

Out-of-plane
magnetization

In-plane
magnetization

Fig.2.1 Schematics of various energy terms contributing to K, in Co/X multilayers.

Positive K and K, favor out-of-plane magnetization while the negative

shape anisotropy -21M,> tends to drag the magnetization to in-plane. The

[68, 70]

interface anisotropy K, also known as Néel anisotropy , 1s the main

source of perpendicular magnetic anisotropy in the Co/X multilayer structures,
which arises from d-d orbital hybridization of the Co and X layers!®”.

Interface anisotropy not only occurs in Co/Pd multilayers, but also exists in
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other metallic multilayer structures, i.e. Co/X (=Pt, Ni, Au, Ag, Cu, Ir.. .)[66’ 67,

71761 - Compared with Co/Au (or Ag, Cu, Ir), Co/Pd (or Pt, Ni) multilayers
show much larger PMA due to the stronger d-d orbital hybridization”"). The
PMA is markedly dependent on the Co layer thickness #¢,. For Co/X (=Pd, Pt,
Ni...) multilayers with large 7¢,, shape anisotropy dominates K,. However, as
the Co layer becomes thinner than a certain critical value, large Co/X interface
anisotropy dominates the effective anisotropy, leading to a transition of

magnetic easy axis from in-plane to out-of-plane.
2.2.2 Co/Pd Multilayer Systems

The magnetic properties of Co/Pd multilayers are largely dependent on
the individual layer thickness of both Co and Pd""”7*]. The Co layer should be
thin enough (<8 A) to maintain the perpendicular anisotropy'’” while the Pd
layer should be thick enough (>5 A) to achieve a good squareness”’®. In this
work, we will use a multilayer film structure of [Co(0.5 nm)/Pd(3 nm)],,
which gives both large perpendicular anisotropy and good squareness of M-H
loops. Film continuity is expected to be achieved at these thicknesses for both
the Co layer and the Pd layer®. The saturation magnetization M, of the Co/Pd
multilayers is significantly dependent on the individual layer thickness of the

Co and Pd given by'*":

M t

s total

_ Co
_Ms t

Co

+ MM, (2.2)
where ¢, M©, t.,, m™, t,, represent the total thickness of the Co/Pd

bi-layer, the saturation magnetization and individual layer thickness for Co
and Pd respectively. In the Co/Pd multilayers, the Pd layer is magnetically
polarized in such a way that the induced polarization reaches maximum at the

Co/Pd interface and becomes weaker as the Pd atoms are far away from the

interface!”). Therefore, mM™ is an effective saturation magnetization for the
s g

Pd layers. Typical value of M 1is 148 kA/m for a [Co(0.2 nm)/Pd(1nm)]so

9
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multilayer.

The perpendicular anisotropy K, of [Co/Pd], multilayers is a function of
the bi-layer repeat n, showing a maximum at a certain critical value (~n=20).
Below this critical value, the perpendicular anisotropy shows a monotonic
increase with n. However, as n goes beyond this critical value, the anisotropy
energy reduces due to the loss of conformality of the interface roughness in
the Co/Pd multilayers™" *. For [Co(0.5 nm)/Pd(3 nm)], multilayers, the K,
normally ranges from ~0.3x10° erg/cm’ to ~3.5x10° erg/cm’*!] .

Magnetization reversal of Co/Pd multilayer structures depends on the
competition of the reverse domain nucleation field H, and the domain wall

831 For Co/Pd multilayered films, H, is usually smaller than

depinning field H,
H), and the magnetization reversal occurs via rapid domain wall motion from a
few very low anisotropy nucleation sites. However, when the Co/Pd
multilayers are patterned into micrometer or sub-micrometer sized structures,
the nucleation sites of the films are sampled and the probability to find such
nucleation sites is reduced due to decreased film area of the magnetic

structures[%].

Therefore, H, becomes higher than H, No magnetization
reversal can occur until the applied filed reaches H, because there is no
domain wall. Once the reversed domain is nucleated, the domain wall
propagates rapidly until the whole nanomagnet is reversed. The magnetic
switching of the large Co/Pd nanostructures (diameter d > 200 nm) is thus
governed by the nucleation event and the observed switching behavior is that

25261 " a5 illustrated in Fig. 2.2(a). As the size of

of the small nucleation site
Co/Pd nanostructures is shrunk down (d < 200 nm)** *1 single domain
ground state is favored due to the high exchange coupling in the Co/Pd
multilayers. Magnetization reversal in such small Co/Pd nanostructures is

therefore mediated by coherent spin rotation, as illustrated in Fig. 2.2(b).

10
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(a) (b)
-—
)| B-8
-’

Fig. 2.2 Schematics of magnetization reversal for (a) large Co/Pd dots; and (b) single
domain Co/Pd dots.

2.3 Spin Dependent Transport Phenomenon

2.3.1 Anisotropic Magnetoresistance

The anisotropic magnetoresistance (AMR) effect was first discovered by
William Thomson[®¥ in 1857, when it was found that the resistance of a
ferromagnetic material is strongly dependent on the angle between the current
and the magnetization direction. The AMR effect is attributed to the spin-orbit

coupling and can be described by a simple model as illustrated in Fig. 2.3.

Fig. 2.3 Schematics of AMR effect in a ferromagnetic metal.

When a constant current with density j is passed through a uniform

ferromagnetic material, the electric field E is given by™:

11
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— jeM —  Mxj

E=pej=pii+(prp.) " 5 M+p, (2.3)

where M is the magnetization of the sample, p , p, and p, represent the

resistivities perpendicular, parallel to M and the Hall resistivity respectively.
From Eq. (2.3), it is evident that the total resistance is dependent on the angle
(0) of current density with respect to the magnetization. The AMR resistivity
can be deduced from Eq. (2.3) as!'%:

Eej (E+Eu)o} (ELsin¢9+EHcosé?)j
Pag = 2 — 3 = >
J J j
(p,jsin6)sin@+(p,jcosd)cosd
J

=p, —|—(,0”—,0L)cosz¢9=pl +Apcos’f

= p, sin’ 6+ A cos’ @ (2.4)

Clearly, the resistivity of the ferromagnet reaches a maximum when the
magnetization and the current are either parallel (6=0°) or antiparallel
(6=180°), and reaches a minimum when they are perpendicular with each
other (6=90°). In multi-domain structures, the AMR depends on the relative
orientation of the magnetization in each domain with respect to the current

density distribution as a whole.
2.3.2 Giant Magnetoresistance

The giant magnetoresistance (GMR) effect was first discovered
independently in 1988 by A.Fert in the (Fe/Cr)so multilayer[86] and P. Griinberg
in the Fe/Cr/Fe tri-layer’®”). This effect presents a resistance variation much
larger than the normal MR caused by Lorentz forces or AMR caused by spin
orbit coupling, thus was termed as giant MR. GMR effects have also been
observed in PSV structures consisted of two ferromagnetic (FM) layers
separated by a nonmagnetic (NM) spacer layer®” *Y. When the two FM layers
are in parallel alignment, conduction electrons are able to move through both

layers with minimal scattering and the overall resistance of the PSV structure

12
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is low. By changing the relative magnetization of the FM layers from parallel
to antiparallel, a large increase in resistance can be observed.

The GMR effect can be understood using the two-current model based on
the fact that electron spin is conserved over a distance up to tens of
nanometers, which is normally larger than the typical thickness of a FM layer.
The essential mechanism is that electrons with spin parallel and antiparallel to
the magnetization of the ferromagnetic layers are scattered at different rates
when they enter the FM layers. Electrons with spin parallel to the
magnetization are scattered weakly while electrons with spin antiparallel to the
magnetization direction are scattered strongly. The current in the tri-layer
flows through two channels, corresponding to electrons with spin up ( 1) and
spin down ( | ) respectively. The two channels experience different scattering
rate in the two FM layers which can be equivalent to two parallel resistors™®®
1 as illustrated in Fig. 2.4. Equation (2.5) and (2.6) show the resistivity

formulae for the parallel (pp) and antiparallel (p4p) configurations:

2p.p

pp =T (2.5)
Prtp,
Pyt P

Pap = % (2.6)

When the two FM layers are in parallel state, the spin t electrons will
experience low scattering while the spin | electrons will experience large
scattering. Since the spin t and spin | channels are connected in parallel, the
total resistivity of the tri-layer will be limited by the low resistance of the spin
t channel (Eq.(2.5)). The total resistivity is low. On the other hand, the spin 1
electrons in the antiparallel configuration are weakly scattered in the first FM
layer but strongly scattered in the second layer, while the spin | electrons are
strongly scattered in the first FM layer and weakly scattered in the second
layer. It is then easy to deduce that the total resistivity in antiparallel

configuration becomes higher than the parallel configuration (Eq.(2.6)).

13
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(a) (b)

FM NM FM NM
Spl . Spl '
Spin p1n :

Fig.24 Schematics of two-current model for GMR effect in (a) parallel; and (b)

antiparallel spin configurations.

2.3.3 Magnon Magnetoresistance

A magnon is a quasi-particle of spin waves in magnetically ordered
materials. It can be considered as a quantized spin wave from the quantum
mechanics point of view. The concept of magnon was first introduced by Felix
Bloch® in 1930 in order to explain the reduction of the spontaneous
magnetization in a ferromagnet. At absolute zero temperature, a ferromagnet
reaches the state of lowest energy, in which all of the atomic spins (and hence
magnetic moments) point in the same direction. As the temperature increases,
more and more spins deviate randomly from the common direction, thus
increasing the internal energy and reducing the net magnetization.

Magnons usually give rise to a linear non-saturating decrease of MR via
magnon-electron scattering at high field, which is the so-called magnon
magnetoresistance (MMR) effect. Shown in Fig. 2.5 is a typical MMR

[91]

curve" '. When we consider the magnon as a particle, the non-saturating

14
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resistance value at high field can be explained by the reduction of the
electron-magnon scattering. In other words, by considering the magnon as a
travelling spin wave, we can view this behavior as a result of spin-wave
damping at high fields'””. The MMR effect has been previously observed in
3d ferromagnets (Fe, Co, Ni) with high applied field up to 40 tesla®* **!, FePt

[94]

films®, patterned FePt nanowires”")

with strong magnetocrystalline

anisotropy and narrow Nig;Fe s nanowires with large shape anisotropy®”*°..

40.46 ' ' '
40.43
=
& 40.39
=
=
40.36
40.32 1 1 [
-1 -0.5 0 0.5 1
B (Tesla)

Fig.2.5 Typical MR curve for MMR eﬁect[ o,

The MMR contribution to magnetoresistance is given as follows"> **!:

gz (B+ BA)) .7
kT

Ap(T,B)= p(T,B)— p(T,0) < %Tln(

where B, B4, D and T represent the external field, anisotropy field, exchange
stiffness constant and temperature respectively. Clearly, the MMR effect is
significantly dependent on B, B4 and 7. High-field resistivity driven by the
magnon-electron scattering roughly follows a (B+B4)In(B+B,4) dependence.
Ap is quasi-linear with B when B is extremely large. In the case of 3d

ferromagnets, the linearity of resistance with B above magnetic saturation

15
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comes from the large amplitude of the external fields (B=10-40 tesla). In
materials with strong magnetocrystalline anisotropy (FePt) and narrow
NigsFe 6 nanowires with large shape anisotropy, the role of the large applied
field is replaced by the anisotropy field (B4>>B). Therefore, even for low
fields, there is a linear dependence of resistance with field. The MMR effect is
also predicted to be a useful tool to detect magnetization reversal and domain
wall motion in patterned nanowires based on the fact that the MR is

proportional to the magnetization of the nanowires”°"> >4,

2.4 Coupling Mechanism in Multilayer Films

In PSV structures consisting of two ferromagnetic (FM) layers separated
by a nonmagnetic (NM) spacer layer, interlayer coupling between the two FM
layers determines the magnetic switching behaviors of the PSVs. The
interlayer coupling have four different origins: direct ferromagnetic coupling

through pinholes in the thin metallic spacer[%]

, indirect exchange coupling
through Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions””, orange peel
(Néel) coupling due to interfacial roughness”"), and magnetostatic coupling

via the stray fields!”™ ).

2.4.1 Pinhole Coupling

Pinhole coupling is a direct exchange coupling which occurs when the
NM spacer layer is too thin to form a continuous film. The discontinuity of
the spacer layer results in a direct contact between the two FM layers, leading

1
96. 1001 "por spacer

to a direct ferromagnetic coupling between the two layers!
layer thickness below a critical value (~1 nm), the two FM layers may
present a collective magnetic switching with a coercive field in between the

two respective FM layers. Shown in Fig. 2.6 is a schematic illustration of

magnetization reversal for two direct exchange coupled FM layers. The
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ferromagnetic coupling strength spatially distributes in the soft layer in such
a way that it is the strongest at the interface and becomes weaker as it is away
from the interface. Therefore, the two FM layers perform like an exchange
spring, in which magnetization reversal in upper surface of the soft FM layer

drags the hard FM layer to form a collective magnetic switching.

Magnetic Field
e

Hard
layer

Yyvyyy

Fig.2.6 Configuration of magnetization for direct exchange coupled FM layers.

2.4.2 Ruderman-Kittel-Kasuya-Yosida (RKKY) Coupling

The RKKY coupling is an indirect exchange interaction between two
localized spins via a hyperfine interaction within a sea of conduction

04 For PSVs, magnetic spins in the two FM layers interact with

electrons
each other through the NM metallic spacer layer. Both the interaction strength
and the interaction sign oscillate with the distance of the two localized spins,
leading to an alternating FM and antiferromagnetic (AFM) coupling

41.42.1021 o5 jllustrated in Fig.

depending on the thickness of NM spacer layer!
2.7. RKKY coupling usually occurs in multilayers with good film quality and

the coupling strength is only dominant in the range below a few nanometers.
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Fig.2.7 Schematics of RKKY coupling strength as a function of spacer layer thickness.

2.4.3 Néel Coupling

The Néel coupling, also known as the “orange peel” coupling, is an
indirect exchange coupling resulted from interface roughness of neighboring
FM layers!'®. This consequently gives rise to magnetic poles along the film
surface, leading to the formation of fringing fields which favor parallel
alignment of the magnetizations of the two FM layers, as illustrated in Fig. 2.8.
By assuming the NM layer with thickness ¢ following a two-dimensional
sinusoidal behavior with an amplitude # and a wavelength w, the Néel
coupling energy density in the limit of rigid in-plane magnetization is given

astol:

7[2h 2 *2\/572’!
J=Z M M)e (2.8)
2w

where M; and M, represent the magnetization of two neighboring FM layers.
It is clear from eq.(2.8) that the Néel coupling strength decays exponentially
with increase in spacer layer thickness.

Néel’s theory can also be extended to the case of multilayers with

perpendicular anisotropy. It has been shown that the magnetostatic interaction
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between two perpendicularly magnetized layers in the presence of a interfacial
roughness can favor either a parallel or an antiparallel alignment of
magnetization in the two FM layers®'. The sign of the coupling depends on
the interplay among magnetostatic, exchange and anisotropy energy terms. For
low values of anisotropy constant, FM coupling is favored. However, when
the anisotropy is larger than a certain critical value, AFM type of coupling is

favored.

Fig.2.8 Schematics of the layer geometry giving rise to Néel coupling.

2.4.4 Interlayer Magnetostatic Coupling

The interlayer magnetostatic coupling is a long-range magnetostatic
interaction arising from stray fields at the edge of two FM layers. In multilayer
systems with in-plane anisotropy, the coupling tends to form an antiparallel
alignment of magnetization to reduce the magnetostatic energy of the system.
However, for multilayers with perpendicular magnetic anisotropy, parallel
alignment of magnetization is energetically more favorable than the

[104]

antiparallel state' ", as illustrated in Fig. 2.9.

In magnetic multilayer films with multi-domain configurations?®” '*]

magnetostatic interactions are notably prominent. Non-uniform magnetization
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distribution in one FM layer induces local stray fields around the domain
walls (DWs), which directly affect magnetic switching of the other FM layer
and hence the behavior of the PSV films. The stray fields show a fast decay
with increase in distance from the DW border and film surface!®® 1% 171 1t
has been reported that local stray fields from DWs are efficient to induce
domain replication from a hard FM layer to a neighboring soft FM layer in
ferromagnetically coupled Co/Pd!"® and Co/Pt"™ based PSV films. Interlayer

magnetostatic coupling can also be significantly enhanced in patterned

nanostructures due to the accumulation of magnetic poles at the pattern edge

[52, 109, 110]
(a) In-plane (b) out-of-plane
High
B i
Low —
Energy %

Fig.2.9 Magnetostatic energy levels for PSVs with (a) in-plane anisotropy; and (b)

out-of-plane anisotropy.

2.5 Magnetization Dynamics

Compared with static magnetic phenomena, the crucial difference of

magnetization dynamics is the time scale on which the magnetic system is
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disturbed by an external stimulus and its response. When applying quasi static
fields to a magnetic system, the magnetization appears to be always in
equilibrium since the dynamic process happens on the nanosecond timescale
or faster. However, when an alternating magnetic field is applied with a
frequency equal to the resonance frequency of the system, the magnetization
configuration is resonantly disturbed from its equilibrium position. In this
section, the basic underlying physical concepts of the magnetization dynamics

and the commonly used characterizing method will be introduced.
2.5.1 Fundamental of Magnetization Dynamics

By applying an external magnetic field Hypto a single magnetic spin, the
moment will undergo an effective magnetic field H,y consisting of both Hy
and local exchange, anisotropy and dipolar fields. Magnetization of the spin
therefore tends to align parallel to H.4 for energy minimization, leading to a
precession of magnetization at an angle of ¢#0 relative to H,4, as illustrated in
Fig. 2.10(a). Due to a damping term, the amplitude of the spin precession will
decrease until reaching an equilibrium position. The dynamic response of a
magnetic moment can thus be described using the Landau-Lifshitz-Gilbert

(LLG) equation given as follows!''" "'

aM o M
—=—ywuu M xH , +—| M x— 2.9
dt 7//’[0 eff MS( dl' j ( )
| J \ )
V V

precessional term  damping term
where y, M and a represent the gyromagnetic ratio, magnetization of the spin
and dimensionless damping parameter respectively. The first term on the right
hand side of Eq. (2.9) is the precessional term while the second part represents
the damping term. As a result of the damping term, the motion of the

magnetization follows a helical trajectory as illustrated in Fig. 2.10(b).
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(a) AHet (b)

Fig. 2.10 Schematics of dynamic response of a magnetic spin (a) without; and (b) with the

damping term.

2.5.2 Ferromagnetic Resonance

One of the most established techniques to study and characterize the
dynamic responses of a magnetic system is ferromagnetic resonance (FMR)
spectroscopy. The FMR measurement is based on the fact that strong energy
absorption occurs when the frequency of an applied RF microwave is equal to
the precessional frequency of a magnetic spin. The FMR absorption was first

31 in 1946 while a complete theory was first given by C.

reported by Griffiths!
Kittel'"'*! in 1948. According to Kittel’s theory, the resonance condition is
expected to depend on the shape of the ferromagnetic specimen, and in the
case of a single crystal on the orientation of the crystal. By applying an
external magnetic field H, along X-axis direction, the resonance frequency of
a polycrystalline specimen is given by:

wo =7 {[H, +(N, ~ N )4zM x[H,+(N,~N)4zM 1}~ (2.10)

where N,, N,, and N, are the demagnetizing factors of the sample along the X,
Y direction and the thickness of the specimen respectively, y is the
gyromagnetic ratio of the material (17.6 MHz/Oe), and 4zM, is the

magnetization of the sample along H,.
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2.5.3 Magnonic Crystals

Magnonic crystals (MCs), a magnetic analog of photonic crystals, are
artificial magnetic nanostructures with periodic lateral variations in their
magnetic properties which can be used to manipulate magnetostatic spin wave
propagation®. Depending on the lateral confinement, artificial MCs can be
divided into one-dimensional (1-D), two-dimensional (2-D) and

three-dimensional (3-D) MCs.

Single-component

Bi-component

1-D MCs 2-D MCs

Fig. 2.11 Schematics of typical single-component 1-D (a); 2-D (b); and bi-component 1-D
(c); 2-D (d) MCs.

I-D MCs are wirelike structures consisting of arrays of nanowires
separated by an air gap''”! (Fig. 2.11(a)), whereas periodic arrays of

ferromagnetic antidot®® (Fig. 2.11(b)) represent the typical 2-D MCs. Besides

the above mentioned single-component MCs, bi-component MCs consisted of
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arrays of one FM material in the matrix of another FM material (Fig. 2.11(c &

d)) have also attracted much research interest>* %61

in recent years due to the
additional degree of freedom in engineering the spin wave properties.
Complicated magnetic structures with periodic lateral variations along three
coordinate axes can be considered as 3-D MCs. The band spectrum of MCs
which consists of allowed states (magnonic bands) and forbidden states
(magnonic gaps) can be tuned by magnetic fields and geometrical

parameters[él’ te]

2.6 Summary

This chapter introduces a basic theoretical framework and literature
review to better understand the experimental observations which will be
presented in subsequent chapters. First, the origin of perpendicular magnetic
anisotropy and reversal mechanism of Co/Pd multilayers were discussed. The
various spin dependent transport phenomena related with the main research
topics were then introduced. This was followed by an overview of the
different interlayer coupling mechanisms which may exist in typical Co/Pd
multilayer based systems. Finally, the basic concepts of spin dynamics with

emphasis on FMR were presented.
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Chapter 3

Experimental Techniques

3.1 Introduction

This chapter provides a detailed description of the fabrication and
characterization techniques for the study of magnetic nanostructures presented
in this thesis. The nanostructures were fabricated using deep ultraviolet
lithography followed by ferromagnetic material deposition and the lift-off
process. Details of the processing steps are introduced in § 3.2. This is
followed in § 3.3 by a discussion of the various techniques employed for the
structural analysis and mapping of magnetic properties of the fabricated

nanostructures.

3.2 Fabrication Techniques

In this thesis, large area arrays of nanostructures were patterned using KrF
deep ultraviolet (DUV) lithography at 248 nm exposure wavelength followed
by the lift-off process. Shown in Fig. 3.1 is a typical fabrication process flow
for the fabrication of nanostructures investigated in this thesis which consist
of nanodots, nanorings and nanowires arrays. The fabrication process can be
divided into five steps, namely, (i) bottom anti-reflection coating (BARC) and
photoresist coating; (i1)) DUV lithography, development and BARC etch; (iii)

ferromagnetic material deposition; (iv) lift-off; and (v) BARC removal.
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Fig. 3.1 Schematics of typical fabrication process flow for the nanostructure arrays.

3.2.1 Photolithography

3.2.1.1 KrF Deep Ultraviolet (DUV) Lithography

The minimum feature size that can be patterned in an optical lithography

system is given by:
A
R=k o— 3.1
Y (3.1
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where k; is the process constant which is affected by numerous parameters,
resist contrast, etch quality and photomask enhancements. A is the wavelength
of the light source used in the lithography. To improve the resolution, there is
a need for light with shorter wavelength, thus the shift toward the DUV
regime. NA is the numerical aperture which needs to be as large as possible
and is constrained by the depth of focus. NA can be increased by increasing
the refraction index of the focus lens. It is a fixed parameter for a particular
lithographic system.

In this work, the improvement of lithography resolution was attained by
using a KrF DUV source with 248 nm exposure wavelength, together with a
phase-shift mask (PSM) which allows for the fabrication of large area arrays
of nanostructures with good edge definition and uniformity. The PSM helps to
bring down the k; factor. The PSM was designed to sharpen the resist profile
and to enable the patterning of smaller features, as opposed to binary masks.
In a binary mask, constructive interference of light due to diffraction may
occur, resulting in an unexpected elevated exposure dose in the unintended
region of photoresist which consequently enlarges the feature of the patterns,
as illustrated in Fig. 3.2(a).

In order to resolve this problem, an alternating phase shift mask (ALT
PSM) was used. The ALT PSM consisted of alternating areas of Cr and
180°-shifted quartz to pattern features on the wafer as illustrated in Fig. 3.2(b).
The Cr region on the mask was bordered on one side by quartz of phase 0°
and on the other side by quartz of phase 180°. Destructive interference of light
therefore occurred in the Cr region, leading to the vanishing of the electric
field. The intensity of DUV light, which is proportional to the square of the
electric field, thus goes through zero, enabling very sharp edges to be
patterned on the photoresist. By exploiting this technique, printing of lines
smaller than the wavelength of light is possible. The DUV lithography

technique used in this thesis was developed by N. Singh!''",
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Fig.3.2 Schematics of DUV lithography process using (a) Binary mask; and (b) Phase
shift mask.

In our lithography process, the Si substrate was first coated with a 60 nm
thick BARC layer, which was used to suppress reflectivity of exposure energy
from the substrate in order to improve the critical dimensionality™. This was
followed by coating of a 280 nm thick positive DUV resist, UV210 from
Shipley. Nikon lithographic scanner S203 with KrF excimer laser radiation at
a wavelength of 248 nm was used for exposing the resist. The NA was kept at
the maximum available of 0.68 to achieve the highest resolution possible. In
the KrF photolithography process, two consecutive exposures were conducted
to enhance pattern uniformity using opposite foci®™ ""®!. The double exposure
with mask shift technique also enabled us to fabricate sub-resolution structure
from wide patterns to reduce the feature size’® ''"). After the exposure and
development, the BARC layer was etched at a rate of 7A/sec in O, (5 sccm)
plasma heavily diluted with Argon (45 sccm), leaving arrays of patterned

photoresist on the Si substrate.
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(i) Photoresist & BARC Coating  (ii) DUV Lithography & Development

Photoresist
BARC~>|

(v) Photoresist & BARC Strip (iv) Si Etch

Fig. 3.3 Schematics of the fabrication process flow for Si nanopillars™.

The DUV lithography technique also allowed for the fabrication of large
area (4 mm x4 mm) pre-patterned Si nanopillars™”, as illustrated in Fig. 3.3.
After DUV exposure, development and BARC layer etching, arrays of resist
pillar structures were formed. The pattern was then transferred into silicon
using a mixture of C4Fg (10 sccm) and SFg (40 sccm) gases with an etch rate
of 22A/sec. The remaining photoresist and BARC materials on top of pillars
were removed in a mixture of O, (3000 sccm) and forming gas (250 sccm)
plasma at 250<€. At the same time, amount of CF4 (30 sccm) was added into

this mixture to trim the pillars from the sides.
3.2.1.2 Ultraviolet (UV) Lithography

For magneto-transport and ferromagnetic resonance measurements,
electrical contacts were fabricated on top of the ferromagnetic nanostructures
using UV lithography followed by the lift-off process. Prior to lithography,
the substrates were first cleaned thoroughly to remove any contaminations
which may affect the quality of lithography and deposition. A positive
photoresist PFI was then coated on the substrates at ~ 6000 rpm in a spin

coater, which gives a thickness of ~2 um. After spin coating, the samples were
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oven baked at 90° C for 20 mins to remove any remaining solvent and to
improve the adhesion between the photoresist and the substrate. The exposure
was carried out using a Karl Suss MA6 system with a UV source of
wavelength 365 nm from a mercury (Hg) lamp. The exposure energy was set
at 140 mJ/cm’. After exposure, the samples were developed for 20 seconds in
an AZ-300 MIF developer solution. The developed samples were then rinsed

in DI water and blow dried using N, gas.

3.2.2 Deposition Techniques

3.2.2.1 Magnetron Sputtering

For the deposition of Co/Pd multilayers and other films, a hybrid
deposition system ATC 2200-HY UHV from AJA International, Inc. was used.
This system is capable of both magnetron sputtering and electron beam
(e-beam) deposition processes. The hybrid system is equipped with six
magnetron sputtering targets and five e-beam deposition crucibles, which
allows the deposition of a wide range of materials without breaking the
vacuum. The six targets were arranged in a specific circular pattern at the
bottom of the chamber aiming at a common focal point on top. The samples
were pasted onto a sample holder which was placed in the vicinity of the focal
point and rotated around a central axis at 100 rad/min to ensure uniformity in
the film deposition, as illustrated in Fig. 3.4.

The base pressure of the chamber was better than 2x10™® Torr. The
sputtering system is capable of both DC and RF magnetron sputtering. DC
sputtering was used to deposit cobalt (Co) and palladium (Pd) while RF
sputtering was used to deposit gold (Au) and copper (Cu). Alternating
deposition of Co and Pd multilayers were controlled using a build-in
LabVIEW program from AJA to ensure consistent repeatable layer thickness

in all depositions. The pressure was fixed at 3 mTorr for all the depositions.
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Fig.34 Schematics of thin film deposition using AJA.
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3.2.2.2 E-beam Evaporation

The e-beam source was placed directly under the sample holder at the
bottom of the chamber to ensure a perpendicular incidence angle of the flux at
the sample position. This significantly reduces the side-wall coating of
photoresist during the deposition, which is helpful for lift-off process. The
e-beam sources are indexed and arranged in a linear configuration. Different
materials can be deposited by positioning the crucible of material at the center
directly below the substrate. Various materials including NigoFeyo, Fe and
AL O3 were deposited using this technique. The deposition rate was monitored

using a quartz crystal microbalance.

3.2.3 Lift-off, BARC Removal and Wire Bonding

For patterned samples, the deposition was followed by the lift-off process
in order to remove the excess material on top of the photoresist layer. This

was achieved by soaking the samples in OK73 resist stripper for the DUV
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resist patterns and in acetone for the UV resist patterns. The lift-off process
was assisted using an ultrasonic bath. Thereafter, the samples were rinsed by
isopropyl alcohol (IPA) followed by DI water rinsing. Completion of the
lift-off process was determined by the color contrast of the patterned area and
confirmed by inspection under a scanning electron microscope.

For the DUV npatterns, the lift-off process yields arrays of nanostructures
embedded in BARC matrix, as illustrated in Fig. 3.1. The remaining BARC
layer was then stripped using a RIE-4 Samco UV Ozone Stripper at an oxygen
flow rate of 0.5 L/min at room temperature, which gives an etching rate of 2
A/s. Complete removal of the BARC layer is helpful for wire bonding.

For magnetotransport measurements, electrical contacts were deposited
on top of the fabricated ferromagnetic nanostructures using UV lithography.
The samples were then mounted on a 24-pin leadless chip carrier (LCC)
package using a silver adhesive. This was followed by wire bonding using a
Kulicke and Soffa Wire Bonder 4524AD system. Gold wire was ball bonded
(thermosonic) to the device bond pad, and wedge-bonded to the Au pin bond
pads of the LCC package. Gold wire and pins were used in the wire bonding
process to ensure good conduction during measurements. An example of the

bonded device is shown in Fig. 3.5.

Fig.3.5 Electrical bond pads for MR measurements.
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3.3 Structural and Magnetic Characterization Techniques

3.3.1 X-Ray Diffractometer and X-Ray Reflectometry

When a beam of X-rays with a wavelength A comes at an incident angle 6
relative to the lattice planes, constructive interference of X-ray will take place
if the Bragg condition is fulfilled. The condition follows Bragg’s law!''” as
given by:

2dsin@=nA(n=1,2,3....) (3.2)

where 2dsind is the path difference between two parallel X-rays reflected by
adjacent Bragg planes, as illustrated in Fig. 3.6. This phenomenon is known as

X-ray diffraction.

. Path difference:

Light A |
- 2dsin@

Light B <

Fig.3.6 Schematics of constructive interface of X-ray.

In this thesis, X-ray diffraction measurements were conducted using a
Bruker D8 Advanced Thin Film X-ray Diffractometer (XRD) to characterize
the preferred crystalline orientation of Co/Pd multilayer films. Shown in Fig.
3.7 are schematics of an XRD based on Bragg’s law. The X-ray source
generated by an X-ray tube was first narrowed by collimators to increase
resolution. These beams were then collected by a detector after diffracted by
the crystal. In the measurements, the sample was stationary, while the X-ray
tube moved by the angle @ together with a simultaneous movement of the

detector by an angle 26. As 0 was varied, the detector recorded intensity peaks
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corresponding to the orders predicted by equation (3.2). Each intensity peak is

characteristic of a particular crystal orientation for a given material.

Detector

X-ray tube Collimators

Fig.3.7 Schematics of an X-ray diffractometer.

Low angle X-ray reflectometry (XRR) is another useful X-ray technique
widely used to determine individual layer thicknesses, electron densities (p.),
interface roughness (o) and surface roughness of multilayer films. The basic
idea is to reflect a beam of X-rays from a flat surface at a small incident angle
(6,,) and then measure the intensity of X-rays reflected in the specular
direction. If the interface is not perfectly sharp and smooth then the reflected
intensity will deviate from that predicted by the law of Fresnel reflectivity.
The deviations can then be analyzed to obtain various parameters of the
multilayers.

When X-ray beam travels from air (n = 1) into a multilayer film (n < 1),
the total external reflection will happen if 6,,1s smaller than a critical angle 6.,
as illustrated in Fig. 3.8. At a certain incident angle 6,, (>0.), the path
difference between the adjacent planes is equal to the multiple of X-ray
wavelength, and the constructive interference condition to generate a

reflection peak is given by:

(3.3)

CA 2
mA =2Asin6, (1—%}
m-A
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where m, 4,6 , and A are the order of reflection, wavelength of X-ray, density

average profile for a bi-layer pair and the bi-layer period respectively.

Incident X-ray Reflection

Fig.3.8 Schematics of total reflection of X-ray.

By combining Snell’s and Bragg’s laws and through mathematical

approximation, the modified Bragg’s law can also be expressed as!'?* '?!1;

sin® @ =(mA/2A)’ +25 (3.4)
where § is the real part of the average refractive index of the film. By plotting

sin’ 6 vs m?}* and fitting it to a straight line, A can be determined very

11221 However, to quantitatively determine the individual layer

accurately
thicknesses and other parameters like interfacial roughness, simulations of the
XRR patterns need to be performed!'*’). In this thesis, the XRR measurements
were conducted using a Bruker D8 Discover Thin Film XRD and the
simulation fittings were performed using a software package LEPTOS 4.02
(available from Bruker-AXS, Karlsruhe, Germany) to determine the
individual layer thickness and interfacial roughness of the Co/Pd multilayers.

The XRD and XRR measurements were performed by Miss. Ho Pin from

Department of Material Science, National University of Singapore.
3.3.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a very important and powerful
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analysis tool for imaging structures ranging from micrometer to nanometer
scale. Due to the extremely small wavelength of the highly accelerated
electrons (~0.12 A at 10 kV), the SEM can resolve features down to

nanometer regime. The schematic of a typical SEM setup is shown in Fig. 3.9.

Electron gun

Vacuum

Condenser lens

Scan coils

Detector
Objective lens Amplifier

electrons

Fig.3.9 Schematics of the SEM.

A beam of electrons was produced at the top of the microscope by an
electron gun. The electron beam followed a vertical path through the
microscope, which was held within a vacuum. The beam travelled through the
focus lenses and scan coils, which focused the beam down towards the sample.
Once the beam hit the sample, particles such as secondary electrons and
backscattered electrons were ejected. Detectors collected these particles and
converted them into a signal that was sent to a screen similar to a television
screen, which produced the final image. In this thesis, a JSM 6700F SEM
from JEOL was used to study the profile of the fabricated nanostructures

through the detection of secondary electrons.
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3.3.3 Scanning Probe Microscopy

Scanning probe microscopy (SPM) is a branch of microscopy that forms
images of surface using a physical probe which scans the specimen. An image
of the surface was obtained by mechanically moving the probe in a raster scan
on the specimen, line by line, and recording the probe-surface interaction as a
function of position. In this thesis, a Digital Instrument 3100 SPM system was
used, which is capable of both atomic force microscopy and magnetic force
microscopy (MFM) measurements.

The atomic force microscopy consisted of a cantilever with a sharp tip
mounted at the end which was used to scan the specimen surface. The
cantilever is typically made of silicon or silicon nitride with a tip’s radius of
curvature on the order of nanometers. When the tip was brought into
proximity onto a sample surface, attractive or repulsive Van der
Waals forces occurred between the tip and the sample which lead to a

[24 The magnitude of

deflection of the cantilever according to Hooke's law
the deflection was monitored by a laser that is shining at an oblique angle
from the end of the cantilever to a photo detector, as illustrated in Fig. 3.10.
A feedback mechanism was used to adjust the tip-to-sample distance to

maintain a constant force between the tip and the sample. Therefore, the

resulting track of the tip movement represents the topography of the sample.

Photo Detector

( 00.%9 Tip Atoms
o

Surface
88000 o

[125]

Fig. 3.10 Schematics of atomic force microscopy measurements
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MFM is a variety of atomic force microscopy, where a sharp magnetized
tip scans a magnetic sample. The tip-sample magnetic interactions were
detected and used to reconstruct the magnetic contrast of the sample surface,
as illustrated in Fig. 3.11. The MFM tip was coated with a ferromagnetic thin
film, leading to a larger radius of curvature, which consequently lowered the

spatial resolution in comparison with atomic force microscopy.

Cantilever

Fig. 3.11 Schematics of MFM measurements.

To separate the magnetic force from atomic force, MFM measurements
were carried out using a two-pass technique, lift mode. In the first pass, the
topography of the sample was recorded using tapping mode, while in the
second pass the cantilever was lifted by a selected height, large enough to
eliminate the atomic force. By subtracting the stored topography information,

the spin configuration of a magnetic sample can be determined.

3.3.4 Magneto-Optical Kerr Effect

When a polarized light is reflected from a magnetic sample surface, both
the Kerr rotation (6%) and ellipticity (&) of the light will change depending on
the magnetization of sample, which is the so-called Magneto-Optical Kerr
Effect (MOKE). The effect is similar to the Faraday effect: the Faraday effect

describes changes of light transmitted through a magnetic material, while the
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Kerr effect describes changes of light reflected from a magnetic surface. Both
effects are due to the difference in absorption coefficients for left-hand
circularly polarized (LCP) and right-hand circularly polarized (RCP) light in a
magnetic material. The MOKE is also known as surface MOKE because the
penetration depth of the laser is only up to several tens of nanometers for most
metals which means that MOKE is particularly surface sensitive'” >, The
Kerr signals (& and 6;) are proportional to the magnetization and thickness of
a magnetic thin film.

MOKE can be categorized by the direction of the magnetization vector
with respect to the incidence plane of the laser, i.e. polar, longitudinal and
transverse configurations. These configurations are schematically sketched in
Fig. 3.12. The polar Kerr effect has the magnetic field H applied in the
direction that is normal to the film plane, thus it is sensitive to the
perpendicular component of the magnetization. To simplify the analysis, near
normal incidence is usually used in the polar geometry. The longitudinal Kerr
effect has H applied in the film plane and in the plane of the incident light,
and thus is sensitive to the in-plane component of the magnetization. The
transverse Kerr effect also has H applied in the film plane, but perpendicular
to the incident plane of the light. The polar signal is typically an order of

magnitude greater than the longitudinal and transverse signals!'*®.

Incident light

Y 7

(a) Polar (b) Longitudinal (c) Transverse

Fig.3.12 Schematics of MOKE with (a) polar, (b) longitudinal; and (c) transverse

configurations.

The MOKE system can be utilized for the measurement of hysteresis
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loops of ferromagnetic materials. In this thesis, in-house developed
longitudinal and polar MOKE setups were used to characterize samples with
in-plane and out-of-plane magnetization respectively. Shown in Fig. 3.13(a)
are schematics of a typical longitudinal MOKE setup. An ultra-low noise
HeNe laser with a wavelength of 635 nm was used as the light source. This
was followed by a beam expander which expanded the laser spot to about 1
cm to attain collimated light and by an aperture to define the spot shape. The
collimated beam became linearly polarized after passing through a polarizer
and was then focused on a magnetic sample by an achromatic doublet lens.
The lens has a diameter of 20 mm, a focal length of 50 mm and an infinite
conjugate ratio, which gives a spot size of ~5 um. The magnetic sample
changed the polarization of the incident light. The difference in polarization
angle of the LCP and RCP lights resulted in the Kerr rotation (6;) while the
change in major/minor axis ratio lead to the Kerr ellipticity (ex). Both 6, and &
are proportional to the magnetization of the sample. The reflected light thus
became elliptically polarized. The intensity of the reflected light was then
modulated by a photoelastic modulator (PEM) resonating at a frequency of
/=50 kHz. The Kerr rotation and ellipticity were modulated at different
frequencies, i.e. 2/=100 kHz for 6 and f=50 kHz for &!' /%!,

The modulated Kerr signal passed through an analyzer which was set at

an angle y from the extinction and the intensity is given by!'2¢!

I=|E, siny +E cosy '~ Ey+E,[ (3.5)

where E, and E; are the p- and s-components of the electrical field of the laser.

Since E,/E, =0, +ig, gives the Kerr rotation ¢, and Kerr ellipticity &, Eq.

(3.5) becomes:

. 26,
I=E, |2|1//+0k +ig, | E, P (y? +2p0,)=1, (1+7"j (3.6)

with 1, =| E, |2 l//2 as the intensity at zero Kerr rotation. The signal was
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focused using a lens and picked up by an AC photodiode detector. Thus, the
measured intensity as a function of applied field yielded a magnetic hysteresis
loop. The maximum Kerr rotation 6. can be determined by the relative

change of the Kerr intensity, Al/ly, between the two saturation magnetization

directions:

ek—max = (3 7)

(a) \l/—EIectromagnetsW
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©

Focus lens
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Aperture\

i Focus lens

Photo-elastic
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Focus lens
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Fig. 3.13 (a)Schematics; and (b)Experimental demonstrations of a longitudinal MOKE

setup.
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It is also possible to measure the Kerr ellipticity by inserting a quarter
waveplate in the MOKE setup, because the plate will produce a n/2 phase

difference between the p- and s-components of the electrical fields. In this

case, the analyzer ‘sees’ i(6, +ig,)=—¢, +i0, instead of 6 +ig,, and the

measured Kerr intensity is given by:
I=E, [ (v +2ng):10(1+2ij (3.8)
4

The quarter waveplate thus exchanges the Kerr rotation and Kerr
ellipticity. Another way to exchange 6, with & is to extract the modulated
signal at a frequency of 50 kHz rather than at 100 kHz based on the fact that
the Kerr ellipticity is modulated at /=50 kHz by the PEM. This can be
achieved by sending the detector signal into a lock-in amplifier and providing
a reference frequency of f from PEM. Fig. 3.13(b) shows the experimental
setup of the longitudinal MOKE. The hysteresis loops of Fe filled NiggFey
antidot nanostructures in § 6.3 were measured using this MOKE setup.

Shown in Fig. 3.14(a) are schematic illustrations of a typical polar MOKE
setup. The linearly polarized light was focused on a magnetic sample through
a small hole of one electromagnet. The magnetic field was applied along
out-of-plane direction of the sample. The incident beam was normal to the
sample surface and reflected back along the same path. This reflected light
was split by a cubic lens, which is capable of both transmission and reflection,
and collected by an AC detector after passing through the PEM and analyzer.
The corresponding experimental setup of the polar MOKE is shown in Fig.
3.14(b). The hysteresis loops of Co/Pd multilayers investigated in this thesis

were characterized using the polar MOKE setup.

42



Chapter Il Experimental Techniques
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Fig. 3.14 (a) Schematics, and (b) Experimental demonstrations of a polar MOKE setup.

3.3.5 Vibrating Sample Magnetometer

The vibrating sample magnetometer (VSM) is widely used to characterize
magnetic properties of samples using an induction technique based on
Faraday’s law. In this thesis, the hysteresis loops of [Co/Pd]s/Co/Ru/[Co/Pd],
multilayers were measured using a mode 7404 VSM from LakeShore, which

is capable of both out-of-plane and in-plane magnetic measurements with a
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magnetic field up to 1.3 Tesla. The sensitivity of the VSM is in the order of

10" emu. Shown in Fig. 3.15 are schematics of the VSM setup.

Sample holder

lo

Sample

Pick-up coils

T—Electromagnets—T

Fig.3.15 Schematics of VSM setup.

The sample was mounted on a sample holder in between the
electromagnetic poles and vibrated vertically at a constant frequency o,
leading to a change in magnetic flux of the pick-up coils. The changing flux in
the pick-up coils changed the magnitude of the AC output voltage accordingly

based on Faraday’s law, as given by:

V=kwM (3.9)
where k is a coefficient determined by the calibration of a nickel standard
sample, and M is the magnetic moment of the sample. The induced AC
voltage was detected and amplified by a lock-in amplifier, and was mapped
into the magnetic moment of the sample using the experimental calibration
parameters. Since the VSM is sensitive to the total moment, it is more suitable

for the measurement of large area samples.
3.3.6 Magnetotransport Measurement

3.3.6.1 Room Temperature Setup

Magnetic materials have electrical properties which vary with their
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magnetization. Therefore, their magnetic behavior can be investigated by the
detection and analysis of electrical signal. In this thesis, a room temperature
magnetoresistance (MR) measurement system was used to characterize the
magnetotransport properties of the fabricated nanostructures. The schematic

illustration of the MR measurement setup is shown in Fig. 3.16.

Electromagnet

Gaussmeter ]
robe
:| / P |: DC power supply
_—

e
Sample L Gaussmeter controller

L holder S
——————

DC current source

|

BNC socket board Nanovoltmeter

Rotary stage

i

Motion controller

4

Fig. 3.16 Schematics of room temperature MR measurement setup.

The sample was first mounted onto a 24-pin chip carrier followed by Au
wire bonding as described in § 3.2.3. The wire bonded samples were then
clipped tightly onto a sample holder, placed between the poles of two
electromagnets. The electromagnet was driven by a Kepco 36-12M bipolar
DC power supply, and the magnetic field strength was monitored using a
Lakeshore 450 gaussmeter. The sample holder was placed on a fully
automated rotary stage which was controlled by a Newport ESP300 motion
controller, so that the orientation of the samples can be accurately adjusted
with respect to the magnetic field direction. Electrical connections from the

24-pin chip carrier were extended from the mechanical contact of the holder to
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a Bayonet Neill Concelman (BNC) socket board, through which electrical
connections were made to the instrument. For the electrical setup, a constant
DC current from a Keithley 6221 programmable current source was passed
through the device. The corresponding voltage signal levels were measured
using a Keithley 2182 nanovoltmeter. Data acquisition was achieved through

the general purpose interface bus (GPIB) communication channel.
3.3.6.2 Low Temperature Setup

The temperature dependent MR measurements were performed using a
Janis Super-Vari-Temp (SVT) research cryostat which can be operated in the
temperature range from 4.2 K to 350 K. Fig. 3.17 shows the schematic of the
research cryostat. The system combines a variable temperature insert, model
CNDT vacuum insulated dewar, sample holder assembly and a temperature
controller. The sample bonded to the 24 pin chip carrier was loaded onto the
sample holder and then placed inside the cryostat. The samples can be loaded
in two different positions to obtain both in-plane and out-of-plane magnetic
field orientations. The SVT system used helium gas flow, which was obtained
by vaporizing liquid helium (LHe), to cool or warm the sample within the
operating temperature range. LHe exited the main reservoir through a needle
valve, and entered the vaporizer at the bottom of the sample tube. The
vaporizer temperature was regulated by the automatic Lakeshore 340
temperature controller using a control heater and thermocouple. After entering
the vaporizer, the LHe evaporated, warmed up to the desired temperature, and
then entered the sample tube. The helium vapors flowing past the sample
mount warm or cool the sample, and then exited through a vent port. The
actual temperature of the sample can be monitored by the temperature
controller sensor located on the sample holder. The magnetic field was
generated by an electromagnet positioned inside the dewar. It was controlled

by a Cryomagnetics Bipolar Superconducting Magnet Power Supply.
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Fig. 3.17 Schematics of Janis SVT research cryostat.

3.3.7 Ferromagnetic Resonance Spectroscopy

The dynamic measurements were conducted using a broadband
ferromagnetic resonance (FMR) spectroscopy. Shown in Fig. 3.18 is a
schematic of a magnetic sample incorporating a coplanar waveguide (CPW)
for FMR measurements. Typical CPW with signal line length of 300 um,
width of 20 pm were fabricated on top of magnetic nanostructures using
photolithography followed by deposition of Al,O3(50 nm)/Ti(5 nm)/Au(150

nm) and lift-off process.
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Vector Network
Analyzer (VNA)

[128]

Fig. 3.18 Schematics of FMR measurements

The FMR responses were measured using a microwave vector
network-analyzer (VNA). The ports of VNA were connected to the CPW
using G-S-G-type microwave coplanar probes. The FMR responses were
measured at room temperature by sweeping the frequency for fixed in-plane
field (Happ) in the 1-20 GHz range. This process was repeated for a large
number of Happ Values starting from negative saturation field, passing through
zero, and then gradually increasing to positive saturation field. The FMR
setup used in this thesis was developed by Mr. Ding Junjial*®®. The
microwave magnetic field h; produced by the signal line of CPWs is shown in
Fig. 3.18. Compared with conventional FMR setup, where the measurements
were performed by sweeping a static external field at fixed frequency, our
setup is advantageous since it would not alter the magnetization configuration
and thereby would not change the resonance condition of the magnetic sample

during the measurement.
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Chapter 4
Magnetization Reversal of Circular

Co/Pd Nanomagnets

4.1 Introduction

This chapter presents a systematic investigation of magnetization reversal
of circular Co/Pd nanomagnets including dots and rings. It was observed that
the magnetic switching of the [Co/Pd], dots is markedly dependent on both
the bi-layer repeat n and the dot diameter d. When the Co/Pd dots are densely
arranged in a cluster, dipolar coupling strongly affect the switching behavior,
which shows potential for magnetic logic applications. Further investigation
of interlayer coupling was carried out in [Co/Pd]s/Au/[Co/Pd], rings by

varying the Au spacer layer thickness.

4.2 Experimental Details

In this chapter, two methods have been adopted for the fabrication of
circular Co/Pd nanomagnets, namely, (i) method A by depositing Co/Pd
multilayer on pre-patterned Si nanopillars and (i1) method B using lift-off
process after Co/Pd multilayer film deposition on resist patterned template.
One of the limitations of depositing thin film directly on pre-patterned Si
nanopillars is that when characterizing the magnetic properties, in additional
to the signal from the dots, there is also magnetic signal from the trenches.
However, this method of fabrication is good because no resist is used during
Co/Pd film deposition, therefore there is no contamination to the multilayers.

Shown in Fig. 4.1(a) are schematics of the deposited Co/Pd film on top of

the pre-patterned Si nanopillars. Details of the fabrication process of the Si
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nanopillars have been described in § 3.2.1.1. The diameter d of the pillar was
varied in the range from 170 nm to 205 nm while the pitch p was fixed at 400
nm. Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)],/Au(4 nm) multilayers with n varied
from 1 to 12 were then deposited on the Si pillars using magnetron sputtering.
The 5 nm Pd seed layer was deposited prior to the Co/Pd multilayer stack to
obtain perpendicular anisotropy and the complete film structure was capped

with 4 nm Au to prevent oxidation.

Method A
Si Nanopillars

”IIII ¢ o 8 o o
d
. ® o e o o

Co/Pd multilayered nanopillars

-12e=

e o s e o
® o o o o

Method B

(@)
~—

< Au Capping layer

3nm Pd
0.5 nm Co

Pd seed layer

[Co/Pd],

i

Fig. 4.1 (a) Schematics of Co/Pd multilayers on top of pre-patterned Si nanopillars, and

(b) SEM image of arrays of [Co(0.5 nm)/Pd(3 nm)] ;> dots with d=185 nm. Schematics and

SEM images of the Co/Pd two-dot cluster fabricated using method B are shown in (c) and
(d) respectively.

The Co/Pd multilayer deposition resulted in arrays of Co/Pd dots on top

of the pillars and antidot in the pillar trench. Shown in Fig. 4.1(b) is a
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representative SEM micrograph of arrays of [Co(0.5 nm)/Pd(3 nm)];, dots
with d =185 nm. The height of the nanopillars is 450 nm, which is large
enough to ensure that the Co/Pd dots on top of the pillars and the antidot in the
trench are magnetically decoupled.

In order to eliminate the influence of trench material, method B was used
to fabricate Co/Pd dot clusters. Arrays of Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)],
/Au(4 nm) two-dot clusters (illustrated in Fig. 4.1(c)) with varied »n from 2 to 6
were fabricated on silicon substrates using deep ultraviolet lithography at 248
nm wavelength followed by lift-off process. Details of the fabrication process
has been described in § 3.2. Shown in Fig. 4.1(d) are representative SEM
micrographs of the Co/Pd two-dot clusters. The diameter d of the Co/Pd dots
was fixed at 600 nm while the edge-to-edge spacing s between the dots was
varied from 100 nm to 600 nm. The distance between the dot clusters was kept
at 1.2 um which is large enough to ensure the clusters are magnetically
decoupled.

Method B has also been used to fabricate Pd(5 nm)/[Co(0.5 nm)/Pd(3
nm)]4/Au(ts,) /[Co(0.5 nm)/Pd(3 nm)], pseudo-spin-valve (PSV) rings with
inner diameter of 190 nm and outer diameter of 520 nm. Shown in Fig. 4.2 (a)
and (b) are schematics of the PSV film structures and representative SEM
images of the PSV rings respectively. The Au spacer thickness #4, was varied
from 1 nm to 8 nm while the edge-to-edge spacing s was changed from 200
nm to 650 nm.

The structural properties and surface topography of the Co/Pd multilayer
films were characterized using X-ray Diffractometer (XRD) and atomic force
microscopy respectively. The collective magnetic switching behavior of Co/Pd
nanostructures was measured using a focused polar Magneto-Optical Kerr
Effect (MOKE) setup with external magnetic field applied perpendicular to the
plane of the sample. Magnetic force microscopy (MFM) was performed in the

phase detection mode to probe the switching behavior of dots.
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Fig.4.2 (a)Schematics of the deposited Co/Pd PSV structure; and (b) representative
SEM images of the PSV nanorings with s=200 nm and s=650 nm.

4.3 Magnetic Properties of Pre-patterned Co/Pd Dots

4.3.1 Effects of Bi-layer Repeat

4.3.1.1 Continuous Films

The magnetic properties of [Co/Pd], multilayer films were studied as a
function of the bi-layer repeat n. Shown in Fig. 4.3(a) are the hysteresis loops
for the Co/Pd continuous films as a function of n. Clearly, the switching field
(H,y) and detailed features of the hysteresis loops are strongly dependent on 7.
The squareness of all the loops with n up to 12 is equal to 1, indicating the
good perpendicular magnetic anisotropy, even for the film with only one
Co/Pd bi-layer. With increase in n from 1 to 6, the H,, of the continuous film
increases from 220 Oe to 370 Oe and further decrease to 265 Oe for n=12.
Interestingly, for multilayers with n<6, a sharp magnetization reversal was
observed. This is in contrast to the multilayer with n=12 which shows a large
tail in the hysteresis loop.

To explain this experimental observation, we have performed structure
analysis of the Co/Pd multilayer films as a function of n, as shown in Fig.

4.3(b) the 6-26 curves. Only two main reflection peaks, namely, Au(111) and
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CoPd(111) were observed in all the multilayer films, corresponding to
20 =38.4"and 20 =40.6", respectively. The Au(111) peak comes from the
Au capping layer while the CoPd(111) peak is due to the Co/Pd multilayers.
The CoPd(111) peak shifts upwards slightly by 0.2° in comparison with the
fcc-Pd(111) peak (20 =40.4") due to the compressive stress exerted by the
neighboring Co layers, as Co has a smaller lattice constant (a=3.54A) than Pd
(a=3.89A). The observation of the single CoPd peak is an indication of good
growth of the fcc(111) phase of the Co/Pd multilayers which has close
relationship with perpendicular anisotropy'?* '#% *%. With increase in n, there
is no clear change in peak position for the Co/Pd(111) peak although the
intensity increases significantly as expected, suggesting no microstructure

change as n is increased.
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Fig.4.3 (a) M-H loops, and (b) XRD patterns for continuous [Co(0.5 nm)/Pd(3 nm)],
films as a function of n. The atomic force microscopy and MFM images taken after AC

demagnetization are shown in (c) and (d).

We have further investigated the surface roughness and domain
configuration of the Co/Pd films as a function of n using atomic force

microscopy and MFM respectively. Shown in Fig. 4.3(c) are atomic force
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microscopy images of the Co/Pd multilayer films with n=6 and n=12 taken
over an area of 5 um x 5 pm. A significant increase of surface roughness from
0.431 nm to 1.235 nm is observed as n is increased from 6 to 12. The
corresponding MFM images captured after AC demagnetization over an area
of 10 um x 10 um are shown in Fig. 4.3(d). Stripe domains are observed in
both structures which are typical for a film with perpendicular anisotropy!'*'.
Interestingly, there is a marked decrease of domain size from ~1 pm for n=6 to
~200 nm for n=12. This may suggest increased magnetostatic energy due to
increased bi-layer repeat, which needs smaller domain size for energy
minimization '** "1, For samples with <6, no clear magnetic domains could
be observed after AC demagnetization.

We believe that the combination of increased film roughness and
interlayer magnetostatic interactions is responsible for the changes in magnetic
properties of the Co/Pd multilayer films. Larger film roughness may constrain
domain wall motion hence increase the saturation field of the multilayer films,
whereas stronger interlayer magnetostatic coupling between neighboring Co

[132

layers increases the force for saturation*?. These effects consequently result

in the large tail observed in the hysteresis loop for n=12 (Fig. 4.3 (a)). This
observation is in good agreement with earlier work by R. Sbiaa et al.l'#!

We have also investigated the effects of bi-layer repeat n on the
perpendicular anisotropy of the Co/Pd multilayer films. Shown in Fig. 4.4(a)
and (b) are the out-of-plane and in-plane hysteresis loops measured using a
vibrating sample magnetometer (VSM) for n=4 and n=18 respectively. Clearly,
as n 1s increased from 4 to 18, the saturation field which is related to
anisotropy field doubles from 5 kOe to 10 kOe, indicating a large increase in
perpendicular anisotropy (K,). We have further extracted K, by calculating the
area between the out-of-plane and in-plane magnetization curves®. The

results are plotted as a function of n, as shown in Fig. 4.4(c). We observed a

monotonic increase of K, from 0.83x10° erg/cm’ to 4.65x10° erg/cm’ as n is
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increased from 2 to 18. Similar change trend has been previously observed by
A. S. H. Rozatian et al.® in Co/Pd multilayer films with identical film
structure. The larger K, value observed in our experiments might indicate
better film quality benefitting from the high vacuum chamber for the

multilayer film deposition.
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Fig.44 Out-of-plane and in-plane M-H loops measured using VSM for the [Co/Pd],
multilayer films with (a) n=4; and (b) n=18. A plot of K,, extracted from the M-H loops as

a function of n is shown in (c).

4.3.1.2 Pre-patterned Dots

Shown in Fig. 4.5(a) are hysteresis loops of the Co/Pd dots with diameter
d=185 nm as a function of n. As expected, two prominent switching fields are
observed in all the hysteresis loops, corresponding to the magnetic switching

of Co/Pd antidot in the trench at lower switching field Hy; and Co/Pd dots on
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top of the pillars at larger switching field H,, respectively. Hy; and H, were
determined by taking the derivative of the Kerr intensity plot in the ascending
sweep direction in order to obtain the peak positions, as defined in Fig. 4.5(a).
Interestingly, both the Co/Pd antidot and dots for n=12 shows a much larger
switching field distribution than those with smaller bi-layer repeat (n=2 and
n=6). This is a direct effect of increased interlayer magnetostatic interactions,

in line with our earlier discussion of the continuous films.
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Fig.4.5 (a) Hysteresis loops of pre-patterned Co/Pd dots with d=185 nm as a function of
n; and (b) A plot of Hy;, Hy;, (defined in (a)) and the switching field of continuous films as a

function of n.

Fig. 4.5(b) summarizes the H;; and H,; extracted from the M-H loops in
Fig. 4.5(a). For direct comparison, the switching field of corresponding
continuous films is also plotted as a function of n. The switching field H,; of

the Co/Pd antidot is slightly larger than the corresponding continuous films for
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n>2 due to domain wall pinning at the vicinity of the Si nanopillars. Hy; of the
antidot stabilizes at ~450 Oe for 2<n<6. For n=1, the extremely small H,; (83
Oe) may come from the discrete nature of the Co film. Interestingly, H; of the
Co/Pd dots is almost three times larger than Hj; of the antidot for all n. This is
a direct effect of decreased number of domain nucleation sites. In the antidot
region, the magnetization reversal process takes place by rapid domain wall
propagation from a few nucleation sites which are usually the softest area with
the lowest anisotropy. However, in the patterned dots, the probability of
finding such nucleation sites decreases due to the reduction in the film area™.
We observed a significant increase of Hj, for the Co/Pd multilayer dots from
0.49 kOe to 1.99 kOe as n is increased from 1 to 12 due to increased intrinsic
perpendicular anisotropy and reduced demagnetizing effects in thicker

films'"*3,

4.3.2 Effects of Dot Diameter

Shown in Fig. 4.6(a) are hysteresis loops of pre-patterned [Co(0.5
nm)/Pd(3 nm)];» structures as a function of pillar diameter d. Clearly, the
Co/Pd dots on top of the pillars and the antidot in the pillar trench show
different dependence on d. We have also plotted the extracted switching
parameters (Hj;, Hy,, defined in Fig. 4.5 (a)) as a function of d for both the
Co/Pd antidot and the dots, as shown in the inset of Fig. 4.6(a). While Hy, of
the Co/Pd dots shows a significant decrease from 2.2 kOe to 1.36 kOe as d is
increased from 170 nm to 205 nm, no clear dependence of Hj; is observed for
the antidot due to the large defect size (i.e pillar diameter).

In antidots, magnetic switching is dependent on the ratiod /o, where d is
the antidot size and & is the domain wall width®®. Ford/d<1, the
coercivity increases linearly with d, reaching a maximum around d/J =1.
However, for large antidot defect sizes (d /0 >1), there are two possibilities

which significantly depend on the magnetic parameters (i.e. magnetization,
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magnetocrystalline anisotropy et al.) along the defect. If the magnetic
parameters alter gradually, the switching field decreases with increasing defect
size. However, if magnetic parameters vary abruptly, the switching field will

be independent of the defect size!**.
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Fig.4.6 (a) Hysteresis loops of pre-patterned [Co(0.5 nm)/Pd(3 nm)];; structures as a
function of d (A plot of Hy; and Hy, as a function of d is shown as an inset); and (b) MFM
images of the Co/Pd dots with varied d taken at remanence after the samples were first
saturated in a field of -3.5 kOe followed by a reversal field of +2.11 kOe.

In the antidot structure with perpendicular anisotropy, the domain walls

are Bloch walls, and the wall width is given as®:

S=n(A/K,)" 4.1)
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where A is the exchange stiffness constant and K, is the intrinsic perpendicular
anisotropy energy. Here, we calculated the Bloch wall width using the
following parameters: A=2X 10 erg/cm and K,=3.79X10° erg/cm’, which
gives a domain wall width 6=22.8 nm. K, was extracted by VSM measurement
of the corresponding Co/Pd continuous film with n=12. The calculation shows
that the domain wall width of the Co/Pd antidot is much smaller than the pillar
size (170~205 nm). The switching field thus should be independent of the
defect size, which agrees well with our experimental observations.

The marked decrease of H,, with increasing d might be due to the
increase in demagnetizing effect and the presence of more nucleation sites.

Lager dots have smaller length-to-diameter ratio and larger demagnetization

[134],

factor*? resulting in stronger shape anisotropy given by

Kdot — N

shape dot

(27M?) (4.2)
where —27M? is the shape anisotropy of continuous film and Ny is

demagnetization factor of dots. The shape anisotropy favors in-plane
magnetization'®, which consequently reduces the perpendicular anisotropy in
larger dots. In patterned Co/Pd dots, the magnetization reversal process is
governed by a few domain nucleation sites which are usually the softest area
with the lowest anisotropy. The probability of finding such nucleation sites
increases in larger dots due to the increase in the film area™.

The Hy,(d) dependence of the Co/Pd dots has been further verified using
MFM imaging. Shown in Fig. 4.6(b) are the remanent MFM images captured
at a fixed reversal field of +2.11 kOe after saturating the patterns in a field of
-3.5 kOe for the Co/Pd dots with various d. Clearly, all the dots are in single
domain state after DC magnetization. It can be observed that the reversal field
of 2.11 kOe is large enough for bigger dots to be fully reversed (yellow
contrast for d = 205 nm) in contrast to the smaller diameter dots (d = 170 nm)

where only 28% of them have switched (yellow contrast corresponds to the

reversed Co/Pd dots).
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4.4 Magnetic Properties of Co/Pd Dot Clusters

4.4.1 Effects of Dipolar Coupling

When the Co/Pd dots are arranged in a closely packed pattern,
magnetostatic interactions occur through dipolar coupling. In order to
investigate the effects of dipolar coupling on the magnetic properties of Co/Pd
dots, arrays of Co/Pd two-dot clusters with fixed dot diameter d=600 nm and
varied edge-to-edge spacing s in the range from 100 nm to 600 nm were
fabricated. Shown in Fig. 4.7(a) are hysteresis loops of the Pd(5 nm)/[Co(0.5

nm)/Pd(3 nm)]»/Au(4 nm) two-dot cluster as a function s.
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Fig.4.7 (a) M-H loops of [Co(0.5 nm)/Pd(3 nm)], two-dot clusters as a function of s; and
(b) A plot of measured H,, (rectangular symbols) and calculated H g, (circular symbols) as
a function of s. The corresponding results for the [Co/Pd], dot cluster with n=6 are shown

in (c) and (d) respectively.

Clearly, the switching field (H,,) of the Co/Pd two-dot clusters is

strongly dependent on s. Compared with the closely packed dot cluster (s=100
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nm), the isolated one (s=600 nm) shows a much larger switching field due to
reduced dipolar coupling (Hj,) between the Co/Pd dots. We have further
extracted Hy, and plotted it as a function of s, as shown in Fig. 4.7(b)
(rectangular symbols). There is a monotonic increase of Hj, from 510 Oe to
600 Oe as s in increased from 100 nm to 600 nm. This is a direct effect of
reduced dipolar coupling strength between the two Co/Pd dots. Dipolar
coupling tends to assist the magnetic switching of the two-dot cluster to form
an antiparallel alignment of magnetization, as illustrated in the inset of Fig.
4.7(b).,

We have also calculated the dipolar coupling field between the two Co/Pd
dots by approximating the dot as a single microscopic spin. The calculation is

based on the following equation !'*> 1¢);

H

3(f'i.om.)orl.—m.
ap =M .hd.z — (4.3)

s
J# ij

where hq, T,

m, and F; represent the ratio of dot volume to array cell
volume, the unit distance vector, the unit moment vector of neighboring dots
and the center-to-center distance in unit of dot pitch respectively. The
saturation magnetization M, used in the calculation was extracted from VSM
measurements of the corresponding Co/Pd continuous film. The calculated
Hgj, as as function of s is shown in Fig. 4.7(b) (circular symbols). We
observed a monotonic decrease of Hg;, from 64 Oe to 13 Oe as s is increased
from 100 nm to 600 nm. This calculated Hyjp is of the same order of
magnitude with the measured H;,, difference (90 Oe) for varied s. We do not
expect to get the same value with the experiment because the above
calculation can only provide rough estimation. Eq. (4.3) is valid for
sufficiently small dot where single domain can be conserved. In our case, the
single spin approximation was used which might not be as accurate in the

large Co/Pd dot (d=600 nm).

Show in Fig. 4.7(c) are the measured hysteresis loops of the [Co/Pd], dots
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with n=6 as a function of s. We did not see clear H,, difference in this field
range because the H,, is much larger than the Hy;,. As the M-H loops are
enlarged (inset of Fig. 4.7(c)), we again observed an increase of Hy, with s
due to reduced dipolar coupling of neighboring Co/Pd dots. We have also
plotted the extracted Hy, and the calculated Hy;, for n=6, as shown in Fig.
4.7(d). There is a monotonic increase of Hy,, from 1.955 kOe to 2.025 kOe as s
is increased from 100 nm to 600 nm, which is related to the monotonic

decrease of Hy;, from 84 Oe to 17 Oe.
4.4.2 Implementation of Logic ‘NOT’ Using Coupled Co/Pd Dots

Based on the above discussion on dipolar coupling, in this section we
further show that the dipolar coupling between neighboring two Co/Pd dots

can be utilized for Boolean mapping, namely logical ‘NOT’ function.
4.4.2.1 Logical Schematic

The idea is based on the fact that the Co/Pd dots are in single domain state

3

after DC demagnetization, therefore their spin “up” or “down” can be
employed to represent logical “0” or “1”, respectively. Shown in Fig. 4.8 are
schematics of the input and output for a two-dot cluster. The left dot “I”

represents the input while the right dot “O” represents the output.

1 @O o

Input: I  Output: O

Fig.4.8 Schematics of the input and output for a Co/Pd two-dot cluster.

Depending on the initial magnetization state of the input, the output

attains the so called “favorable energy state” due to the magnetostatic
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interactions. By accessing the favorable energy states of the elements, logical
functions can be performed. To ensure large Hy;,, the edge-to-edge spacing
between the Co/Pd dots is fixed at s=100 nm.

In order to perform logical functions, it is important to first identify the
available magnetic states and their equilibrium energies in each configuration.
Therefore, to begin with, dipolar energy calculations of all the possible energy
states were performed. Since the dots attain single domain configuration after
DC demagnetization, they can be approximated by a single microscopic

[137, 138

spin ], The total dipolar energy of the coupled dots with different

configurations is then given by!"*":

> £ ) =Y

i#j i#j

1 1

B

{miomj—

(mer)(mer)]  (44)

I

y

where m, and nTj are the magnetic moments of two interacting dots i and j,
and ;7” is the distance vector between the centers of the two dots. The

magnetic parameters used for calculations were extracted experimentally from
VSM measurement of a [Co(0.5 nm)/Pd(3 nm)]s continuous film. The moment of
each dot in our calculation is of the order of 10* Bohr magnetons which gives
interaction energy between nearest neighbors of the order of 107'® J. This
energy is almost three orders larger than the thermal energy at room
temperature which is large enough to overcome thermal fluctuations.

The calculated dipolar energies for the four possible energy states in the
two-dot cluster are shown in Table 4.1. When the input I is “0”, output “1”
causes the total dipolar energy to be negative which is lower than the case
when output is “0”, thus (01) is more energetically favorable compared with
(00). Similarly, state (10) is comparatively more favorable than (11). This
shows that the dipolar coupling between the two dots results in
antiferromagnetic type of coupling between them in which their magnetization
tends to be antiparallel with each other. This configuration is indeed the lowest

[138

energy ground state for the two-dot cluster*®), which is stable and can
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therefore be employed to realize the ‘NOT’ function. We have also calculated
the dipolar coupling field between the two Co/Pd dots based equation (4.3).
The estimated dipolar field between the two Co/Pd dots is ~84 Oe which
provides a comparatively large field tolerance to remain the favorable

antiparallel spin configuration.

Input Output Energy Favored Boolean
()] (0) (10°18) output logic
0 1 -1.04 1
(0) (1.04) —
O0=1I
1 0 -1.04 0
(1) (1.04)

Table 4.1 Favorable energy states based on dipolar energy calculation of all the possible
input and output combinations in [Co(0.5nm)/Pd(3nm)]s two-dot cluster with s=100 nm.

The ‘NOT’ gate can be controlled by an external clock-field, which is an
oscillating magnetic field consisting of a sequence of one up pulse followed
by one down pulse. The input of the two-dot cluster can be set to “0” or “1”
by an external negative or positive saturation field, respectively. The
amplitude of the clock-field is high enough to attain antiparallel configuration
but not large enough to achieve parallel configuration. Therefore, after one
clock-field cycle, initial parallel magnetization state (00) or (11) can be
switched to antiparallel state (01) or (10), while initial antiparallel
magnetization state of (01) or (10) remains unchanged. Thus, a two-dot cluster

can perform logical function ‘NOT”.

4.4.2.2 Experimental Verification

The above predicted logic functions have been experimentally verified

using MFM imaging of a Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)]¢/Au(4 nm)
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multilayer two-dot cluster with s=100 nm. Shown in Fig. 4.9(a) are MFM
images taken at remanence after the two-dot cluster was first saturated in
magnetic fields of F3 kOe followed by a clock-field cycle of amplitude +
1.96 kOe, respectively. The F3 kOe fields were used to initialize the two-dot
cluster to states (00) and (11), respectively. The uniform red (yellow) contrast
shows the single domain state of the dots, indicating that the microscopic spin
approximation used in the dipolar energy calculations is valid. The red and
yellow colors correspond to spin “up” and “down”, representing logical “0”
and “1” respectively. Depending on the direction of the saturation field, input
was initially set at either “0” or “1” and the output always showed
corresponding “1” or “0” after one clock-field cycle, which confirmed the

logical function ‘NOT’.

+1.96 kOe
(a) i vp© [ Down(1)

+1.78 kOe +2.04 kOe

Fig.4.9 (a) MFM images of the two-dot cluster with states of (01) and (10) taken at

remanence after the sample was first saturated by external fields of F 3 kOe followed by a

clock-field of amplitude +1.96 kOe respectively. MFM image of a 5x5 dot cluster array
taken after a saturation field of -3 kOe followed by a reversal field of (b)+1.78 kOe;
(c)+1.96 kOe; and (d)+2.04 kOe respectively.

65



Chapter IV Magnetization Reversal of Circular Co/Pd Nanomagnets

To verify the stability of the ‘NOT’ gate, MFM measurement was
performed on an array of 5x5 gate cells. Shown in Figs. 4.9(b-d) are the MFM
images of the gate array taken after applying a saturation field of -3 kOe
followed by various reversal fields. All the gate cells were initialized to (00)
state after the application of negative saturation field. Subsequent reversal
field of +1.78 kOe switches 2 out of the 25 cells into antiparallel
magnetization state. Further increase in the reversal field to +1.96 kOe results
in 18 out of the 25 cells falling into antiparallel magnetization configuration,
in which 10 cells are in state (10) while the other 8 cells are in state (01)
resulting from slightly softer input, which can also perform logical ‘NOT’
function. The antiparallel state in 72% of the two-dot cluster cells indicates
the implementation of ‘NOT’ function in majority gate cells. As the reversal
field reaches +2.04 kOe, some gate cells were saturated to form (11) state,
leaving 13 gate cells in antiparallel state. Our results are satisfactory since
they agree well with our energy calculations and show promise for future

magnetic logic applications using dipolar coupling of Co/Pd dots.

4.5 Magnetic Properties of [Co/Pd]+/Au/[Co/Pd]: Rings

In this section, we investigate the effects of interlayer coupling and
inter-ring dipolar coupling on the magnetization reversal of Pd(5 nm)/[Co(0.5
nm)/Pd(3 nm)]s/Au(z4,)/[Co(0.5 nm)/Pd(3 nm)], PSV rings by varying the Au
spacer layer thickness #4, and edge-to-edge spacing s. Schematics of the
deposited film structure and representative SEM micrographs of the PSV rings
have been shown in Fig. 4.2. The bottom four bi-layer (n=4) and the upper
two bi-layer (n=2) Co/Pd stacks serve as the hard and the soft FM layers

respectively due to the difference in switching field.
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4.5.1 Structure Analysis of [Co/Pd]+/Au/[Co/Pd]: Films

Shown in Fig. 4.10 are XRD patterns of continuous PSV films as a
function of t4,. We observed clear CoPd(111) peaks between 26=40.4° and
26=40.5° while individual Au peaks with incrementally increase in intensity
were found at around 39.2°, 38.8°, and 38.6° for #4,~=1, 2, and 8nm,
respectively. The Au(111) peak shifts towards the Au bulk value (38.2°) as the
thickness increases, indicating the reduced compressive stress placed by the
Co/Pd stacks. As the lattice constant of Co/Pd stacks (3.54 A (for Co) <a<3.89
A (for Pd)) is smaller than that of Au (a=4.078 A), it will exert a compressive
stress on the Au spacer layer, which is extremely strong for 1 nm and 2 nm
thick Au films. However, as Au spacer layer becomes thicker, it will
overcome some of the compressive stress, thus moving the XRD peak closer
to the bulk value. Meanwhile, the Au spacer will cause an increased tensile
stress on the Co/Pd multilayer stacks as Au layer become thicker, which is
verified by the slight downwards shift of the CoPd(111) peak (~0.1°). A weak

Co(002) peak was also observed at around 43.8° in the curve for 7,,=8 nm.

Au(111)

fcc-CoPd(111)

—a— tAu=1nm
—e—t, =2nm
—+—t, =8nm

Co(002)

Intensity (arb.u)

34 36 38 40 42 44 46
20(deg)

Fig.4.10 XRD patterns of [Co/Pd]/Au(ts,)/[Col/Pd], PSV films as a function of ta,.
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4.5.2 Effects of Interlayer Coupling

Shown in Fig. 4.11(a-d) are hysteresis loops of [Co/Pd]s/Au(za,)/[Co/Pd],
PSV nanorings with fixed s=450 nm as a function of #4,. The hysteresis loop
of the PSV nanorings with #4, =1 nm shows a single-step switching due to
direct interlayer exchange coupling between the two FM layers®® ') As a
result, the two FM Co/Pd stacks are strongly coupled, resulting in a collective
magnetization reversal of both the top and bottom Co/Pd multilayer stacks. As
shown in Fig. 4.11(a), the switching behavior of the PSV nanorings with #4, =1
nm is somewhat similar to that of individual four bi-layer rings (n=4),
indicating that the hard bottom FM stack dominates the magnetization reversal
of the structure. However, for the PSV nanorings with 74, > 2 nm, two distinct
steps are observed corresponding to the magnetic switching of the top Co/Pd
bi-layer stack (n=2) at lower field H;; and the bottom Co/Pd bi-layer stack
(n=4) at higher field H,,, respectively. The magnetization state of top FM stack
reverses more easily due to the smaller number of Co/Pd elements.

In the PSV nanorings with #4,=2 nm, the top Co/Pd stack shows a larger
switching field, while the bottom stack shows a smaller switching field
compared to that of individual Co/Pd stacks with n=2 (not shown here) and
n=4 respectively. This is due to the interlayer coupling between the two FM
stacks. The field offset of 81 Oe in the minor loop shown in Fig. 4.11(b) is a
direct evidence of this interlayer coupling. As the Au spacer layer thickness
increases, exchange coupling between the two FM stacks becomes weaker and
magnetostatic coupling becomes more dominant, thus a two-step switching is
clearly seen for the PSV nanorings with 74, =5 nm and #4, =8 nm. Interestingly,
the bottom bi-layer stack (n=4) of the PSV rings with z4, =8 nm shows a
switching field (1.18 kOe) much larger than that of individual stacks with n=4
(0.67 kOe). This is due to the tensile stress mentioned before, which in turn

enhances the perpendicular anisotropy of the bottom Co/Pd stack!*.

68



Chapter IV Magnetization Reversal of Circular Co/Pd Nanomagnets

Kerr Intensity (arb.u)

-2 -1 0 1 2
Magnetic Field (kOe)

1200 = Hgq
’q? (e) ~® Hg
O 800} y
o
o 400}
e = 5 —— =
0 [ '] '] 'l

2 4 6 8
Au spacer thickness t,, (nm)

Fig.4.11 M-H loops for [Co/Pd]4Au(ta,)/[Co/Pd], PSV rings with (a) ty, =1 nm,
compared with the hysteresis loop of [Co/Pd], multilayer rings; (b) ta, =2 nm; (c¢) ta, =5
nm (d) ta, =8 nm; and (e) a plot of Hy;, Hyz, Hap (defined in (c)) as a function of ta,.

Shown in Fig. 4.11(e) is a summary of the switching parameters Hy;, Hi,
and Hup (defined in Fig. 4.11(c)) of the PSV rings as a function of #4,. Hap

represents the stable field range over which the two FM stacks remain in
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antiparallel state. Clearly, as #4, is increased from 2 nm to 8 nm, Hj; of the soft
bi-layer stack (n=2) changes slightly from 226 Oe to 246 Oe, whereas H;; of
the hard stack (n=4) increases drastically from 576 Oe to 1159 Oe. This
consequently results in a significant increase of Hup from 350 Oe to 913 Oe as
the two FM stacks are exchange decoupled. The slight change of Hy; for the
top Co/Pd stack (n=2) may be attributed to several factors. First, the lattice
mismatch causes an increase in the tensile stress of the top Co/Pd stack as 24,
increases, which in turn enhances the perpendicular anisotropy. However, this
enhancement may be weakened by reduced magnetostatic coupling.
Magnetostatic coupling between the two FM stacks favors parallel alignment
of magnetization of the stacks in PSV rings. Therefore, the bottom hard Co/Pd
stack will constrain the magnetic switching of the top soft Co/Pd stack and
plays a pinning effect. This pinning strength will become weaker in PSV rings

with thicker Au spacer layer, leading to a reduction of Hj;,.
4.5.3 Effects of Inter-ring Dipolar Coupling

We have also investigated the effects of dipolar coupling between the
PSV nanorings on the magnetization reversal process by varying the rings
edge-to-edge spacing s while keeping all the other geometrical parameters
fixed. Shown in Fig. 4.12(a) are hysteresis loops of the PSV rings for 74,=1 nm
as a function of s. Only a single step switching is observed in all the loops due
to the direct ferromagnetic coupling between the two FM stacks as mentioned
before. The switching field of the loops is found to be markedly sensitive to s,
showing a large increase from 670 Oe to 823 Oe as s is increased from 350 nm
to 650 nm due to reduced dipolar interactions between neighboring

[139, 140

nanorings 1 Similar influence of dipolar coupling on switching field has

been previously observed in Co/Pd multilayer dots in section § 4.4.1.
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Fig.4.12 Polar MOKE M-H loops of [Co/Pd]/Au(ta,)/[Co/Pd], PSV rings as a function
of edge-to-edge spacing s for (a) ta, =1 nm; and (b) t4, =5 nm (A plot of Hy;, Hy; and Hap as

a function of s is shown as an inset).

Shown in Fig. 4.12(b) are the polar MOKE hysteresis loops for PSV
nanorings with 74, =5 nm as a function of s. Two distinct switching steps are
observed in all the loops, corresponding to the magnetic switching of top
Co/Pd bi-layer stacks (n=2) at Hy; and bottom Co/Pd bi-layer stacks (n=4) at
Hy,, respectively. Hy; of top Co/Pd stacks does not vary significantly with s.
However, Hy; of the bottom Co/Pd stacks increases notably as s is increased.
We have also extracted Hy;, Hy; and Hap (defined in Fig. 4.11(c)) and plotted
them as a function of s, as shown in the inset of Fig. 4.12(b). H,; shows slight
increase from 186 Oe to 226 Oe whereas H,; increases prominently from 697

Oe to 838 Oe with as s is increased from 350 nm to 650 nm due to the reduced
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dipolar coupling strength. Consequently, Hsp of the PSV rings increase
monotonically from 511 Oe to 612 Oe. This huge dependence of switching
field and Hsp on s provides a promising way to engineer the magnetic

properties of PSV rings.

4.6 Summary

The magnetization reversal processes of circular Co/Pd nanodots and
nanorings have been systematically investigated. For the [Co/Pd], multilayer
films deposited on pre-patterned high-aspect ratio Si nano-pillars, the
switching field of Co/Pd antidot in the trench area shows no clear dependence
on the bi-layer repeat n and the pillar diameter d due to the large defect size,
while that of the Co/Pd dots on top of the pillars is significantly dependent on
the two parameters. When the Co/Pd dots are densely arranged in a two-dot
cluster, dipolar coupling strongly affect the switching behaviors, which might
be employed for the application of magnetic logic ‘NOT’.

Further investigation of interlayer coupling was carried out in
[Co/Pd]4/Au(t4,)/[Co/Pd], PSV rings by varying the Au spacer layer thickness
tay. It was observed that exchange coupling dominates the magnetization
reversal process in PSV rings with #4, =1 nm, while magnetostatic coupling
plays a more significant role for thicker Au spacer layer. The magnetic
switching behavior of the PSV nanorings was also found strongly dependent

on the ring edge-to-edge spacing.
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Chapter 5
Magnetic and Transport Behaviors of

Co/Pd Nanowires

5.1 Introduction

This chapter presents a systematic investigation of magnetization reversal
process and magnetoresistance (MR) behaviors of [Co/Pd], multilayer
nanowires (NWs) and [Co/Pd]4+/Au/[Co/Pd], PSV NWs in the temperature
range of 5 K<7<300 K. It was observed that MR responses of the Co/Pd NWs
are markedly dependent on both the bi-layer repeat n and temperature 7. The
effects of interlayer coupling on magnetic switching and MR behaviors of the
PSV NWs are also investigated. It will be shown that compared with
continuous (un-patterned) films deposited at the same time, the PSV NWs
display a much stronger temperature dependent interlayer coupling due to
stray field interactions. The interlayer coupling has also been investigated in
[Co/Pd]4/Co/Ru/[Co/Pd], PSV films with a Ru spacer, where RKKY type of

interlayer coupling was observed.

5.2 Experimental Details

Arrays of Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)], NWs of width w=340 nm,
length /= 4 mm and edge-to-edge spacing s=80 nm were fabricated on silicon
substrates using deep ultraviolet lithography at 248 nm wavelength followed
by the lift-off process”!. Details of the fabrication process has been described
in § 3.2. The bi-layer repeat n was varied from 4 to 18. Shown in Fig. 5.1(a) is

a representative SEM micrograph of arrays of Co/Pd NWs with n=18.
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Fig. 5.1 (a) Representative SEM micrograph of arrays of [Co(0.5 nm)/Pd(3 nm)] ;s NWs;
and (b) Schematics of the Co/Pd NWs including Al bond pads for MR measurements.

We have also fabricated Cu(z¢,)/Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)]4 NWs
by adding a Cu buffer layer prior to the Co/Pd multilayer stack to enhance
perpendicular anisotropy. The Cu layer thickness #¢, was varied in the range
from 5 nm to 40 nm. Based on the switching field dependence on the [Co/Pd],
bi-layer repeat n, arrays of NWs with a PSV structure of Cu(15 nm)/Pd(5
nm)/[Co(0.5 nm)/Pd(3 nm)]s/Au(t4,)/[Co(0.5 nm)/Pd(3 nm)], were then
fabricated. The upper [Co/Pd], stack and the bottom [Co/Pd]4 stack serve as
the soft and hard FM layers respectively. The Au spacer layer thickness was
varied from 1 nm to 8§ nm while the Cu buffer layer was fixed at 15 nm. For
direct comparison, the corresponding continuous Co/Pd PSV films were also
deposited at the same time with the PSV NWs.

The structural properties and roughness of the Co/Pd multilayer films

were characterized using X-Ray Diffractometer (XRD) and X-Ray
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Reflectometry (XRR), atomic force microscopy respectively. The collective
magnetic switching behaviors of the Co/Pd NWs were characterized using a
focused polar Magneto-Optical Kerr Effect (MOKE) setup with external
magnetic field applied perpendicular to the plane of the samples. In order to
probe the MR behavior, electrical contacts were placed on top of the Co/Pd
NWs using ultraviolet lithography followed by sputtering deposition of 200
nm Al and lift-off process. MR measurements were conducted using the
standard four probe technique with a constant DC current of 1 mA (5 mA) for
the NWs (corresponding continuous films) in the temperature range of 5
K<T7<300 K. Shown in Fig. 5.1(b) are schematics of Co/Pd NWs including Al
bond pads for MR measurements. The frame of reference used is shown in Fig.
5.1(a). We refer to the MR behaviors as longitudinal, transverse and
perpendicular MR responses when the external field is applied along X, Y and

Z axes respectively.

5.3 Magnetic Behaviors of Co/Pd Nanowires

In this section, The magnetization reversal and MR behaviors of Pd(5
nm)/[Co(0.5 nm)/Pd(3 nm)], multilayer NWs are investigated as a function of
the bi-layer repeat n which was varied from 4 to 18 in the temperature range
of 5 K<T<300 K. Schematics of the deposited film structure is shown in Fig.

5.2(a).

5.3.1 Room Temperature

Shown in Fig. 5.2(b-d) are the room temperature hysteresis loops
combined with perpendicular MR curves of the [Co/Pd], NWs as a function of
n. Clearly, magnetic switching of the [Co/Pd], NWs is markedly dependent on
n. As n is increased from 4 to 18, a significant increase of switching field (H,,)

from 0.788 kOe to 1.16 kOe 1is observed due to increased intrinsic
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perpendicular anisotropy and the reduced demagnetizing effects in thicker
NWs. We also observe a good agreement between the MR peak position and
Hy,, of the hysteresis loops, corresponding to magnetization reversal of the

NWs!'", The MR ratio is defined as:

o RUD=R(H,,)
R(H

x100% (5.1)

max

where R(H) and R(H,.:) are the resistance of the sample at an applied

magnetic field of H and the maximum field H,,,, respectively.
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Fig.52 (a) Schematics of deposited film structure for [Co(0.5 nm)/Pd(3 nm)], NWs.
M-H loops and perpendicular MR responses of the NWs for (b) n=4; (c) n=8; and (d)
n=18.
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As shown in the hysteresis loops, when the [Co/Pd], NWs are
magnetically saturated, a linear decrease in the resistivity with the applied
field can be clearly seen for all n. This behavior, known as magnon
magnetoresistance (MMR) effect, has been previously reported in continuous

92.93] The linear variation in resistivity was

films of 3d ferromagnetic layers!
attributed to the spin wave damping at high field corresponding to a decrease
in the intrinsic spin disorder. At high field, there is a significant reduction in
the electron-magnon scattering. The resistivity variation of a ferromagnetic
material at a given temperature is mainly resulted from three contributions®,
namely, anisotropic magnetoresistance (AMR), intrinsic domain wall
resistance (DWR) and MMR. Since the magnetization of the Co/Pd NWs at
high field is perpendicular to the applied sense current, and no domain wall
exists at saturation states, the MR contributions from AMR and DWR are
negligible at the high field region. Therefore, the linear variations of resistivity
above saturation fields in Fig. 5.2(b-d) may simply correspond to the MMR
effect. Interestingly, the linear MR behavior can also be observed in the low
field and even negative field region where magnetization of the NWs and
applied fields are anti-parallel. This is a direct effect of the strong
perpendicular anisotropy of the Co/Pd multilayers, which is efficient to
maintain the magnetization at low field and negative field. The linear MR
behavior thus extends. Similar results have been observed in FePt films (and

1, 94 .
oL 941 and narrow NigoFeng

NWs) with strong magnetocrystalline anisotropy'
NWs with large shape anisotropy” . Interestingly, even though the Pd
layers are non-magnetic, the Co/Pd multilayer structure shows similar MMR
behavior with the FePt single layer films. In the Co/Pd multilayer structure,
the Pd layers are magnetically polarized in such a way that the induced
polarization reaches maximum at the Co/Pd interface and becomes weaker as

the Pd atoms are far away from the interface!”™. The Co/Pd multilayer thus

performs as a non-uniformly magnetized ferromagnetic layer.
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5.3.2 Temperature Dependence

5.3.2.1 Perpendicular MR Response

We have further investigated the temperature dependence of MR
behavior of the [Co/Pd], NWs as a function of n in the field range of +40 kOe.
Shown in Fig. 5.3 is a typical full loop MR curve of the perpendicular MR
response for the [Co/Pd], NWs with n=4 taken at 7=5 K. The rectangular
symbols represent the descending half loop with field swept from positive
saturation to negative saturation whereas the circular symbols indicate the
reversed sweep. Since the two half loops are essentially symmetric, we will
focus only on the descending half loop in the field range of £10 kOe for clarity

in the following discussion.

-40 -20 0 20 40

Out-of-plane Field (kOe)

Fig.5.3 Perpendicular MR response of the [Co/Pd], NWs at T=5 K.

Shown in Fig. 5.4(a) are the descending half loop of the perpendicular
MR response for the [Co/Pd], NWs with n=4 as a function of 7. The MR
response can be broadly divided into two parts, namely: high field and the
switching regions, both of which are temperature dependent. The linear MR

response at high field up to the maximum applied field is attributed to the
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MMR behavior as discussed before. As the temperature is decreased, the
MMR effect is less obvious due to reduced magnon population®, as

suggested by the decreased linear MR slope.
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Fig.54 Perpendicular MR responses as a function of T for the [Co/Pd], NWs with (a)
n=4 (Experimental MR slope (solid symbol) with fitted MMR curve (solid line) is shown as
an inset);(b) n=8; and (c) n=18 (A plot of Hy,, Vs T extracted from the MR responses as a
function of n is shown as an inset). The perpendicular MR responses for the corresponding

continuous [Co/Pd], films with n=4, 8 and 18 are shown in (d), (e) and (f) respectively.

In order to further confirm that the linear variation in resistivity indeed

comes from the MMR effect, we have plotted the extracted MR slope as a

function of T and fitted to the MMR contributions using!®* ** 1.

OAR(T)

A (1+2d1° )[m(T) + c’e] (5.2)
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where d is a constant of the order of 10° K? and C° is a
temperature-independent term. The second term (i.e. 1+2dT?) in the right part
of Eq. (5.2) indicates how the temperature affects the effective magnon mass.
This has been shown as an inset in Fig. 5.4 (a). There is a good agreement
between the extracted experimental data (solid symbol) and fitting results
(solid line), suggesting that the MMR effect is actually the source of the linear
MR. The fitting parameter d=5.4x 10 K* has similar order of magnitude with
that obtained in FePt films with perpendicular anisotropy™*.

The MR behavior in the switching region is also strongly dependent on 7.
At T=200 K, there is a sharp switching from the anti-parallel states (between
the magnetization of the NWs and the applied field) to the parallel state
configurations. As 7 1is decreased, the switching exhibits a gradual
transformation (for example, see the MR curve for 7=5 K). Unlike the high
field region, the contributions of both the AMR and DWR to the overall
resistivity in this region are very significant. These contributions become more
prominent at low 7 when the MMR effect is drastically reduced.

Shown in Fig. 5.4(b) are the perpendicular MR responses for the [Co/Pd],
NWs with n=8 as a function of 7. The MR responses can also be divided into
the high field and switching regions. While the high field linear MR response
follows the same trend as discussed above for the NWs with n=4, the behavior
in the switching regions is strikingly different. There is no transformation peak
and the abrupt switching from the anti-parallel configuration to the parallel
magnetic state in the MR curves is consistent for all 7. The absence of gradual
transformation may indicate a different magnetization reversal mechanism. As
expected, when the bi-layer repeat n is increased from 4 to 8, there is a big

[129) hich may lead to a complex magnetic

reduction in magnetic domain size
switching. We have indeed confirmed using magnetic force microscopy that
the domain size is smaller for multilayers with larger n, as has been described

in§43.1.1.
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For completeness, we show in Fig. 5.4(c) the MR responses of [Co/Pd],
NWs for n=18 as a function of 7. The MR responses are very similar to that of
[Co/Pd], NWs with n=8. We have extracted the switching field (H,)
corresponding to the transition regions from anti-parallel state to parallel
configuration for the NWs and plotted it as a function of n for comparison, as
shown in the inset of Fig. 5.4(c). We see clearly that the NWs with n=8 and 18
follow the same temperature dependence suggesting that the same reversal
mechanism is involved in the magnetic switching process. For the NWs with
n=4, a much stronger dependence of H,, on T is observed.

Shown in Fig. 5.4(d-f) are the perpendicular MR responses of the
corresponding continuous Co/Pd films deposited under identical conditions as
the NWs. The MR behavior of the Co/Pd continuous films is markedly
different from the NWs shown in Fig. 5.4(a-c). While there are also linear and
switching field regions, the linear MR responses are not strongly dependent on
T suggesting that magnetostatic energy plays a crucial role in determining the
MR response. In the switching regions, the gradual transformation is observed
at low T for all n.

In order to further understand the MR behaviors of the Co/Pd NWs at low
T, we have extracted the MR ratio from Fig. 5.4 and plotted it as a function of
T for both the Co/Pd NWs and corresponding continuous films, as shown in
Fig. 5.5. The MR response is divided into two parts, namely, high field MR
contribution (HFMR, defined in Fig. 5.4(b)) and low field MR contribution
(LFMR). The HFMR mainly arises from MMR, while the LFMR is a
combined effect of MMR and possibly AMR and DWR effects. Clearly, the
MR ratios are markedly dependent on 7. While the HFMR shows a similar
monotonic increase with 7 for the NWs with all n, the contributions from
LFMR are markedly different, as shown in Fig. 5.5(a-c).

For the NWs with n=4 (Fig. 5.5(a)), LFMR decreases significantly from

0.2% to 0.05% as the temperature is increased from 7=5 K to 7=200 K,
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leading to the marked decrease of total MR ratio. This is in contrast to the
NWs with n=8 and n=18 (Fig. 5.5(b & c)), where a large increase of total MR
ratio with T is seen due to the small temperature independence of LFMR. The
difference in temperature dependence of the LFMR may indicate a different
MR mechanism involved in the switching region as » is varied. Based on the
fact that the AMR and DWR decrease with increase in temperaturel”'> '*-4°!
while the MMR is enhanced at higher 7% °? | it is easy to deduce that AMR
and DWR effects dominate the LFMR contribution for the NWs with n=4
whereas MMR may play a more important role in determining the MR

behavior for n=8 and n=18. The MMR effect partially cancels the effects of

AMR and DWR, leading to the almost constant temperature dependence of

LFMR.
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Fig.5.5 Aplotof MR, LFMR and HFMR (defined in Fig.5.4(b)) as a function of T for the
Co/Pd NWs with (a) n=4; (b) n=8; and (c) n=18. Results for the corresponding Co/Pd

continuous films are shown in (d)-(f) respectively.
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Shown in Fig. 5.5 (d-f) are the plotted MR ratios as a function of T for the
corresponding Co/Pd continuous films. While the HFMR shows much weaker
temperature dependence in comparison to the Co/Pd NWs, the LFMR shows a
monotonic decrease with 7 for all n, suggesting a dominating AMR and DWR
effects in the switching region. This consequently results in a monotonic

decrease of total MR ratio as 7 is increased.

5.3.2.2 Longitudinal and Transverse MR Responses

We have also investigated the longitudinal and transverse MR behaviors
of the Co/Pd NWs with field applied in-plane along (X-axis) and
perpendicular (Y-axis) to the wire axis of the NWs respectively. Shown in Fig.
5.6 (a) is the longitudinal MR response of the [Co/Pd]s NWs as a function of
temperature. The NWs show a quasi-parabolic MR behavior at low field
region, which is a typical AMR response due to a coherent rotation of
magnetization from in-plane along the wire axis to out-of-plane as the external
field is reduced from negative saturation, as illustrated by the insets. As
expected, the MR ratio increases with decrease in 7. Above magnetic
saturation, a linear decrease of resistance is observed due to the MMR effect.
Again, the MMR slope is markedly dependent on temperature, showing a
significant decrease with decrease in 7.

Shown in Fig. 5.6 (b) is the longitudinal MR response for the
corresponding Co/Pd continuous film. Similarly, we observe a quasi-parabolic
MR behavior at low field region due to the AMR effect and a linear
non-saturating MR behavior above magnetic saturation resulting from the
MMR effect, both of which are markedly temperature dependent. Clear
hysteresis behavior can be observed in the continuous film. Here, we have
extracted the saturation field (H,,,) for both the Co/Pd NWs and the continuous
film corresponding to the resistance maximum of the MR curves. Hy, can be

considered as a direct measure of anisotropy field of the Co/Pd multilayers. A
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plot of Hy,, Vs T is shown as an inset in Fig. 5.6(b). Interestingly, we observed
a significant decrease of H,, from 29 kOe to 21 kOe for the Co/Pd NWs while
only a slight change of H,,, from 10 kOe to 8.7 kOe is seen for the continuous
film as the T is increased from 5 K to 200 K. H,,, of the NWs is almost twice
larger than the corresponding continuous film due to reduced demagnetizing
effects. The large difference in H,, might be responsible for the significant
difference in perpendicular MR response of the Co/Pd NWs and continuous

films shown in Fig. 5.4.
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Fig.5.6 Longitudinal MR responses as a function of T for the [Co(0.5 nm)/Pd(3 nm)],(a)

NWs; and (b) continuous film (The H,, Vs T for both the structures is shown as an inset).

Shown in Fig. 5.7 (a) and (b) are transverse MR responses for the
[Co/Pd]4 NWs and continuous film taken at 7=5 K. The red circular symbols

represent the field sweep from positive saturation to negative saturation while

84



Chapter V Magnetic and Transport Behaviors of Co/Pd Nanowires
the black rectangular symbols represent the reversed field sweep. As the
external field is reduced from positive saturation, we observe a monotonic
increase of resistance until a reversal field is reached. Since the Co/Pd NWs
and continuous film have out-of-plane anisotropy, spins aligned in the
transversal direction will rotate coherently from in plane to out of plane
forming spin-up and spin-down domains as the external field is reduced. Note
that in this case the magnetization is always oriented perpendicular to the
current direction, meaning that AMR contributions arising from the domains
are negligible. The change in resistance may be due to domain wall resistance.
Reducing the transverse field from saturation results in a decrease in domain
wall width, leading to the monotonic increase of MR. Similar results have
been observed in Co/Pt NWs*). Interestingly, the MR ratio of the Co/Pd NWs
(0.37%) is much smaller than the corresponding continuous film (0.9%) which

might be due to the much stronger anisotropy field modifying the domain wall

width.
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Fig.5.7 Transverse MR responses for the [Co(0.5 nm)/Pd(3 nm)]4(a) NWs; and (b)

continuous film taken at T=5 K.
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5.3.3 Effects of Cu Buffer Layer Thickness

In order to enhance the perpendicular magnetic anisotropy, a Cu buffer
layer was deposited prior to the Co/Pd multilayer stack. In this section, the
effects of Cu buffer layer thickness ¢, on the magnetic properties of the
Co/Pd multilayer films and NWs are investigated. The Co/Pd multilayers have
a film structure of Cu(#¢,)/Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)]4 with #¢, varied in

the range from 0 nm to 40 nm.
5.3.3.1 Continuous Film

Shown in Fig. 5.8(a) and (b) are schematics of the deposited film
structures and the representative hysteresis loops of the Co/Pd multilayer films
as a function of z¢,. Clearly, the switching field (H,,) of the films is strongly
dependent on the Cu buffer layer thickness, showing a marked increase from
445 Oe to 869 Oe as tc, is increased from 0 nm to 15 nm. Further increase in
tcy does not result in significant enhancement of Hj, of the Co/Pd multilayer

films. We observed that 7.,=15 nm is the optimum buffer layer thickness.

(a)

< Pd layer (3 nm)
[Co/Pd],

< Co layer (0.5 nm)

< Pd seed layer (5 nm)
< Cu buffer layer (z,)

X 15 -1l.0 -0l.5 0:0 0:5 1:0 1.5
Out-of-plane Field (kOe)

Fig.5.8 (a)Schematics of deposited Cu(tc,)/Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)]4

multilayer structure; and (b) hysteresis loops of the multilayer films as a function of tc,.
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We have also measured the XRD patterns of the Co/Pd films as a function
of tc,, as shown in Fig. 5.9(a). A clear CoPd(111) peak at around 26=40.6°
is observed for all the Co/Pd multilayer films, which is an indication of the
good growth of fcc(111) CoPd. No notable change in either the CoPd(111)
peak position or the intensity is observed as t¢, is increased. Furthermore, we
did not see any clear difference in the rocking curve XRD measurements for
the Co/Pd multilayers by comparing films with and without 15 nm thick Cu
buffer layer (see Fig. 5.9(b)). These results suggest that there is no texture
change in the Co/Pd multilayer films due to the Cu buffer layer. For films with
tcy=15 nm, we noticed an additional peak between 260=43.4° and 26=43.5°,

corresponding to a fcc(111) peak of the Cu buffer layer.
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Fig.5.9 (a) XRD patterns as a function of tc,; and (b) Rocking curve XRD; (c) Atomic
force micrographs for tc,=0 nm and tc,=15 nm. (d) A plot of the mean grain size and RMS
roughness of the Cu(tc,)/Pd/[Co/Pd],; multilayer films as a function of tc,.

We also studied the surface roughness of the Co/Pd films using atomic
force microscopy. Shown in Fig. 5.9(c) are the representative atomic force
micrographs for the Co/Pd multilayer films with 7¢,=0 nm and #¢,=15 nm

taken over an area of 300 nm X300 nm. It is obvious that the mean grain size
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of the Co/Pd multilayers is very sensitive to the Cu buffer layer thickness,
similar to the previous observation in Cu buffered SmCos-ﬁlm[l46]. We have
plotted the mean grain size and surface roughness extracted from the atomic
force micrographs of the continuous Co/Pd films as a function of #¢, in Fig.
5.9(d). Both the mean grain size and root mean square (RMS) roughness show
a rapid increase up to 7¢,=15 nm, after which they tend to be stabilized. It is
worth mentioning that atomic force microscopy can only provide rough
estimation of the mean grain size.

This roughness dependence on ¢, has been further confirmed using XRR
measurements. Fig. 5.10 shows the representative XRR spectra for the Co/Pd
multilayer films with 7¢,=0 nm and 7#¢,=15 nm. The simulation fits were
performed using a software package LEPTOS 4.02 (available from
Bruker-AXS, Karlsruhe, Germany), where the thickness and interface

roughness of each layer were allowed to vary.
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Fig.5.10 Representative XRR spectra and best fits for the Cu(tc,)/Pd/[Co/Pd], multilayer

films with tc,=0 nm and tc,=15 nm (the extracted interface roughness as a function of tc, is

shown as an inset).
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There is a comparatively good match between simulation and
experimental results. The thickness of Co/Pd bi-layer was found to be
approximately 6% smaller relative to the thickness determined from
deposition rates calibrated using a surface profiler, which may be due to the
use of bulk scattering and index of refraction constant in the fits. The plotted
interface roughness Vs f¢, extracted from the XRR simulations is shown in the
inset of Fig. 5.10. We observed a rapid increase of interface roughness from
0.8 nm to 1.4 nm as t¢, is increased up to 15 nm, which follows similar trend
with the RMS roughness measurements taken from the atomic force
microscopy (see Fig. 5.9(d)). Again, the roughness value becomes almost
stabilized for #¢,=15 nm. Interestingly, the interface roughness is larger than
the RMS roughness, which has also been observed in Pd and Ta buffered
Co/Pd multilayers!"*".

The combined effect of increased mean grain size and film roughness is
responsible for the changes in magnetic properties of the Co/Pd multilayer
films!'** '*. The magnetic properties of an assembly of small grains depend
strongly on the counterplay of local magnetic anisotropy energy and
ferromagnetic exchange energy. The effective anisotropy for the magnetic
behaviors is an average over several grains. Larger grain size favors increased
switching field due to enhanced effective anisotropy resulting from reduced
lateral exchange interactions between grains!®®. On the other hand, film
roughness may constrain domain wall motion and hence retard the magnetic
switching of the multilayer films. This claim is based on the fact that
magnetization reversal of Co/Pd multilayer films occurs via reversed domain

nucleation followed by rapid domain wall motion*®.

5.3.3.2 Nanowires

Now, we focus on the magnetization reversal of [Co/Pd], multilayer NWs

with n=4 as a function of Cu buffer layer thickness. Shown in Fig. 5.11(a) are
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the polar MOKE hysteresis loops for arrays of [Co/Pd]s NWs as a function of
tcu- Again, we observed an increase in switching field Hj,, for the NWs due to
the effects of the Cu buffer layer. We have extracted the Hj, from the
hysteresis loops and plotted it as a function of #¢, for both the NWs and the
continuous films in Fig. 5.11(b). A rapid increase of Hy, with #¢, is observed
when #c, <15 nm. Further increase in tc, does not significantly affect the
switching fields of both the NWs and the films. Interestingly, this Hy,
dependence on t¢, is in agreement with the earlier results on the mean grain
size and film roughness (Fig. 5.9(d)), suggesting that mean the grain size and
film roughness play an important role in determining the magnetization

reversal of Co/Pd multilayer films and NWs.
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Fig.5.11 (a) Hysteresis loops of arrays of Cu(tc,)/Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)], NWs
as a function of t¢,; and (b) A plot of Hy,, Vs tc, for both the [Co/Pd]4 NWs and continuous
films (The line is used to guide the eyes). Hysteresis loops of the [Co/Pd], NWs and film

with tc,=15 nm are shown as an inset in (b).
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We have also compared the hysteresis loops of the [Co/Pd], NWs and
corresponding continuous film with 7¢,=15 nm as shown in the inset of Fig.
5.11(b). Interestingly, in contrast to the [Co/Pd]s NWs where the switching
field is much larger than the corresponding continuous film, Hy, of the
[Co/Pd], NWs is smaller than the continuous film. This could be due to a
reduction in the perpendicular anisotropy or canted anisotropy axis at the edge
of the NWs. It has been reported that variation in PMA or anisotropy axis of
defects can cause a significant change in reversal field of patterned Co/Pd

multilayer nanostructures''").

5.4 Interlayer Coupling and MR Behaviors of [Co/Pd].+/Au

/[Co/Pd]: Nanowires

Based on the switching field dependence on the bi-layer repeat n
discussed in previous section, we have designed Co/Pd pseudo-spin-valve
(PSV) structures consisting of Cu(15 nm)/Pd(5 nm)/[Co(0.5 nm)/Pd(3
nm)J4/Au(?4,)/[Co(0.5 nm)/Pd(3 nm)],. Shown in Fig. 5.12(a) are schematics
of the deposited film structure with t4, varied in the range from 1 nm to 8 nm.
The upper (n=2) and bottom (n=4) Co/Pd multilayer stacks serve as the soft
and hard FM layers respectively. The interlayer coupling and MR behaviors of

the PSV NWs are systematically investigated in this section.

5.4.1 Effects of Au Spacer Layer Thickness

Shown in Fig. 5.12(b-c) are the representative polar MOKE hysteresis
loops and MR response taken at room temperature for the Co/Pd PSV NWs
with 74,=1.5 nm. For direct comparison, results of the corresponding
continuous film are also shown in Fig. 5.12(d-e). For both the PSV NWs and
the continuous film, we observed a distinct two-step switching, corresponding

to the magnetization reversal of the soft Co/Pd multilayer stack (n=2) at low
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field and the hard Co/Pd multilayer stack (n=4) at high field respectively.

Schematics of the magnetization states are illustrated as insets in Fig. 5.12(b).
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Fig.5.12(a) Schematics of deposited Cu/Pd/[Co/Pd]4Au(ta,)/[Co/Pd], PSV structure; (b)
Hysteresis loops (minor loop shift represents the interlayer coupling field H.,,,); and (c)
MR responses of the PSV NWs with t4,=1.5 nm. Results of corresponding continuous PSV
Sfilm with ta,=1.5 nm are shown in (d) and (e) respectively (VSM result for the PSV film is

shown as an inset in (d)).

Interestingly, the Kerr intensity drop of the two bi-layer stack at the top is
larger than that of the four bi-layer stack at the bottom of the continuous PSV
film because the MOKE setup is more sensitive to surface material. To

confirm that the soft Co/Pd multilayer stack (n=2) indeed switches first, the
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hysteresis loop measurement of the continuous film was repeated using a
vibrating sample magnetometer (VSM) as shown in the inset of Fig. 5.12(d).
As expected, the first switching step at low field occurs with smaller moment
drop, implying that the soft Co/Pd multilayer stack (n=2) switches first.

There is also a good agreement between the hysteresis loops and the MR
responses (Fig. 5.12 (b & c¢) and 5.12(d & ¢)). The MR plateau arises from the
antiparallel relative alignment of magnetization of the two Co/Pd multilayer
stacks. At saturation field, the two Co/Pd multilayer stacks are aligned parallel
to the field direction resulting in the low MR ratio. Interestingly, the PSV
NWs show much larger MR ratio (0.29%) compared to the corresponding
continuous film (0.13%), which may be due to the enhanced spin scattering at
the edge of the NWs. In the patterned nanostructures, electrons are physically
confined by the edge boundaries, which may increase the possibility of spin
reflection at the interfaces, leading to a higher MR ratio. Similar spin
reflection induced MR enhancement has also been observed in nanostructures
with current-confined-path nano-oxide layers ["°* '3,

Due to the different switching fields, the interlayer coupling (sign and
strength) between the two Co/Pd multilayer stacks can be determined by
conducting detailed minor loop measurements. To measure the minor loop, a
large negative field is first applied to saturate both the soft and hard Co/Pd
multilayer stacks, followed by application of a suitable positive field to switch
only the upper soft Co/Pd stack, after which, the field is reversed until
negative saturation to switch the soft stack again. If there is coupling between
the soft and hard Co/Pd multilayer stacks, the minor M-H loop center will be
shifted away from the zero-field axis, which is a measure of the inter-layer
coupling field (Hcoup). When the H,,,>0, there is a ferromagnetic (FM)
coupling between the two layers. However, for H,,,,<0, this is an indication
that the coupling is antiferromagnetic (AFM). From the minor M-H loop

shown in Fig. 5.12(b), a positive H.., as large as 290 Oe is observed for the
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PSV NWs, indicating that there is a strong FM coupling between the soft (n=2)
and the hard (n=4) Co/Pd multilayer stacks. Again, there is a good agreement
between the minor hysteresis loops of the MOKE signal and the MR response.
Interestingly, the continuous film deposited at the same time as the PSV NWs
shows a much weaker H.,,, of 14 Oe originating from interlayer coupling due
to possible pin holes, RKKY coupling or Néel type coupling. Since the NWs
were fabricated under the same conditions as the continuous film, these three
interlayer coupling mechanisms should have similar coupling strength in the
PSV NWs. The only difference between the Co/Pd NWs and the continuous
film is the interlayer magnetostatic interactions through stray fields in the
NWs, which is negligible in the continuous Co/Pd PSV film.

We have systematically probed the influence of Au spacer layer thickness
ta, on the interlayer magnetostatic coupling and magnetization reversal of the
Co/Pd PSV NWs. Shown in Fig. 5.13(a-e) are the major and minor M-H loops
of the PSV NWs with 4, varied in the range from 1 nm to 3.5 nm. For #4,~1
nm, we observed only a single-step switching for the PSV NWs, compared to
the two steps seen in the corresponding continuous film as shown in the inset
of Fig. 5.13(a). This is a direct effect of the strong interlayer magnetostatic
coupling and possible ferromagnetic coupling, which induces collective
magnetization reversal of the soft and hard Co/Pd multilayer stacks. For the
uniformly magnetized PSV film with #4,=1 nm, however, the magnetostatic
coupling via stray fields is very negligible. A much weaker positive H,qp of
20 Oe was measured. This interlayer coupling is considerably weak to
overcome the switching field difference between the two FM stacks, thereby
resulting in a clear two-step switching. For the PSV NWs with 1.5 nm < 14,
<3.5 nm, due to a reduction in the stray fields, two distinct switching steps are
seen. As t4, is increased, the minor loop center shifts towards zero field,
which verifies the weakened magnetostatic coupling between the two Co/Pd

multilayer stacks.
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Fig.5.13 M-H loops of the Cu/Pd/[Co/Pd]/Au(ts,)/[Co/Pd], PSV NWs with (a) ty,=1 nm

(M-H loops of corresponding continuous film are shown as an inset); (b) ta,=1.5 nm; (c)

ta=2 nm; (d) ta,=2.5 nm; and (e) t4,=3.5 nm. The corresponding MR loops are shown in

(f)-(j) respectively. The dashed lines indicate the reduced interlayer coupling with t,.

The corresponding MR responses for the PSV NWs with 1 nm < #4,<3.5
nm are shown in Fig. 5.13(f-j). In agreement with the M-H loop in Fig. 5.13(a),
the MR curve for 74,=1 nm displays a sharp peak with a small MR ratio of
0.13% due to the strong interlayer coupling between the soft and hard Co/Pd
stacks. For the PSV NWs with 1.5 nm < #4,<3.5 nm, the MR curves display
typical GMR behavior with distinct region of anti-parallel relative alignment

of magnetization between the soft and hard Co/Pd stacks and a larger MR ratio
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(~0.29%). Again, we observed a reduced interlayer coupling field based on the
minor loop center shift as the Au spacer layer thickness is increased, as
indicated by the dashed lines in Fig. 5.13(f-j). Interestingly, the MR ratio
almost keeps constant with 7,,,.

In order to further understand the influence of Au spacer layer thickness
t4, on the interlayer magnetostatic coupling strength of the Co/Pd PSV NWs,
we have performed numerical calculations on the stray fields from the bottom
hard Co/Pd multilayer stacks (n=4). We assume that the hard Co/Pd FM stacks
are uniformly magnetized with a constant magnetization M, perpendicular to
the film plane. Our assumption is reasonable since the [Co/Pd]s multilayer
stacks possess high perpendicular anisotropy. Shown in Fig. 5.14(a) is a
schematic of the modeled [Co/Pd], multilayer NWs with a cuboid structure of
length, width and thickness of 2L, 2W and 2D respectively. The X and Y of
Cartesian frame are along the length and width directions while the Z axis
(out-of-plane) corresponds to the thickness of NWs. For uniform
magnetization, the [Co/Pd]s multilayer NWs is equivalent to two rectangular
sheets at a distance 2D with homogenous magnetic charge densities M,
distributed at the upper and lower surfaces. The charge configuration induces

an expression for the stray fields!**:

- . 3= : 3

fﬂ}):ﬂfQ.T}mffay' re(x.y.0) _ ro(x.y,=o) (5.3)
dr c 0y ‘r—(x,y,c)‘ ‘r—(x',y,—c)

By performing integral operation, the out-of-plane projection of the stray

fields is give as follows ["** 13:

m+n+k Z ( 1) D] [x_(_l)m L]

m

Hz(x,y,z)=—4—0 z ( 1)

m,n,k=1 ‘Z—(—

(5.4)
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Fig.5.14 (a) Schematics for stray field calculation of the [Co/Pd]; NWs; and (b) A plot of
calculated stray fields (empty circle), interlayer coupling field H.,,, extracted experi
-mentally from minor M-H loop shift of Cu/Pd/[Co/Pd]Au(ts,)/[Co/Pd], PSV NWs (solid

circle) and corresponding continuous films (solid triangle) as a function of ta,.

Since the [Co/Pd]4 NWs are infinitely long compared to the width and
film thickness, the out-of-plane component of the stray fields can be simplified

as follows:

M - -
Hz(x,y,z):——oo arctanﬂ—arctany+w—arctan y-W + arctan y+W
2r ty, i t,, +2D t,, +2D

(5.5)
where M, is the saturation magnetization of the [Co/Pd]s multilayer film
which was extracted experimentally from the VSM measurement. Shown in

the inset of Fig. 5.14(b) is the calculated out-of-plane component of the stray
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field (H;) generated by the hard Co/Pd FM stacks (n=4) in the soft Co/Pd
stacks (n=2) with a spacer layer thickness 74,=1.5 nm across the NW width. In
our approximation, the magnetostatic interactions from the hard Co/Pd FM
stacks of the nearest and second nearest neighboring PSV NWs were also
taken into consideration in the calculation. H, varies across the NW width in
such a way that it is the weakest at the center and strongest at the edges in
agree with the observation in Co/Ni multilayer constrictions!'®™). We have
calculated H, at the edge of the NWs (y=169 nm) as a function of #4,, as shown
in Fig. 5.14(b) (empty circle). H, shows a fast decay from 238 Oe down to 57
Oe as 1y, 1s slightly increased from 1.5 nm to 3.5 nm.

The strong dependence of the stray fields on ¢4, is further verified
experimentally. We have extracted the interlayer coupling field (H.,,) from
the minor M-H loops in Fig. 5.13 and plotted it as a function of #4, in Fig.
5.14(b) (solid circle). We found a significant decrease of Hy,, from 290 Oe
for #4,=1.5 nm to 48 Oe for #4,=2.5 nm, after which only a slight decrease of
H.oup 1s seen, implying that the two FM stacks are magnetically de-coupled.
This is further confirmed by the PSV NWs with 74,=8 nm (not shown), where
only a small H.,, of 11 Oe is observed. There is only qualitative agreement
between the experimental and calculation results. This is expected since the
calculation only considers the stray field at one point (y=169 nm) while the
interlayer magnetostatic coupling of the PSV NWs is the average effect of
stray fields across the NW width, and the modeling does not take into account
the defect distribution in the actual sample. For comparison, the H,,,, of the
corresponding continuous films is also shown in Fig. 5.14(b) (solid triangle).
The PSV films show a much smaller H,.,,, due to the absence of interlayer
magnetostatic coupling via the stray fields, with a monotonic decrease from 20
Oe to 4 Oe as #4, 1s increased from 1 nm to 3.5 nm.

Interlayer coupling also plays an important role in engineering the

magnetic switching of the PSV NWs. Here, we have defined three parameters
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Hy;, Hy; and Hup in Fig. 5.13(e), corresponding to the switching fields of the
soft Co/Pd stack (n=2), the hard Co/Pd stack (n=4) and the stable field range
over which the two FM stacks are in anti-parallel relative alignment of
magnetization respectively. Shown in Fig. 5.15 is a plot of the three
parameters extracted from the M-H loops in Fig. 5.13 as a function of #4,. For
14, 2.5 nm, a marked decrease of H,; and a notable increase of H,, with 4,
are observed due to reduced interlayer coupling strength. Consequently, the
stable field range H,p shows a rapid increase from 0 for 74,~1 nm to 610 Oe

for #4,=2.5 nm and becomes stabilized afterwards.
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Fig.5.15 A plot of Hy;, Hy; and Hup (defined in Fig. 5.13(e)) of the PSV NWs as a function
OflAu.

5.4.2 Effects of Temperature

We have conducted a detailed investigation on the effects of temperature
(T) on interlayer coupling and MR behavior of the Co/Pd PSV NWs and
continuous films. Shown in Fig. 5.16(a) are major and minor MR loops of the
PSV NWs with 74,=1.5 nm as a function of 7. At high temperature, the MR

response is dominated by the GMR effect. However, as temperature is
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decreased, a noticeable transition in the MR response to that dominated by
MMRP* and possibly AMR, DWR is observed at 7=5 K. The major loop of
the MR response taken at 7=200 K shows a typical GMR behavior with a
clear plateau field range of 254 Oe, indicating a separate magnetic switching
of the soft and the hard Co/Pd multilayer stacks. Interestingly, we observe a
linear non-saturating MR response above saturation due to MMR effect, as
shown an enlarged half loop MR curve in the inset of Fig. 5.16(a). However,
the MMR contribution is almost one order of magnitude smaller than the
GMR response.

As temperature is decreased to 7=150 K, the MR plateau becomes
rounded due to the combined effect of reduced switching field difference and
enhanced interlayer coupling. In Co/Pd multilayer films, due to a Co 3d-Pd 4d
hybridization at the Co/Pd interfaces, the Pd layers are polarized, thus
becoming weakly ferromagnetic and favoring the FM interlayer coupling
between the Co layers through the Pd layers. The Pd polarization can go into
the Pd layer up to 0.7 nm at room temperature!’®). It has been previously

reported™*> 1*%!

that for Co/Pt multilayer, the Pt polarization goes deeply into
the Pt layers with decrease in temperature, consequently strengthening the FM
interlayer coupling and reinforcing the switching field of the Co/Pt multilayer
stacks. This should also be valid for Co/Pd multilayers since both Pd and Pt
have similar electronic configurations. The switching field of both the soft
(n=2) and the hard (n=4) Co/Pd multilayer stacks increases with decrease in
temperature. However, the soft Co/Pd stack shows a faster increase rate,
leading to a reduction in the switching field difference at lower 7. The
temperature dependence of switching field on n has been indeed confirmed
using MR measurements, as has been shown in the inset of Fig. 5.4 (c), where
a stronger temperature dependence of Hy, is observed in the [Co/Pd], NWs

with smaller n. Similar temperature dependence have also been previously

reported in Co/Nit"*"' and Co/Pt!"** **! multilayers.
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Fig.5.16 Major (black rectangular) and minor (red circular) MR loops as a function of T
for the Cu/Pd/[Co/Pd]4Au(ta,)/[Co/Pd], PSV (a) NWs (the dash line indicates interlayer
coupling field H.,,,); and (b) corresponding continuous film with ts,=1.5 nm. The

enlarged half-loop MR curves are shown as insets.

We have also conducted minor loop measurements and extracted the
interlayer coupling field H.,,, between the two FM stacks from minor loop
center shift of the MR curves. Compared with 7=200 K, minor loop of the
PSV NWs shows an upwards shift of H.,,, to 1.65 kOe at 7=150 K, indicating
an enhanced interlayer coupling. As temperature is further decreased, there is
a drastic reduction in the MR ratio from 1.1% for 7=150 K to 0.27% for 7=5
K. The MR response taken at 7=5 K resembles that of a single Co/Pd

multilayer stack with an MR peak mainly arising from MMR and possibly
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AMR, DWR, as has been described in § 5.3.2. This suggests a collective
magnetization reversal of the soft and hard Co/Pd multilayer stacks due to a
strong interlayer coupling between the two FM stacks, which has been further
verified by the gradual switching of the PSV NWs in the downwards branch of
the minor loop. Again, we observed the linear non-saturating MMR response
from the inset, which becomes more prominent due to the absence of GMR
effect.

For comparison, the major and minor MR loops of the corresponding
continuous Co/Pd PSV film with #4,=1.5 nm are also shown in Fig. 5.16(b).
We observed typical GMR responses at all temperatures. Again, the plateau
field range over which the two Co/Pd multilayer stacks are in antiparallel
magnetization state decreases with temperature and becomes rounded at 7=5
K, which further confirms the reduced switching field difference between the
two FM stacks at lower temperature. Interestingly, the MR ratio of the
continuous film increases from 0.3% to 0.82% as the temperature is decreased
from 7=200 K to 7=5 K. This is in direct opposite of the observation in the
PSV NWs as shown in Fig. 5.16(a). The linear non-saturating MMR behavior
is also observed at all 7, as shown in the insets of Fig. 5.16(b).

Shown in Fig. 5.17 (a) and (b) are the temperature dependence of MR
behaviors for the PSV NWs and corresponding continuous film with a thicker
spacer t4,=2.5 nm. Clear GMR response can be observed in the PSV NWs at
all temperatures, even for 7=5K. The absence of MMR (and possibly AMR,
DWR) dominated effects in the PSV NWs suggests no correlated
magnetization reversal of the soft and hard Co/Pd stacks due to a much weaker
interlayer coupling. This has been verified by the much smaller minor loop
center shift, as indicated by the dashed lines in Fig. 5.17 (a). Again, the MR
curves become rounded at 7=5 K for both the PSV NWs and the continuous

film due to a reduction in switching field difference of the two FM stacks.
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Fig.5.17 MR loops as a function of T for the PSV (a) NWs; and (b) corresponding

continuous film with ta,=2.5 nm.
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We have further extracted the interlayer coupling field H.,,, Vs T from
the minor loop MR measurements and plotted it as a function of z4, for both
the PSV NWs and the corresponding continuous films, as shown in Fig.
5.18(a). The solid and open symbols represent Hc.,, of the PSV NWs and
continuous films respectively. For the continuous films, H,,,, is small and
almost independent on temperature, suggesting that the interlayer coupling
originating from possible pin holes, RKKY coupling or Néel type coupling is
negligible at low 7. For the PSV NWs, however, the interlayer coupling is
significantly larger and markedly dependent on both #4, and 7. There is a fast
decay of H.,, with a slight increase of 4, from 1.5 nm to 2.5 nm. Since the

PSV NWs are deposited at the same time as the continuous films, the
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interlayer coupling originating from possible pin holes, RKKY coupling or
Neéel type coupling should have similar temperature dependence in the NWs. It
is then easy to deduce that the huge dependence of interlayer coupling on 7 in
the PSV NWs mainly arise from the stray field interactions.

NWs: —&—t,,=1.5nm —®—t, =2nm —&—t, =2.5n1
Films: —8—t,,=1.5nm ty,=2nm —At, =2.5nr
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Fig.5.18 Aplotof (a) Heoup Vs T extracted from the minor loop MR measurements; and (b)
MR ratio Vs T for the Cu/Pd/[Co/Pd]4Au(ta,)/[Co/Pd], PSV NWs and films as a function

OflAu.

We observed a fast increase of H,,,, for the PSV NWs with 74,=1.5 nm
and 74,=2 nm as T is decreased from 300 K to 100 K, which is followed by a
slight change of H.u, at 7<100 K. The reduced effective spacer layer
thickness together with enhanced saturation magnetization of the hard Co/Pd

multilayer stacks (n=4) may be responsible for the large increase of H,,,, at
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T>100 K. In the PSV structure, the Au spacer layer is sandwiched by a 0.5 nm
thick Co layer and a 3 nm thick Pd layer. Since only partial Pd layer is
strongly polarized by the neighboring Co layert’™, the effective spacer layer
between the two FM stacks shall consist of both the Au layer and the weakly
polarized part of the Pd layer. Although the Au layer thickness remains
constant with temperature, the Pd polarization goes deeper into the Pd layer at
low T, resulting in a reduced effective spacer layer thickness and hence
enhanced interlayer magnetostatic coupling. On the other hand, the increased

1

saturation magnetization with temperature/”’ may also contribute to the

increased interlayer coupling according to Eq. (5.5). The slight change of H..op

at 7<100 K may indicate the almost constant saturation magnetization'*”’

and
effective spacer layer thickness at low 7. Interestingly, for 74,=2.5 nm, there is
a slight decrease of H,,,, at 7<150 K.

The effects of interlayer coupling on the MR ratio of the Co/Pd PSVs
have also been analyzed as a function of 7, as shown in Fig. 5.18 (b).
Compared with the continuous PSV films, where typical GMR response with a
monotonic increase of MR ratio with T are observed, the PSV NWs show
more complicated MR dependence on T due to the presence of interlayer
magnetostatic coupling. We observed a MR ratio peak for the PSV NWs with
t4=1.5 nm at 7=150 K corresponding to the transition between GMR and
MMR dominated effects. At high 7, GMR effect dominates the MR response
of the PSV NWs. However, at low 7, MMR and possibly AMR, DWR effects
may begin to play a more important role in affecting the MR response,
resulting in a reduction of MR ratio. As t4, is increased, the MR peak shifts
downwards to 7=25 K for t4,=2 nm and disappears for 74,=2.5 nm due to
reduced interlayer coupling strength. Interestingly, the PSV NWs show larger
MR ratio at higher temperature (7>75K) compared to the corresponding
continuous film due to the enhanced spin scattering at the edge of the NWs as

discussed before.
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5.4.3 Effects of Co and Pd Insertion Layers

In previous sections, the discussed PSV structure consists of an Au spacer
layer sandwiched by a 3 nm thick Pd non-magnetic (NM) layer at the bottom
and a 0.5 nm thick Co FM layer on the top. We have argued that the effective
spacer should include not only the Au layer but also the weakly polarized part
of the Pd layer. In order to confirm our assumption, another two PSV
structures (structure / and /) have been designed by inserting either a 0.5 nm
thick Co layer to the bottom side or a 3 nm thick Pd layer to the upper side of
the Au layer, so that the Au spacer layer is always sandwiched symmetrically.

The complete film structures are as follows:

Structure I: Cu(15nm)/Pd(5nm)/[Co(0.5nm)/Pd(3nm)]4/Co(0.5nm)/Au(1.5nm)
/[Co(0.5 nm) /Pd(3nm)],

Structure /I: Cu(15nm)/Pd(5nm)/[Co(0.5nm)/Pd(3nm)]s/Au(1.5nm)/Pd(3nm)
/[Co(0.5nm)/Pd(3nm)],

Shown in Fig. 5.19 (a) and (d) are schematics of the designed two PSV
structures. If our assumption is correct, the Co insertion layer should give rise
to an increase in interlayer coupling while the Pd layer will decrease the Houp.
Shown in Fig. 5.19(b) is the polar MOKE hysteresis loop of the PSV NWs
with structure 1. We observed a single step switching in the NWs, suggesting a
collective magnetization reversal of the soft and the hard Co/Pd stacks due to
a strong interlayer magnetostatic coupling. This is the direct opposite of the
PSV NWs without the Co insertion layer, where a distinct two-step switching
is seen (Fig. 5.12(b)). The strong interlayer coupling is further verified by the
large minor loop center shift (H..,,=119 Oe) of the corresponding continuous
PSV film, as shown in Fig. 5.19(c). The reduced effective spacer layer
thickness is responsible for the large H.yp.

Shown in Fig. 5.19(d & e) are hysteresis loops of the PSV NWs and

corresponding continuous film with structure /I. As expected, a distinct
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two-step switching is observed in the PSV NWs due to a much weaker
interlayer magnetostatic coupling resulting from the increased effective spacer
layer thickness. The minor loop measurement shows a much smaller H.,,, (28
Oe) in comparison with the PSV NWs without the Pd insertion layer (290 Oe,
see Fig. 5.12(b)). Interestingly, the corresponding continuous film shows a
single step switching. This might indicate a negligible small difference of
switching field between the two FM stacks resulting from enhanced
perpendicular anisotropy of soft Co/Pd multilayer stack (n=2) at the additional
Co/Pd interface. The above experimental observations confirm that the weakly

polarized Pd layer indeed contributes largely to the effective spacer of the

PSVs.
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Fig.5.19 (a) Schematics, and M-H loops of the PSV NWs (b); continuous film (c) with
structure I where the Au spacer is sandwiched by two Co layers. Results for the PSVs with
structure Il (Au spacer sandwiched by two Pd layers) are shown in (d)-(f) respectively.
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We have further investigated the temperature dependence of MR
behaviors for the PSVs with structure 7 and /1. Shown in Fig. 5.20 (a) are the
perpendicular MR responses of the PSV NWs with structure 7 as a function of
T. The MR curve performs like a single Co/Pd multilayer stack at all 7,

suggesting a collective magnetization reversal of the PSV NWs due to the

strong interlayer magnetostatic coupling given by the Co insertion layer.
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Fig.5.20 MR responses as a function of T for the PSV NWs (a); and corresponding
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continuous film (b) with structure 1. A plot of MR ratio Vs T is shown in (c).

For the continuous PSV film (Fig. 5.20(b)), however, a transition from
GMR to MMR (and possibly AMR, DWR) dominated response is observed at

T<75 K due to enhanced interlayer coupling at low 7. This consequently
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results in a sharp decrease in MR ratio. Fig. 5.20(c) summarizes the MR ratio
Vs T for the PSVs. While the NWs show a monotonic increase with decrease

in 7, the continuous film displays a MR ratio minimum at 7=75 K, indicating

the transition of different MR mechanisms.

Shown in Fig. 5.21 (a) are the MR responses for the PSV NWs with
structure /1. We observed a transition from GMR effect at higher 7 (>150 K)

to MMR (and possible AMR, DWR) dominated effects at intermediate 7" (~75

K) before it returned back to GMR effect at very low T (<25 K).
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Note that in this PSV structure the interlayer coupling is negligible small
due to the additional Pd spacer. Therefore, the MR transition might simply
indicate a crossover of switching field (Hy,) between the soft (n=2) and the
hard (n=4) Co/Pd multilayer stacks. At 7=200 K, H,, of the two bi-layer stack
is smaller than the four bi-layer stack, leading to the observed GMR response
with clear MR plateau. However, as temperature is decreased, magnetic
switching of the two FM stacks tends to overlap due to reduced H,, difference
at low 7, resulting in a decrease in MR ratio and the MR minimum at 7=75 K.
Further decrease in T leads to a separated magnetic switching of the two FM
stacks again because H,, of the two bi-layer stack (n=2) is larger than the four
bi-layer stack (n=4). This consequently gives rise to the clear MR plateau
again with a large MR ration at 7=5 K. The above claim is based on the fact
that Hy,, of the Co/Pd multilayers with smaller bi-layer repeat n show stronger
temperature dependence!®” ">,

The crossover of switching field is further confirmed in the continuous
PSV film, where a transition from MMR (and possibly AMR, DWR)
dominated behavior to typical GMR response is observed at low T due to the
separation of magnetic switching of the two FM stacks, as shown in Fig. 5.21
(b). The temperature induced switching field crossover has also been
previously observed in Co/Pt multilayer based magnetic tunnel junctions with

11581 Shown in Fig. 5.21(c) is a summary of the MR

perpendicular anisotropy
ratio Vs T for the PSVs. Clearly, the MR minimum at 7=75 K is a direct
evidence of the switching field crossover for the PSV NWs whereas the

transition from MMR to GMR dominated effects leads to the monotonic

increase of MR ratio with decrease in T in the PSV film.
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5.5 Interlayer Coupling in [Co/Pd]./Co/Ru/[Co/Pd];

Multilayers

We have shown in previous sections that strong FM coupling exists in the
Co/Pd PSVs with a Au spacer. In this section, we further show that both FM
and antiferromagnetic (AFM) type of coupling can be achieved in the Pd(5
nm)/[Co(0.5 nm)/Pd(3 nm)]4/Co(0.5 nm)/Ru(zg,)/[Co(0.5 nm)/Pd(3 nm)], PSV
multilayers with a Ru spacer layer. Shown in Fig. 5.22 (a) and (b-g) are
schematics of the deposited PSV structure and M-H loops of the PSV
continuous films as a function of the Ru spacer layer thickness g,. Clearly,
magnetization reversal and detailed features of the M-H loops are markedly

dependent on tg,.

(a) [Co/Pd]z-I:
< Ru spacer layer (fg,)
< Co layer (0.5 nm)
[Co/Pd]p[
< Pd seed layer (5 nm)
(b) r - (e) r
| - |

o t.,=0.3nm

B

tp,=1.4 nm

:

M/Ms

tp,=2.1 nm

far ;. (8) Hr-——r-"""
-1ﬁ to,=1.2 nm _____..J.-JCE:.:RU:Z,Z nm
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Fig.5.22 (a) Schematics of the deposited Pd/[Co/Pd]/Co/Ru(tg,)/[Co/Pd], PSV
structures with a Ru spacer, and (b-g) M-H loops of the PSV films as a function of tg,.

\.

111



Chapter V Magnetic and Transport Behaviors of Co/Pd Nanowires

We observed a single step switching for g, =0.3 nm, indicating a
collective magnetization reversal of the soft (n=2) and the hard (n=4) Co/Pd
multilayer stacks due to a strong FM coupling. However, for 7z, =0.7 nm, two
distinct switching steps are seen, corresponding to the magnetization reversal
of the soft Co/Pd stack at Hy; and the hard Co/Pd stack at H, respectively. The
negative switching field H;;=-175 Oe of the soft FM stack suggests the
existence of a strong AFM coupling in the PSV structure, which has been
further verified by the minor loop measurement, where a large negative
coupling field H,,,=-390 Oe is observed. Further increase in fg, results in an
oscillating change of H,,,, in both amplitude and sign. The PSV structure with
tre =1.4 nm shows a single step switching due to the strong FM coupling of
the two Co/Pd stacks. This interlayer coupling changes to AFM type for #z,
=2.1 nm and changes back to FM type again for tg, =2.7 nm, as indicated by
the dashed lines in Fig. 5.22(f & g). The oscillation of H,, is a typical
behavior of RKKY coupling.

We have extracted the interlayer coupling field from the minor loop
measurements and plotted it as a function of #g,, as shown in Fig. 5.23(a)
(solid symbols). To confirm that the interlayer coupling indeed comes from
RKKY, we have further fitted the experimental data using a RKKY type of

expression given byt *

o sin(¢p+2xty,, / Ay)

P
tRu

H

coup

(5.6)

where A represents the Fermi wavelength for Ru. There is a comparatively
good agreement between the experimental data and the fitting results (solid
line) for 41/=1.43 nm and p=1.8, suggesting that the RKKY coupling is
actually the source of the interlayer coupling in the PSV films. The fitting
parameters have similar magnitude with those obtained by Parkin et al™*",

Interlayer coupling also plays an important role in engineering the

magnetic switching of the PSV films. Here, we have defined three parameters
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Hy;, Hy; and Hyp in Fig. 5.22(c), corresponding to the switching field of the
soft Co/Pd stack (n=2), the hard Co/Pd stack (n=4) and the stable field range
over which the two FM stacks are in antiparallel state respectively. Shown in
Fig. 5.23(b) is a plot of the three parameters as a function of 7g,. Interestingly,
all the three parameters show an oscillation behavior with a period identical to
that of interlayer coupling. At #£,<1.16 nm, the soft Co/Pd stack switches at
negative field H,; due to the strong AFM coupling. However, Hy; shifts to

positive field as g, is increased due to reduced interlayer coupling strength.
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Fig. 523 (a) Experimental H.., (solid symbol) extracted from minorM-H loop measure
-ments and RKKY fitting results (solid line) as a function of tg,; and (b) a plot of Hy;, Hy;,
and Hp (defined in Fig. 5.20(c)) as a function of tg,.

Shown in Fig. 5.24 are the corresponding perpendicular MR responses of
the PSV films taken at room temperature as a function of tg,. The blue
rectangular symbols represent the ascending half loop with field swept from

negative saturation to positive saturation while the red circular symbols
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indicate the reversed field sweep. As expected, the two loops are symmetric,

therefore we will focus only on the ascending half loop in our discussion

below.
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Fig.5.24 Perpendicular MR responses of the Pd/[Co/Pd]4Co/Ru(tg,)/[Co/Pd], PSV films

as a function of tg,,.

The MR curve for #z,~0.3 nm (Fig. 5.24(a)) performs like a single Co/Pd
FM stack with a sharp MR peak appears in the switching region and a linear
non-saturating behavior occurs above magnetic saturation due to the MMR
effect. For #£,=0.7 nm (Fig. 5.24(b)) and #g,=1.2 nm (Fig. 5.24(c)) however,
the sharp MR peak disappears. We observed a clear MR plateau around zero
field, corresponding to the antiparallel alignment of the soft (n=2) and the
hard (n=4) Co/Pd multilayer stacks. The onset of the plateau appears at large
negative field, indicating the strong AFM coupling of the two Co/Pd stacks.
As tg, is increased to 1.4 nm (Fig. 5.24(d)), the PSV film shows similar MR
behavior as that in Fig. 5.24(a) because the two Co/Pd multilayer stacks
ferromagnetically couple together again. Further increase in #g, (Fig. 5.24(e &

f)) results in a shift of onset field of the MR plateau towards positive field
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direction. All the above discussions are in good agreement with the M-H loops

shown in Fig. 5.22 (b-g).

5.6 Summary

To conclude, a systematic investigation of magnetization reversal and MR
behaviors of [Co/Pd], NWs and [Co/Pd]s/Au(ts,)/[Co/Pd], PSV NWs are
presented in this chapter. A linear non-saturating MR response up to a
maximum field as large as 40 kOe was observed in the Co/Pd multilayer NWs,
attributing to MMR eftect, which are markedly dependent on both temperature
T and the bi-layer repeat n. Switching field of the [Co/Pd], NWs can be
greatly enhanced by adding a Cu buffer layer due to the combined effect of
increased mean grain size and film roughness.

The effects of interlayer coupling at various temperatures have been
investigated by varying the Au spacer layer thickness 74, in the PSV NWs. It
was shown that for the continuous film deposited under the same condition,
the interlayer coupling is almost independent of both ¢4, and 7. The interlayer
coupling of the PSV NWs however is much larger and strongly sensitive to
the two parameters due to stray field interactions. At low 7, the competition
between the interlayer coupling and switching field difference of the soft and
hard Co/Pd stacks determines the overall magnetization reversal process and
MR behavior of the PSV NWs. Interlayer coupling can be effectively
manipulated by adding a Co or Pd insertion layer to change the effective
spacer layer thickness of the PSV NWs. A transition between GMR and MMR
dominated effects was observed in the PSV NWs with a 3 nm Pd insertion
layer due to temperature induced switching field crossover of the soft and hard
Co/Pd stacks. It was further shown that either ferromagnetic or
antiferromagnetic type of coupling can be achieved by engineering the Ru

spacer layer thickness in a [Co/Pd]4/Co/Ru/[Co/Pd], PSV film.
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Chapter 6
Two-dimensional (2-D) Magnonic

Crystals

6.1 Introduction

This chapter investigates the static and dynamic behaviors of 2-D
magnonic crystals (MCs) with two different structures, namely, modulated
NigoFeyo film and Fe filled NigoFeyo antidot structures. The modulated NigoFesg
film consists of a continuous NiggFeyo film on top of periodic 2-D arrays of
perpendicularly magnetized Co/Pd dots (or NiggFeyo dots with in-plane
anisotropy). The presence of dot arrays significantly modifies the
magnetization reversal process and ferromagnetic resonance (FMR) mode
profiles of the NiggFeyo film when compared with the NigoFeyo film without the
dot array underneath. In the Fe filled NigoFeyy antidot nanostructures, the
“holes” of the NiggFe, antidot are filled with another ferromagnetic material
Fe. It will be shown that although the Fe dots are not in direct contact with
NigoFeyo antidot, their stray fields significantly modify the magnetization
reversal, the FMR responses and the magnetoresistance behaviors of the host

NigoFeyo antidot.

6.2 Modulated NigoFezo Film

In this section, we present the study of static and dynamic properties of
modulated NiggFe,o films deposited on top of periodic 2-D arrays of Co/Pd
dots (or NiggFey dots). The continuous NiggFey film can be considered as a
magnonic waveguide (particularly for magnetostatic surface spin waves)

while the role of underneath dot array is to create periodic perturbations of
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internal fields in the neighbor regions of the film. The advantage over antidot
arrays is the absence of spin wave scattering on structural inhomogeneities, i.e.
holes in the film. In conventional antidot arrays, scattering from the antidot
boundary may cause unexpected influence of spin wave propagation because
the wavelength of spin wave (ranging from nanometer to micrometer) is in

similar order of magnitude with the dimension of the antidot nanostructure.

6.2.1 Experimental Details

Shown in Fig. 6.1(a) are schematics of the fabrication process flow for the
modulated NigoFeyo film structure. Periodic arrays of circular holes with
diameter d = 400 nm and pitch p = 550 nm were first patterned on Si substrate
over a large area (4 mm X 4 mm) using deep ultraviolet lithography at 248 nm
exposure wavelength®!. The circular holes were defined on 280 nm thick
positive photoresist on top of 60 nm thick bottom anti-reflective coating

(BARC).

(a)

(iv) Nig Fe,, deposition  (iii) After lift-off
<=

I BARC mmI[Co/Pd], Si substrate

EECu  EENigFe,,

Fig. 6.1 (a) Schematic illustration of fabrication process flow for dot modulated NigoFeyy
film,; (b) SEM image of Co/Pd dots embedded in BARC matrix; and (c)Schematics of cross
section for the modulated NiggFe film with Co/Pt dots underneath.

Cu(34 nm)/Pd(5 nm)/[Co(0.5 nm)/Pd(3 nm)]s multilayer film was then
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deposited on the patterned substrate using magnetron sputtering deposition
followed by the lift-off process, resulting in arrays of Co/Pd dots embedded in
the BARC matrix. Shown in Fig. 6.1(b) is the representative SEM micrograph
of the Co/Pd dots embedded in the BARC matrix. The thickness of the
Cu/Pd/[Co/Pd]¢ multilayer stack is identical to the BARC layer (60 nm) to
ensure a flat film surface. Subsequently, a 30 nm thick NigoFe, layer was
deposited on top of the structure using electron beam evaporation. The
resulting final structure consists of NiggFeyo film (30 nm) on top of [Co/Pd]s
dots embedded in BARC, as shown Fig. 6.1(c) the schematics of a
cross-section. We refer to the final structure as “modulated NigoFeyo film
(Structure A)”. For controlled experiment, the reference NigoFey film (30 nm)

was also deposited during the same processing steps.

(a) StructureB ({.52)
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Fig.6.2 (a)Schematics of cross-section for modulated NigyF ey film with NiggFezo dots
underneath; (b)Atomic force micrograph of the NigyFeo dots embeded in BARC matrix
and a cross-section across the dashed line; and (c) Schematics of coplanar waveguide

deposited on top of the modulated NigoF ey film for FMR measurements.

We have also fabricated another type of 2-D MCs by replacing the
perpendicularly magnetized Co/Pd dots with in-plane magnetized NigoFey

dots. The final structure consists of NiggFeyo film (# nm) on top of NigoFexo
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dots (60 nm) embedded in BARC, as shown in Fig. 6.2(a) the schematics of a
cross-section. The NiggFeyo film thickness ¢ was varied from 5 to 60 nm. We
refer to this structure as “modulated NiggFeyy film (Structure B)”.
Representative atomic force micrograph of the NiggFey dots with d=300 nm
and p=620 nm embedded in BARC over an area of 3 um % 3 um is shown in
Fig. 6.2(b). A cross-section across the dashed line shows a horizontally flat
surface profile of the NigoFe;o dots embedded in BARC matrix. Similarly, the
reference NigoFeyo dots array (60 nm) and NiggFe,p continuous film (¢ nm)
were fabricated at the same time with the modulated film.

The collective magnetic switching behaviors of the modulated NigoFes
film with structure A and B were characterized using a focused longitudinal
Magneto-Optical Kerr Effect (MOKE) setup and vibrating sample
magnetometer (VSM) respectively with field applied in-plane along diagonal
direction of the dot lattice (X-axis). For FMR measurements, typical coplanar
waveguide (CPW) of Al,O3(50 nm)/Ti(5 nm)/Au(150 nm) was placed on top
of the fabricated magnetic structures using ultraviolet lithography followed by
the lift-off process, as illustrated in Fig. 6.2(c). Details of the FMR
measurement process has been described in § 3.3.7. The frame of reference
used is shown in Fig. 6.2(c). The external field (H,,,) is applied along the
X-axis, while the microwave magnetic field A produced by the signal line of
the CPW is applied along Y-axis.

Our understanding of the experimental results was further enhanced
using the LLG micromagnetic simulator'®”. Standard parameters for NiggFey
(gyromagnetic ratio y = 2.8 GHz/kOe, saturation magnetization M; = 810
emu-cm”, exchange constant A = 1.05x10°® erg-cm’l, damping parameter o =
0.01, and anisotropy constant K= 0) were used in the simulation. The M, and
o were extracted using the least-squares-fit method from FMR data of the
reference 30 nm thick NiggFeyg continuous film. The masks used in the

simulations were derived from the SEM micrographs using 2-D periodic
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boundary conditions with a cell size of 7 nm X 7 nm x 5 nm. The spatial
characteristics of the different FMR modes were quantified by running
time-dependent LLG simulations and analyzing the results using spatially and

frequency-resolved fast Fourier transform imaging!'®' "%,

6.2.2 NigoFezo Film on Top of Periodic Arrays of Co/Pd Dots

Shown in Fig. 6.3(a & b) and (d & e) are the 2-D FMR absorption
spectra and MOKE hysteresis loops for the NigoFeyo film (30 nm) without and
with Co/Pd dots underneath respectively. There is a good agreement between
the FMR responses and the hysteresis loops for both the NigyFey films.
Clearly, FMR response and magnetization reversal of the modulated NigoFe
film have been significantly modified due to the presence of Co/Pd dots when
compared with the reference NigoFeyo film. Although only one resonance
mode is observed in the modulated NiggFeyo film with Co/Pd dots underneath
(Fig. 6.3(d)), which is similar to that observed in the reference NigoFey film
(Fig. 6.3(a)), the linewidth becomes much wider. The combined effects of
field-dragging and increased spatial magnetization distribution induced by the
bottom Co/Pd dots might be responsible for this observation. The bottom
perpendicularly magnetized Co/Pd dots tend to drag the neighboring NigoFes
film to deviate from in-plane configuration, leading to an enhancement of
Gilbert damping and hence the FMR linewidth!'®Y. On the other hand, it is
easy to understand that the region of the top NigoFe, film that overlaps with
the bottom Co/Pd dots (region a, defined in the inset of Fig. 6.3(d)) and the
region of film without the Co/Pd dots underneath (region f) should have
different magnetic parameters (like internal fields) due to the different
exchange coupling strength of the two FM materials. This consequently
results in a slight difference in resonance frequency of the two regions. The
overall FMR signal will be a superposition of these local FMR lines yielding a

broader linewidth.
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Fig.6.3 (a)2-D FMR absorption spectra (An FMR trace for H,,,=-1000 Oe is shown at
right-hand side); (b) Hysteresis loop, and (c) An MFM image taken at remanence after
saturation for the reference NigyFey film. The results for the modulated NigyF ez film with
Co/Pd dots underneath are shown in (d)-(f).

Shown in the right-hand side of Fig. 6.3 (a & d) are FMR traces of the
reference NigoFesy film and modulated NiggFeyy film with Co/Pd dots
underneath for H,,,=-1000 Oe. Interestingly, there is an upwards shift of

resonance frequency from 8.58 GHz to 8.69 GHz at the presence of the Co/Pd
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dots. This is a direct effect of increased internal fields resulting from the
additional anisotropy field of the Co/Pd dots.

The bottom Co/Pd dots also modify the magnetization reversal of the top
NigoFey film. As expected, the switching field of the modulated NigoFey film
is significantly increased from 6 Oe to 72 Oe due to the pinning effects of the
bottom Co/Pd dots. This has been further verified using MFM imaging.
Shown in Fig. 6.3(c) and (f) are MFM micrographs taken at remanence after
negative saturation for the reference NigoFe,o film and the modulated NiggFey
film respectively. We observed clear domain structures pinned at the Co/Pd
dot boundary in the modulated NigoFe, film. For the reference NigoFeyo film

however, no clear domain structure can be observed.

6.2.3 NigoFezo Film on Top of Periodic Arrays of NigoFezo Dots

We have replaced the bottom perpendicularly magnetized Co/Pd dots
with in-plane magnetized NigoFe;y dots and referred to this modulated film
structure as “modulated NiggFe, film (Structure B)”. Shown in Figs. 6.4(a) are
the measured M-H loops of the modulated NigoFey films (Structure B) as a
function of the NigoFey film thicknesses 7. For = 0 nm (i.e. the reference dot
array), the M-H loop has a double triangle shape, typical for the circular dot
with vortex ground state. Nucleation (H,) and annihilation (H,) fields are quite
pronounced and can be easily extracted from the loop: H, = 750 Oe and H, =
1150 Oe.

For the modulated film with the smallest value t = 5 nm, the loop can be
considered as a sum of loops from dot array and continuous film. With further
increase of ¢ the double triangle feature becomes more and more suppressed
with H, and H, becoming less pronounced and gradually decreasing to 630
and 900 Oe respectively for # = 30 nm. This reduction is the direct effect of
the strong exchange coupling between the dots and the continuous film.

Nucleation and annihilation fields disappear completely for ¢+ = 60 nm,
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however this structure still saturates only at around 1000 Oe (which is
comparable with the H, of pure dot array), indicating the existence of some
vortex state remnants. It is also worth mentioning the significant dependence
of the coercive field H,. on the film thickness (since the bottom dots serve as
pinning sites for the upper film) with a clear maximum of 54 Oe for # =15 nm.
The similar H.(¢) dependence was observed previously in the NigoFe; antidot

arrays with fixed values of hole diameter and pitch!'®).

Experiment Simulation

t=60lnm

-1000 0 1000 -1000 0 1000

In-plane Field (Oe)

Fig.64 (a) Experimental; and (b) simulated hysteresis loops for the modulated NiggF ez
films (Structure B) with different values of film thickness t varied from 0 to 60 nm. Inserts to
the simulated hysteresis loops are the simulated magnetization configurations for middle

sections of the dot and film parts of the given modulated film at remanence.
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Shown in Fig. 6.4(b) are the corresponding simulated hysteresis loops for
the reference NigoFe,o dots and the modulated NigoFe,g films (Structure B) of
different thicknesses 7. There is a good qualitative agreement between the
experimental results and micromagnetic simulations, in particular
disappearance of double triangle feature for the sample with + =60 nm and
maximum of H, also corresponds to the sample with # =15 nm. The difference
in coercive fields may be attributed to the limited number of unit cells with
periodic boundaries due to computation limitations.

Shown as insets in Fig. 6.4(b) are simulated magnetization states for
middle sections of the dot (right inset) and film parts (left inset) of the
corresponding modulated film at remanence. We would like to underline that
each section is 5 nm thick due to the selection of unit cell size and that the
magnetization configurations do not change significantly inside dot and film
parts. As one may see, for the relatively thin films (# = 5 and 15 nm) the dots
are still in the vortex state with a vortex positioned in the center of the dot.
What is even more important, the vortex is propagated through the entire
continuous film, creating some equivalent of antidots - i.e. areas with total
zero in-plane magnetic moments. For the sample with 7 = 30 nm, the vortex
becomes asymmetric (due to the strong interaction with saturated magnetic
film), however it is still propagated through the continuous film without
significant change of its profile. Finally, for the sample with # = 60 nm, the
ground vortex state is replaced with a semi-saturated state. This change
explains the disappearance of annihilation and nucleation fields from the
hysteresis loop.

Fig. 6.5(a) presents the set of FMR spectra from modulated films with
different values of ¢ as well as from reference dot array and continuous film.
The spectra were recorded at the external field of H,,,= -1400 Oe that is well
above both nucleation and annihilation fields for dot array. The marked shift of

~ 3 GHz of main FMR peaks for the dot array (case = 0 nm) and 60 nm thick
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continuous film can be attributed to the significant in-plane demagnetizing
factors for dot with high aspect ratio!'®. For most of the modulated films, two
resonance modes were observed, namely “mode A” (at lower frequency,
situates around 9 GHz, can be associated with resonance in dots) and “mode B”
(at higher frequency, usually situates around 12 GHz, can be associated with
resonance in continuous film). For the sample with # = 5 nm, the intensity of
mode A is high and this mode situates at the same frequency as the main mode
in reference dot array. However, the intensity of mode B is quite weak and the
mode is shifted to lower frequencies comparing to the main mode of the
continuous film. The linewidth of mode A is similar to the one from dot array.
For the sample with # = 15 nm modes A and B have approximately the same
amplitudes. The linewidth of mode A is much broader compared to mode A for
¢t =5 nm, while the linewidth of mode B is quite narrow. With further increase
of ¢ the relative amplitude of mode A decreases and both modes become
broader, indicating the growth of internal inhomogeneities in the system.

t=5 nm t=15 nm t=30 nm t=60 nm
(@) -1400 0e (b)

t=0 nm

t=5nm

:

t=15 nm
i A 5

=30 nm

FMR Signal

j

[ t=60 nm ‘/V
[=2]
()]
]
]
60 nm Film V S
0 5 10 15
Frequency (GHz)

Fig. 6.5 (a) Experimental FMR spectra at -1400 Oe for modulated NigygF ey films
(Structure B) as a function of the film thickness t and for a 60 nm-thick continuous film.
(b-e) Profiles (obtained from micromagnetic simulations) of mode A; and (f-i) mode B for
middle sections of the dot and film part of modulated NigyFe;y films as a function of t. Blue

color represents large precession amplitudes.
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To better understand the FMR spectra, we have extracted different mode
profiles for modulated films from micromagnetic simulations. Fig. 6.5 shows
profiles of modes A (Fig. 6.5 (b-e¢)) and B (Fig. 6.5 (f-1)) for the middle
section of the dot and film part of the modulated NigoFey film structures with
different ¢ for the external field H,,, = -1400 Oe. Again we would like to
underline that each section is 5 nm thick due to the selection of unit cell size
and that the mode profiles do not change significantly inside the dots and film
parts. It is not surprising that mode A is dominant in the dot part of the
modulated film therefore it will be more interesting to discuss its localization
in the film part of the sample. For r = 5 nm (Fig. 6.5(b)), it localizes in the
areas above the dots and has a shape of ellipse in the direction perpendicularly
to the direction of external magnetic field. With increase of ¢ the ellipse
became more and more elongated and for # =30 nm (Fig. 6.5(d)), the mode
profile transforms into an infinite stripe. With further increase of ¢ to 60 nm
(Fig. 6.5(e)), the width of the stripe becomes narrow. We also observed that
the area above the dot is not at resonance anymore. For mode B, the situation
is quite different. It is also not surprising that the dot part of the modulated
film does not contribute to this mode, so we should focus again on the mode
profile in the film part. For t = 5 nm (Fig. 6.5(f)) the mode seems to be
dispersed over the film range and its intensity is very low compared to that of
mode A. This result is in a good agreement with experiment and allows us to
understand why this mode cannot be clearly detected. For the case t = 15 nm
(Fig. 6.5(g)), mode B appears in the whole film in the areas outside the dots
and has a shape of two unsymmetrical sinusoids oriented perpendicularly to
the applied field. The mode profile is very sharp; therefore the mode
resonance linewidth should be quite narrow, as was already observed in the
experiment. With further increase of ¢ the mode profile became less
pronounced (Fig. 6.5(h & 1)) - this explains the broadening of the mode

resonance linewidth.
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The evolution of resonance frequencies of modes A and B with the
change of external field for the case ¢ = 15 nm (since for this sample mode
intensities are similar) is shown in Fig. 6.6(a). Experimentally obtained
dependencies of resonance frequency f, on resonance field H, for the reference

dot and film samples are also presented on the same graph for comparison.
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Fig. 6.6 (a) Experimental 2-D FMR spectra of the modulated NigoFey film with t =15 nm,
reference NiggFeydots and reference 15 nm thick NigyFe;y film. (b) Spatial distributions of
demagnetization field H,., in the top NiggFexfilm for H = -1400 Oe (The H,., profile along

dashed line is shown below).

We observed that mode A has the same resonance frequencies and exists
in the same field range (above the dot nucleation field) as the main resonance

mode of the dot array. Mode B however, exists in the whole range of fields. In
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the low-field range, the frequency of mode B coincides with that of the
reference film. Above 150 Oe, the resonance frequencies of the mode B for
the given field became higher than the ones of continuous film. At ~400 Oe
this difference reaches 600 MHz and keeps the same for the higher fields.

To better understand this difference, the spatial distributions of internal
fields were extracted from simulations. Shown in Fig. 6.6(b) is the simulated
spatial distribution of the X-component of the demagnetizing field H,.,in the
middle section of the film part of the sample with ¢ = 15 nm for H,,, = -1400
Oe. At the bottom of Fig. 6.6(b) the profile of H,., along the direction of the
applied field (across the dashed line) is presented. Clearly, H,., is significantly
modified due to the presence of NiggFeyo dots underneath. Due to the strong
exchange coupling of the bottom NigoFeyy dots, the demagnetizing field
directly above the dots is largely positive. On the contrary, a smaller negative
H,.. is observed in the regions that are not in direct contact with dots. Since
mode B is localized in the second area, for the given field the f, for mode B is

higher than that for reference NigoFey film.

6.3 Fe Filled NisgoFezo Antidot Nanostrucures

In this section, we investigate the magnetic properties of another type of
2-D MCs: Fe filled NigoFe,o antidot nanostructure in which the “holes” of
NigoFeyo antidot are filled with Fe dots. We refer to this structure as
“NigoFey/Fe”. It will be shown that both the static and dynamic behaviors of
the NigoFe,o/Fe structure are significantly modified due to the presence of Fe

dots when compared with the host NiggFe,o antidot.

6.3.1 Experimental Details

The fabrication of the NigoFeyy/Fe structure consists of a two-stage

[167

e-beam evaporation followed by the lift-off process!'®”). Shown in Fig. 6.7 is a
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typical fabrication process flow. Periodic arrays of circular holes with varied
diameter d in the range from 300 nm to 550 nm and fixed pitch p=620 nm
were patterned onto Si substrate using deep ultraviolet lithography at 248 nm
exposure wavelength. Fe(25 nm)/Au(5 nm)/Al,O3 (50 nm) films were then
deposited on the patterned substrate using e-beam evaporation followed by
lift-off process. Subsequently, the remaining BARC layer was stripped using
an ozone stripper. This was followed by e-beam deposition of NiggFez0(25
nm)/Au(5 nm) on top of the Fe(25 nm)/Au(5 nm)/Al,0; (50 nm) dots. In the
final process, the sample was dipped in an AZ-300 MIF photoresist developer
solution which is able to remove the Al,O3 layer and the NigoFe,o/Au layer on
top of the Fe/Au dots, resulting in the final NigoFeyo/Fe nanostructure
consisting of NiggFeyo antidot with holes filled by Fe dots. The thickness of
NigoFeyo antidot 1s identical to that of the Fe dots in the final NigyFe,o/Fe
structure. The 5 nm Au film was used to protect the FM layers from oxidation

during processing.

(i) Dot Template (ii) Fe (25 nm)/Al,0, (iii) After Lift-off
(50 nm) Deposition

(v1) After removing Al,0; (v) Nig,Fe,,(25 nm) Deposition (iv) Strip BARC

I BARC [ Photoresist Fe HMAIO;, MENigFe,,

Fig. 6.7 Schematics of typical fabrication process flow for the NigoFe y/Fe structure.

For controlled experiment, reference Fe(25 nm)/Au(5 nm) dot array and

NigoFez(25 nm)/Au(5 nm) antidot array were also fabricated during the same
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processing steps. In order to fabricate the Fe dots array, Fe(25 nm)/Au(5
nm)/Al,03(50 nm) dots were prepared in the same process as the NiggFezo/Fe
structure followed by a dip in the AZ photoresist developer solution to remove
the Al,O3 layer. To fabricate the NiggFeyo antidot, 70 nm thick Al,O3dot array
was fabricated using the same templates as the Fe dots in the NiggFeso/Fe
structure followed by the deposition of NiggFezo (25 nm)/Au(5 nm) films at the
same time as the NigFeyo/Fe sample. The Al,O3dots were then dissolved in
the AZ photoresist developer solution leaving behind array of holes in
NigoFezo/Au film.

Shown in Fig. 6.8(a-c) are representative SEM micrographs of the Fe
dots, NigoFey antidot and the NigFex/Fe structure with d=550 nm,
respectively. As can be seen from Fig. 6.8(c), there is a small gap (~30 nm)
between the Fe dots and the surrounding NiggFe, antidot, implying that the

two FM structures are not exchange coupled (only coupled magnetostatically).

Fig. 6.8 SEM micrographs of (a) reference Fe dots; (b) reference NiggFe,o antidot; and (c)
the Fe/NiggFe,o structure. Schematics of coplanar waveguide deposited on top of the
fabricated nanostructures for FMR measurements and Au bond pads for MR
measurements are shown (d) and (e), respectively.
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The collective magnetic switching behaviors were characterized using a
focused longitudinal Magneto-Optical Kerr Effect (MOKE) setup with field
applied in-plane along diagonal direction of the dot lattice (X-axis). For FMR
and magnetoresistance (MR) measurements, typical coplanar waveguide of
AL,O3(50 nm)/Ti(5 nm)/Au(150 nm) and electrical contacts of Ti(5 nm)/Au
(200 nm) were placed on top of the fabricated magnetic structures respectively
using ultraviolet lithography followed by lift-off process, as illustrated in Fig.
6.8(d & e). Details of the FMR measurement process has been described in §
3.3.7. MR measurements were conducted using the standard four probe
technique by applying a constant DC current of 1 mA along X-axis in the
temperature range of 4.2 K <7 <300 K. The frame of reference used is shown
in Fig. 6.8(b) with H,,, applied in-plane at an angle 6 relative to the X-axis.

Understanding of the experimental results was facilitated using the LLG

1] Standard parameters for NigoFeso (gyromagnetic

micromagnetic simulator !
ratio y = 2.8 GHz/kOe, saturation magnetization M, = 810 emu-cm>,
exchange constant A = 1.05x10° erg-cm™, and anisotropy constant Ky = 0)

and Fe (M;= 1714 emu~cm'3, A=21x10" erg-cm'1 and K¢ = 0) were used in

the simulation. Details of the simulation process has been described in § 6.2.1.

6.3.2 Magnetization Reversal Mechanism

Shown in Fig. 6.9(a) is the MOKE hysteresis loop for representative 25
nm thick Fe dot arrays with diameter =550 nm for fields applied along the
X-axis. The Fe dots show a typical dot reversal process, namely, vortex core
nucleation followed by core propagation and annihilation!®®!. The
corresponding hysteresis loop of the reference 25 nm NigyFey antidot is
shown in Fig. 6.9(b). The NigoFeyo antidot show a sharp magnetic switching
with a switching field (280 Oe) much larger than that of the corresponding
continuous film (23 Oe, see the inset of Fig. 6.9(b)) due to pinning effects at

the antidot edge and enhanced demagnetization fields.
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Fig. 6.9 Hysteresis loops for (a) Fe dots; (b) NiggF e, antidot (hysteresis loop for
correspond -ing NiggF ey film is shown as an inset); and (c) NigoFey/Fe structure (The
interpolate loop assuming no coupling between the Fe dots and NiggF e, antidot is shown

as an inset). The simulated hysteresis loops are shown in (d)-(f) respectively.

The corresponding M-H loop of the 25 nm thick NigoFe,o/Fe structure is
shown in Fig. 6.9(c). Interestingly, we observed three distinct switching steps,
corresponding to vortex core nucleation of Fe dots at H,;, magnetization
reversal of NiggFe, antidot array at H,, and vortex core annihilation of Fe dots
at Hy. As H,p, 1s increased from negative saturation, the magnetization is
maintained until H;= -80 Oe, when a rapid decrease of kerr intensity occurs,
indicating the nucleation process of vortex core in the Fe dots. This is
followed by a comparatively slow decrease rate of Kerr intensity at around
zero fields, attributed to the propagation of the vortex core in the Fe dots.

Further increasing the field up to H,, results in a sharp switching,
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corresponding to the magnetization reversal of the NiggFe,o antidot. The last
switching process is dominated by vortex core propagation of the Fe dots until
the vortex core annihilates at the dot edge at a field H,;=630 Oe.

We have compared the switching fields of the reference Fe dots (Fig.
6.9(a)) and NigoFe,o antidot (Fig. 6.9(b)) with the NigoFeyo/Fe structure (Fig.
6.9(c)). We observed that the Fe elements in the NiggFe,o/Fe structure show a
significant decrease in both Hy; and Hy; from -257 Oe, 960 Oe down to -80 Oe
and 630 Oe respectively, as marked by the solid arrows of Fig. 6.9(a). The
reduction in the switching fields in the NigoFe,o/Fe structure is a direct effect
of magnetostatic coupling between the Fe dots and NiggFe, antidot. Similarly,
the formation of vortex core in the Fe dots assists the magnetic switching of
the NigoFe,o antidot, leading to a reduction of Hy, from 280 Oe to 177 Oe. In
order to verify that the two FM elements are only coupled magnetostatically,
an interpolated loop from Fig. 6.9(a & b) assuming no coupling between the
Fe dots and NiggFe, antidot is shown as left inset in Fig. 6.9(c). The loop
resembles that of the NigoFe,o/Fe structure suggesting that the two FM
structures are exchange decoupled. Shown in Fig. 6.9(d-f) are the
corresponding LLG simulations for the results shown in Fig. 6.9(a-c). There is
a good agreement between the experimental results and micromagnetic
simulations. The difference in switching fields may be attributed to limited
number of unit cells with periodic boundaries due to computation limitations,
making it difficult to account for the actual roughness in shapes across the
entire sample.

We have further characterized the static magnetic properties using MFM
imaging at zero field after first applying a negative saturation field of -3 kOe.
The corresponding MFM images taken at remanence for the Fe dots, NigoFexo
antidot and NiggFe,o/Fe structures are shown in Fig. 6.10(a-c) respectively.
Interestingly, the Fe dots in the NigoFey/Fe structure adopt single vortex core

(indicated by the dashed arrows in Fig. 6.10(c) while in the reference Fe dots,
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two or more vortex cores are observed at remanence (indicated by the dashed
arrows in Fig. 6.10(a)). This may be due to the modified demagnetization field
resulting from surrounding NigoFe,o antidot array in the NigoFe,o/Fe structure.
The domain configuration of the NiggFeyo antidot in the NiggFeyo/Fe structure
is similar to that of the reference NigoFe, antidot (Fig. 6.10(b)). The simulated
magnetization states at remanence are shown in Fig. 6.10(d-f) respectively.
Again, there is a good agreement between the experimental results and

micromagnetic simulations.

Fe dots

Experiment

f i-ﬂ-kkk
1-\ Kv.

\k!

Hv. -
..

Q-\‘-

Simulation

-sﬁ
fa*

Y
Fig. 6.10MFM images taken at remanence after negative saturation for the (a) Fe dots, (b)

NigoF ez antidot, and (c) NigsgFezy/Fe structure. The corresponding simulated
magnetization states are shown in (d)-(f) respectively.

We have also investigated the effects of dot diameter d on the switching
behaviors of the NigFeyo/Fe structures. Shown in Fig. 6.11(a-c) are the
measured hysteresis loops for reference NiggFe,o antidot as a function of d for
field applied along the X-axis. There is a significant increase of switching
field Hy, from 145 Oe to 280 Oe as d is increased from 300 nm to 550 nm due
to increased demagnetizing effects. The corresponding M-H loops for the

NigoFeyo/Fe structures are shown in Fig. 6.11(d-f). Similar loop shapes are
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observed as d is varied, suggesting that similar reversal mechanism is
involved in the switching process. We observed an increase of H, from 135
Oe to 177 Oe for the NigoFey antidot element in the NigoFe,o/Fe structure as d
is decreased from 300 nm to 550 nm, in agreement with that observed in
reference NigoFeyo antidot. However, for the Fe element, a significant decrease
of annihilation field (H,;) from 960 Oe to 630 Oe is seen as d is increased due

to reduced demagnetizing effects.

Nig,Fe,, antidot Nig,Fe,, /Fe

d=300nm

Kerr Intensity (arb.u)

-0.5 0.0 0.5 -1 0 1
In-plane Field (kOe)
Fig. 6.11 Experimental M-H loops of NigyFeyy antidot with (a) d=300 nm; (b) d=430 nm;
and (c) d=550 nm. The corresponding results of the NigyFexo/Fe structures are shown in
(d)-(f) respectively.

6.3.3 Ferromagnetic Resonance Behavior

The dynamic behaviors of the NiggFe,o/Fe structures have also been
investigated. Shown in Fig. 6.12(a) are the FMR traces of the NigyFe,o/Fe

structure with d=550 nm as a function of H,p, for & = 0°. We observed that the
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number of modes and profiles are markedly different for various magnetic
ground states set by the applied field amplitude. At H,,, = -1000 Oe the
NiggFeyo/Fe structure should be saturated based on the M-H loop shown in Fig.
6.9(c). The observed two main resonance peaks at 11.4 GHz and 13.5 GHz
correspond to modes originating from the NigoFeyo antidot and Fe dots regions
respectively. For the saturated state, it is easy to infer that the resonance peak
A with highest frequency is localized in the Fe dots, while the resonance
originating from NigoFe,o antidot structure gives rise to the lower frequency
peak B due to the lower saturated magnetization (4zM) of NigoFeso (800 Oe)
compared to that of Fe (1714 Oe) based on the Kittel’s equation'''*! for
saturated film. In addition, a weak resonance mode C is also observed at
around 10.4 GHz (as indicated by the dashed arrow). The lower absorption
and resonance frequency of this peak suggests that the resonance may come
from the edges of the Fe dots and NiggFeyp antidot due to the strong

demagnetizing effect!'*”.
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Fig.6.12 (a) FMR traces of the Nig)Feyy/Fe structure with varying H,,, for 0 = 0°; (b)
Experimental 2-D absorption spectra. Results for reference Fe dots (solid line), NigoFez
antidot (dashed line) and NigpF ey film (dot-dash line) are also shown. (c) Simulated FMR
spectra for H,p, = -1000 Oe. (d) The spatial distributions of spin precession amplitudes for

respective modes.
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Only one main peak with wider linewidth (compared with the peak B) can
be observed when H,,, is increased to -350 Oe. This observation could be
attributed to the fact that the resonance happens in the dot and antidot
simultaneously due to the strong magnetostatic coupling between the two FM
structures. The higher frequency mode comes out again when the H,,, = 350
Oe because of the formation of vortex ground state in the Fe dots as observed
in the static results in Fig. 6.9(c). Interestingly, the FMR resonance frequency
for the lower mode is higher than the main mode for H,,, = -350 Oe. When
H,,, 1s further increased to 1000 Oe, the magnetization of the NigoFey / Fe
structure is saturated along positive X-direction and the FMR
curve is identical to the one for H,,, =-1000 Oe.

Detailed FMR measurements were performed along the field hysteresis
loops as shown in the absorption spectra in Fig. 6.12(b). Mode profiles
transformation can be clearly observed. We found that the intensity of mode A
decreases when the H,,, is increased and disappears at around H,p,, = -400 Oe
even though the magnetization of the Fe dots in the NiggFe,o/Fe structure has
not changed significantly based on the M-H loop in Fig. 6.9(c). The tilted
magnetic configurations near the edge of the Fe dots may be responsible for
this observation if we assume that the in-plane demagnetizing field does not
change significantly when the magnetization at the edge of dot is slightly
titled. This assumption is reasonable because the accumulated magnetic poles
at the boundary of the Fe dot and NiggFey( antidot are partially canceled due to
the very small gap between them. From this argument, it is plausible that
resonance frequency of Fe near the edge of the dot decreases because of the
decrease of internal field along the magnetization direction when the spin
direction is tilted. Another possible reason may be due to the enhanced spin
precession amplitude in NiggFeoo at lower H,,,. The precessions of Fe dots and
NigoFeyo antidot near the boundary will be similar because of the stronger

dynamic interaction between the two FM structures!'*®!. This implies that, the
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resonance frequency of the spins in the Fe dots (near the edge) has been
dragged to lower frequency by the adjacent NigoFe,y antidot. The larger
linewidth of the lower frequency peak for H,,, = -350 Oe also suggests the
coupling between the two FM structures as shown in Fig. 6.12(a) due to the
smaller damping factor (o) of Fe.

We have plotted on the same figure for direct comparison, the measured
experimental FMR resonance frequencies of the reference Fe dots and
NiggFey antidot array in solid and dash line, respectively. At saturation state,
frequencies of both the Fe and NigoFeyo peaks in the NigoFeyo/Fe structure are
higher than the reference Fe dots and NigoFeyy antidot array, respectively. For
the Fe dots in the NiggFeyo/Fe structure, the neutralization of the magnetic
poles at the boundary reduces the demagnetizing field along the X-axis and
increases the internal field, which in turn pushes the resonance peak to a
higher frequency. The internal field in NigoFe, is also increased because the
direction of total demagnetizing field in the NigoFeyo antidot array is reversed
by the embedded Fe dots'®”. Interestingly, the resonance frequency of
NiggFeyo in the NigoFeyo/Fe structure gradually decreases and becomes lower
than that of reference NigoFe, antidot array when H,,, is in a range of - 400
Oe to -150 Oe. This may also be attributed to the significant modification of
internal field in the NigyFey/Fe structure. The X-component of the internal
field in the whole NiggFe,o/Fe structures will be similar to that of a continuous
film, which is shown as dash-dot line in Fig. 6.12(b). When H,,, is further
decreased, the stray field of Fe dots is significantly reduced in the X-Y plane
due to the formation of the vortex core. A faint NiggFe,y mode (indicated by
the dashed arrow) can be observed at remanence with a similar resonance
frequency compare to that of reference NigoFey antidot. When a reverse field
is applied, the vortex cores shift to one side and the switched region of the Fe
dot may be attributed to the origin of the weak high frequency mode for H,,,

= 350 Oe. The resonance frequency of the NigoFeyo antidot array in the
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NiggFeyo/Fe structure is higher than that of reference NigoFe, antidot array due
to the stray field of the switched Fe dots. All of the above analyses are
consistent with the M-H loop shown in Fig. 6.9(c).

To further understand the origin of the resonance modes, we performed
quantitative analysis of the dynamic responses on the NiggFe,o/Fe structure as
shown in Fig. 6.12(c) for H,,, = -1000 Oe. There is a good agreement between
the experimental results and the simulations for the main peaks in the
resonance curve. The resonance mode A in Fig. 6.12(a) however, splits to a
group of small peaks at around 14 GHz in the simulated FMR curve. The
difference between the experimental results and dynamic micromagnetic
simulations is reasonable because only a limited number of unit cells with
periodic boundaries have been considered in the simulation. The assumption
that the roughness is uniform across the entire sample may influence the
simulation results. A weak mode C is also observed at lower frequency.
Shown in Fig. 6.12(d) are simulated mode profiles, corresponding to the
frequencies for the three (groups of) peaks observed in the simulated FMR
curve. Clearly, the large spin precession amplitude in the Fe dots is the source
of resonance mode A, while mode B originates from the resonance of NiggFexo
antidot area. Due to dynamic interactions, partial NiggFe,o or Fe area is also
coupled with the other component for these frequencies. The resonance mode
C originates mainly from the edge of the Fe dots. Similar to resonance mode A
and B, the small NigoFe, area between two nearest Fe dots is also involved.

In order to investigate the effects of magnetic anisotropy on the dynamic
behavior of the matrix structure, we have performed FMR measurements as a
function of H,,, orientation & when the structure is in a saturation state (H,,, =
-1000 Oe) as shown in Fig. 6.13(a). We found that the lowest edge mode
disappears when @ # 0°. This may due to the fact that the edge mode merges
with the NiggFe,p antidot mode when the field configuration is changed. We

found that the two main modes shift to lower frequency and the intensity of
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the mode originating from the NigoFe, antidot is markedly sensitive to 6.

Shown in Fig. 6.13(b) are the FMR absorption spectra as a function of 8
in the range from -45° to 45°. We observed clear mode transformation which
agrees with the results shown in Fig. 6.13(a). To understand the transformation
of resonance area of the modes, we performed dynamic simulation for 8 = -45°
with H,p, = -1000 Oe as shown in Fig. 6.13(c). The corresponding simulated
mode profiles are shown in Fig. 6.13(d). Again, there is a good agreement
between the experimental and simulated results for the two main peaks and
amplitudes. The lower frequency mode still comes from the NiggFe,o antidot
but the resonance area decreased compared with the second panel of Fig.

6.12(d) leading to a decrease in absorption for the NigoFe,o mode.

' T 7 20
(a) H,pp = -1000 Oe
_[p=0 e
g w o A ATAAATAYA A
20 B:T\/\/——_* ; [aaaaEmmmSERREST
wvr i g 10 O
o 0
==\ B
L o
o 5
-
Ll

0 5 10 15 20 45 30 -15 0 15 30 45
©
c
ot
w L
e r B 7
E —Simullation . A9I=-45°—

0 5 10 15 20

Frequency (GHz)

Fig. 6.13(a) FMR traces of the NigpFeyo/Fe structure with varying 0 for H,,,=-1000 Oe. (b)
Experimental 2-D angular dependence absorption spectra. (c) Simulated FMR spectra for

0=-45°. (d) The spatial distributions of spin precession amplitudes for respective modes.
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6.3.4 Magnetoresistance Behaviors

6.3.4.1 Angular Dependence

We have also investigated the MR behaviors of the NigoFe,o/Fe structure.
In a ferromagnetic material, the AMR effect is determined by the angle

between the current density and direction of magnetization given by:
R(H)=R, +(R —R )cos’ 0 (6.1)

where 6 is the angle between current density and magnetization. Since the
AMR output depends on two physical terms, namely current density and
magnetization, it is important to first establish the current density distribution

in order to understand the MR behaviors.
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Fig. 6.14 3-D current density distribution of the NigyFe,y antidot obtained from LLG
simulation at H,,,=-10 kQe.

Shown in Fig. 6.14 is the 3-D current density distribution obtained from
LLG simulation for the NigoFe,o antidot with =430 nm. The arrows signify
the direction of current flow at each location while the length of the arrows
indicates the magnitude of current density. The current tends to follow the
circumference of holes in the antidot (in the solid rectangular region, the

current mainly points along# =0°, while in the dashed region, it is forced
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along the 6 =45°direction relative to X-axis). The current density of the
dashed region is slightly larger than the solid region based on the current
continuity law. We have also analyzed the current density distribution in the
NigoFeso/Fe structure and observed similar results because no current is
flowing through the Fe dots due to the small gap seen in the SEM inset of Fig.
6.11(e).

Shown in Fig. 6.15(a) is the measured longitudinal MR (LMR, field
applied along 8 = 0°) response for a 25 nm thick NigygFe,o antidot with applied
field swept ascendingly from negative saturation to positive saturation. A full
loop LMR curve is shown as an inset in Fig. 6.15(a). As expected the two
loops are symmetric and therefore we will focus only on the ascending half
loop in our discussion below. As H,,, is swept from negative to positive
saturation, we observed a clear resistance maximum at around zero field
followed by a sharp MR dip corresponding to the magnetic switching of the
NiggFeyo antidot. The field value for the dip is in agreement with the switching
field in the experimental M-H loop (Fig. 6.11(b)).

We have performed numerical calculation based on the simulated 3-D
current density distribution and magnetization states which we obtained from
the LLG simulator. The AMR was calculated using the method described by
Wang et al.'®! by averaging the resistivity of all the cells at a given field
value. The average resistivity was given by:

Z[(ml ¢ jz‘)z}

P (H) = ~———— (62)

where m;, j;, and n represent the moment of cell i, the current density of cell i
and the total number of cells respectively. The calculated magnetoresistance
was then normalized to zero field resistivity and plotted as a function of the
applied filed.

Shown in Figs. 6.15(b) and (c) are the simulated LMR curve and

representative magnetization states for different applied fields. There is a good
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qualitative agreement between the simulated and experimental MR curves.
Clearly, the monotonic increase of resistance with reduced negative field
arises mainly from magnetization relaxation towards the current density
direction (states a; to a;3), leading to a MR maximum around the zero field,
while the subsequent dip in the MR (state a,) is related to magnetic switching
of the NigoFeyo antidot. Further increase in H,,, along the positive direction
results in alignment of magnetic moment of the NigFey antidot along the
field direction. This results in a deviation of the magnetization orientation

with respect to the current density and hence a reduction in MR (states as to

616).
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Fig. 6.15 (a) Experimental; (b) simulated longitudinal MR curves; and (c) simulated

magnetization states at various applied fields for the NigoFe,g antidot with d=430 nm. The

corresponding results for the NiggFeyy/Fe structure are shown in (d)-(f) respectively.
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Shown in Fig. 6.15(d) is the measured LMR response of the NigoFe,o/Fe
structure for d = 430 nm (the full MR loop is shown as an inset). Interestingly,
the MR response is markedly different when compared with Fig. 6.15(a). The
absolute value of the resistance of the two structures are of the same order as
expected due to the fact that the Fe dots are not exchange coupled with the
NigoFeyg antidot and therefore the measured resistance value is from the
NigoFey antidot in the matrix; however, the significant difference in the
detailed features in the MR curves can be attributed to the stray field from the
Fe dots modifying the magnetic ground states of the NigygFe, antidot regions
due to the strong magnetostatic coupling.

We have also simulated the LMR curve of the NiggFeyo/Fe structure, as
shown in Fig. 6.15(¢). Again, there is good qualitative agreement between the
experimental and simulated results. The corresponding magnetic ground states
are shown in Fig. 6.15(f) as a direct comparison with the ground states of
NiggFeyo antidot without the Fe dots in Fig 6.15(c). It can be clearly seen that
the presence of Fe dots in close proximity with the NigoFey antidot
significantly alters the magnetic ground states hence the MR response. In the
NigoFeyo antidot without the Fe dots, the magnetic state at position a, shows
that the spins are aligned along the circumference of holes in the antidot due
to strong demagnetizing effects. The magnetic state at position b,
corresponding to the NigoFeyo/Fe structure is closer to the geometry of a
continuous film (b,) which stays in quasi-saturation state above the nucleation
field of the Fe dots. This consequently results in a much smaller
magnetization change and hence the smaller MR slope (b; to b, in Fig. 6.15(¢))
as H,,p 1s reduced from negative saturation when compared with the NigoFex
antidot (a; to a; in Fig. 6.15(b)).

While the NiggFeyo/Fe structure has a magnetic configuration very close
to one of a continuous film in b,, formation of the vortex core in the Fe dots

destroys the uniform magnetic configuration due to the vanishing stray field
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and the magnetic state (b3) resembles that of NigoFeyo antidot (as3). At H,p,,=0,
the relative contribution of the Fe dots to the overall MR response of NigoFes
antidot is significantly reduced, leading to a sharp increase in the MR. When
the applied field is further increased, the NigoFeyo antidot switches irreversibly,
resulting in a sharp dip in the MR curve corresponding to state b, in
agreement with the switching behavior in Fig. 6.15(b). Subsequently, the
propagation of the vortex core in the Fe dots results in a monotonic decrease
in the MR curve corresponding to the transition from states bs to bs in Fig.
6.15(e) due to the strong magnetostatic coupling. As H,,, is increased further,
the vortex core is annihilated.

We then investigate the effect of applied field orientation (6) on the
transport properties of the structures. Shown in Figs. 6.16(a-d) are the
representative MR curves for NigoFe,o antidot with d = 430 nm as a function
of 8. For 8 <30° as shown in Figs. 6.16(a-b), the shapes and features of the
MR curves resemble that of & = 0° shown in Fig. 6.15(a), suggesting that the
same magnetization reversal mechanism is responsible for the MR behavior.
However, for = 45°, the shape of the MR curve is markedly different due to
the lattice arrangement of the NiggFe,o antidot as can be seen from the SEM
image (the right inset). The corresponding M-H loop is shown as left inset.
The M-H loop displays a two-step switching related to the magnetization
reversal of regions o (marked on the SEM inset) at lower field and region £ at
higher field respectively due to differences in the demagnetizing fields. Shown
in Fig. 6.16(d) is the MR curve for & = 90°. This loop can easily be explained
using similar argument for explaining Fig. 6.15(a) due to the AMR effect.

Shown in Figs. 6.16(e-h) are the corresponding MR curves for the
NigoFeyo/Fe structure. Again, for € < 30° as shown in Figs. 6.16(e-f), the
shapes and features of the MR curves resemble that of & = 0° shown in Fig.
6.15(d), suggesting that the same mechanism is responsible for the MR

behavior. For 8 = 45° (Fig. 6.16(g)), the dip in the MR curve corresponding
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to the switching of the NigoFey antidot disappears, suggesting a continuous

rotation of magnetization of the NigoFey antidot and the Fe dots due to the

strong magnetostatic coupling. The MR curve for € = 90° shown in Fig.

6.16(h) can be readily explained based on the AMR effects as discussed in Fig.

6.15(d).
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as an inset in (c).

6.3.4.2 Temperature Dependence

We have also investigated the effects of temperature on the MR

behaviors. Shown in Figs. 6.17(a) and 6.17(b) are the representative LMR

curves on the NiggFeyo antidot and the NigyFe,o/Fe structure taken at 7= 150 K

and 7 = 4.2 K respectively. We have defined H,, corresponding to the

switching field at which the NigoFe,y antidot reverses irreversibly in Fig.

146



Chapter VI Two-dimensional (2-D) Magnonic Crystals
6.17(a) to characterize the temperature dependence. As expected, the Hy, is
increased at low T for both structures, as indicated by the dashed arrows. Fig.
6.17(c) summarizes the temperature dependence of the Hy, for both structures.
We clearly see that for all 7 values the Nig)Fey antidot matrix in the
NigoFeyo/Fe structure switches at lower values of Hy, with respect to the
NigoFeyo antidot array without the Fe dots. This observation can be explained
by the fact that the stray field from the Fe dots lowers the switching field of
the NiggFeyo antidot regions in the NiggFeyo/Fe structure due to the strong

magnetostatic coupling.
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Fig.6.17 LMR responses as a function of temperature T for (a) NiggFezoantidot and (b) the

NigoFeyo/Fe structure with d=430 nm. The extracted H,,, (defined in (a)) as a function of T

for the two structures are shown in (c).

6.3.4.3 Effects of Antidot Diameter

The effects of antidot diameter d on the MR behaviors of the NigoFe,o/Fe
structure have also been studied. Shown in Fig. 6.18(a) are the measured LMR
curves of the NigoFeso/Fe structure as a function of d. The shapes of the MR
curves and detailed features are similar, suggesting that similar magnetization
reversal mechanism is involved in the switching process. Here, we have

identified two contributions to the MR response i.e. from vortex core
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formation of Fe dots and magnetic switching of NiggFe,o antidot (marked in
Fig. 6.18(a) as P; and P, respectively). For d = 300 nm, the resistance at point
P; is lower than that for P,. However, as d is increased to 430 nm and 550 nm,
the situation is reversed (the resistance for P; is higher than that for P),
suggesting that the larger Fe dots play a more important role in determining
the MR behaviors of the NiggFe,o/Fe structure. This diameter dependent MR
behavior is well reproduced in the simulated MR curves, as shown in Fig.

6.18(b).
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Fig.6.18 (a) Experimental; and (b) Simulated LMR curves for the NigyFe,o/Fe structure as

a function of the antidot diameter d.

6.4 Summary

In this chapter, a systematic investigation of magnetization reversal
mechanism and dynamic behaviors of bi-component 2-D MCs including
modulated NigoFey film and Fe filled NigoFeyo antidot structures is presented.
The modulated NiggFe,o film consists of continuous NiggFe; film on top of

periodic 2-D arrays of perpendicularly magnetized Co/Pd dots (or in-plane
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magnetized NigoFeyo dots). It was observed that the presence of bottom dot
arrays significantly modifies the static and dynamic behaviors of the top
NiggFeyo film when compared with the reference NiggFeyo film without the dot
array underneath. Created by bottom dots, the periodic perturbations of
internal fields in the neighbor regions of the continuous NigoFe; film can be
additionally controlled by magnetic field. The hysteresis loops and FMR mode
profiles of the modulated film structures depend significantly on the film
thickness.

In the Fe filled NigoFeyo antidot structures, the “holes” of the NigoFexo
antidot are filled with another ferromagnetic material Fe. It was shown that
the stray field of the Fe dots significantly modifies the magnetization reversal,
the FMR responses and the MR behaviors of the host NiggFe, antidot, despite
the fact that the Fe dots are not in direct contact with the NigoFe,o antidot. The
effects of applied field orientation, temperature and antidot diameter on the
magnetic behaviors of the Fe filled NigoFeyp antidot structures are also

investigated.
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Chapter 7

Conclusion and Outlook

7.1 Overview

This thesis provides a detailed insight into the magnetization reversal
process, magneto-transport properties and dynamic behaviors of Co/Pd
multilayer based nanostructures and 2-D MCs. The key achievements of this
work are:

(a) Successful fabrication of perpendicularly magnetized Co/Pd multilayer
based nanostructures (including nanodots, antidot, nanorings and
nanowires) over a large area using deep ultraviolet lithography at 248 nm
exposure wavelength.

(b) Systematic investigation of magnetization reversal and MR behaviors of
the Co/Pd mutilayer based nanostructures as a function of their
geometrical parameters.

(c) A comprehensive study of the effects of interlayer coupling on the
magnetization reversal and MR behaviors of [Co/Pd]s/Au/[Co/Pd], NWs.

(d) Development of novel processes for fabricating high quality bi-component

2-D MC:s and characterization of their static and dynamic behaviors.

7.2 Summary of Results

To obtain the above mentioned results, various high quality
nanostructures were fabricated and different characterization techniques were
used to probe the static and dynamic behaviors, while micromagnetic
simulations were performed to better understand the experimental
observations. This section summarizes the main results presented in this

thesis.
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In the first part of the thesis, magnetization reversal of circular Co/Pd
nanomagnets including nanodots, antidot and nanorings were investigated.
The switching field of the Co/Pd dots on top of the pillars is significantly
dependent on both the bi-layer repeat n and the pillar diameter d, while the
Co/Pd antidot in the trench area shows no clear dependance on the two
parameters. As the Co/Pd dots are densely arranged in a cluster, magnetostatic
interactions largely affect their switching behaviors. In addition, by applying a
suitable clock-field cycle, the Co/Pd two-dot cluster can perform logical ‘NOT’
operation. Subsequently, the effects of interlayer and inter-ring dipolar
coupling on the magnetization reversal process were studied using
[Co/Pd]4/Au(ta,) /[Co/Pd], pseudo-spin-valve (PSV) nanorings by modifying
t4, and the ring edge-to-edge spacing s respectively.

The second part of the thesis focuses on the magnetization reversal and
MR behaviors of [Co/Pd], NWs as a function of bi-layer the repeat n and
temperature 7. A linear non-saturating MR response was observed in the
multilayer NWs up to a maximum field as large as 40 kOe. This is attributed
to magnon magnetoresitance (MMR) effect resulting from spin wave damping
at high field. The MMR effect was found to be strongly dependent on both n
and T. The switching field of the [Co/Pd], NWs shows a greater temperature
dependence with smaller n. Furthermore, by adding a Cu buffer layer below
the Co/Pd NWs, the switching field can be greatly enhanced due to the
combination of increased mean grain size and film roughness.

Thereafter, the effects of interlayer coupling of [Co/Pd]s/Au(za,)/[Co/Pd],
PSV NWs were further investigated as a function of #4, and 7. We observed
that for continuous film deposited under the same condition, the interlayer
coupling is almost independent of both #4, and 7. However, the interlayer
coupling of the PSV NWs is much larger and markedly sensitive to the two
parameters due to stray field interactions. At low 7, the competition between

the interlayer coupling and switching field difference among the soft and hard
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Co/Pd stacks determines the overall magnetization reversal process and MR
behavior of the PSV NWs. Interlayer coupling can also be manipulated
effectively by adding a Co or Pd insertion layer which changes the effective
spacer layer thickness of the PSV NWs. At 3 nm Pd insertion layer thickness,
a transition between GMR and MMR (and possibly AMR, DWR) domination
in the overall MR effects was observed in the PSVs due to temperature
induced switching field crossover between the soft and hard Co/Pd stacks. It
was further shown that either ferromagnetic or antiferromagnetic type of
coupling can be achieved in the [Co/Pd]4+/Co/Ru(tg,)/[Co/Pd], PSVs with a Ru
spacer layer. The above investigation on MR behavior and tunable interlayer
coupling in Co/Pd NWs might find its application in future MRAM design.
The last part of the thesis investigates the static and dynamic behaviors of
dot modulated NiggFeyg film and Fe filled NigoFe, antidot structures. In the dot
modulated NigoFey film, the presence of Co/Pd dot arrays (or NiggFe, dots
with in-plane anisotropy) underneath the NigoFey continuous film create
periodic perturbation of internal fields in the NigoFe,o film, which significantly
modifies the magnetization reversal process and FMR mode profiles of the
NiggFey film when compared with the reference NigoFeyo film without the dot
array underneath. The Fe filled NigoFeyy antidot nanostructures were
fabricated using a self-aligned deposition technique followed by a
double-stage lift-off process. Although the Fe dots are not in direct contact
with the NiggFeyo antidot, their stray fields significantly modify the magnetic
ground states which subsequently affect the magnetization reversal, the FMR
responses and the MR behaviors of the host NiggFeyy antidot. The application
of these works is two-fold. Firstly, the self-aligned deposition technique
simplifies the fabrication process of bi-component MCs as compared with the

(59-611"Secondly, the experimental

conventional multi-level lithography process
study on bi-component MCs might benefit those who work in MCs and

magnonic devices.
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7.3 Future Work

In this thesis, various promising findings related to Co/Pd multilayer
based nanostructures have been reported. There are still several promising
avenues which can be further explored. One such area is the investigation of
dynamic properties of the perpendicularly magnetized Co/Pd nanostructures
using a polar FMR spectroscopy i.e. by applying an external field
perpendicular to the plane of the sample.

Another interesting area of research is to fabricate a modulated Co/Pd
film by depositing Co/Pd dots on top of a continuous Co/Pd film. This
modulated Co/Pd film represents a new type of magnonic crystal with
perpendicular magnetic anisotropy. Similar to the modulated NigoFey film
presented in this thesis, the top Co/Pd dots will create periodic perturbations
of internal fields in the neighboring regions of the continuous Co/Pd film. This
perturbation may cause a drastic modification in the static and dynamic
properties of the bottom continuous Co/Pd film. The perturbation strength can
be additionally controlled by adding a Pd spacer layer in between the Co/Pd

continuous film and dots.

ECE/ISML SEI 3.0kv  X10,000 Tum WD 6.4mm

Fig.7.1 (a) Optical photo; and (b) SEM micrograph of a Si;N, membrane mask.

The modulated Co/Pd film can be fabricated using SizN; membrane

masks. The membrane is a Si chip with patterned nanostructures in the central
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Si3N4 area. Shown in Fig. 7.1(a) and (b) are an optical photo of the membrane
and an enlarged SEM micrograph of the patterned area respectively. The
masks allow the large area (4 mm X 4 mm) fabrication of uniform
nanostructures.

Shown in Fig. 7.2 is a typical fabrication process flow for fabricating the
modulated Co/Pd film structure. After the Si substrate cleaning, a continuous
[Co/Pd], film is firstly deposited on the sample using DC magnetron
sputtering. The sample is then covered by a Si3N4 membrane mask containing
a patterned dots array. The following deposition of [Co/Pd]s film results in a
periodic array of [Co/Pd]s dots on top of [Co/Pd], continuous film. The
schematics of the final nanostructure and its corresponding atomic force
micrograph are shown in Fig. 7.2(d). This method is promising because it
simplifies the fabrication process of high quality Co/Pd based MCs. And since

no photoresist is used, the interface of the Co/Pd multilayer is clean.

(a) Si substrate cleaning (b) [Co/Pd], deposition
(d) [Co/Pd], deposition (c) Apply SizN,

membrane mask

Patterned
) Membrane

Fig. 7.2 Schematics of fabrication process flow for the modulated Co/Pd film.
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