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Abstract

X-ray magnetic circular dichroism (XMCD), magnetic second harmonic generation
(MSHG) and reflection anisotropy spectroscopy-magneto optical Kerr effect (RAS-
MOKE) studies were carried out on a range of Au-capped Co nanowires grown on a
vicinal Pt(997) crystal. A four-pole electromagnet was constructed to enable RAS-
MOKE measurements to be made at normal incidence. XMCD studies at the Co
L-edge of six, four and three atom wide Co wires capped with three, six and nine
monolayers of Au provided a range of different data: XMCD spectra were used to
calculate orbit-spin moment ratios, angular dependent hysteresis measurements gave
easy axis direction information, and temperature dependent studies provided qualita-
tive information about Curie temperature and quantitative information about aspects
of the magnetization dynamics of the system. While the orbit-spin moment ratios were
found to agree with previously published measurements of uncapped wires, all mea-
sured samples showed ferromagnetic behaviour at substantially higher temperatures
than in the uncapped case. The orbit-spin moment ratio agreement provided strong
evidence that the wires had been capped without disturbing the morphology of the
wire structure. The easy axis direction showed large deviations from the behaviour
reported for the uncapped samples, with the easy axis aligning with the terrace normal
(-6° £3° from surface normal). A superparamagnetic phase was measured on the three
atom wide wire, and an interesting temperature dependence of the coercivity was seen
in all samples. This was attributed to domain wall pinning, with a kink in the steps
being the most likely candidate for the pinning site. Some measurements were made
with 3, 6 or 9 monolayers of Au on 3 and 6 atom wide Co wires. The different cap-
ping layer thicknesses caused large changes in the relative coercivities. RAS-MOKE
measurements were performed at room temperature on the six and four atom wide
wires capped with 6 monolayers of Au. A field rotation method was developed to
simultaneously measure the easy axis direction, coercivity and stiffness of a ferromag-
netic system. While the easy axis measurements agreed with the XMCD results, the
RAS-MOKE measurements found slightly larger coercivities, and significantly smaller
stiffnesses than the XMCD measurements. While the difference in coercivities could
be partially explained by the temperature dependence of the coercivity, no significant
temperature dependence was observed in the stiffness. As a result, this difference was

attributed to the difference between the two measurement techniques: while the Co
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L-edge XMCD will only measure the magnetic response of the Co, the MOKE effect
will also measure any induced magnetization in the Pt or Au. RAS-MOKE has been
shown to be a sensitive probe of magnetic nanostructures possessing the technologically
important property of perpendicular magnetic anisotropy.

MSHG studies at normal incidence detected no magnetic signal in the Co wire
samples. This was attributed to the large crystallographic signal of 3m symmetry
overwhelming the magnetic signal. However, some additional analysis was done on
previous measurements of Au-capped Fe structures grown on a vicinal W(110) crystal.
Unlike the Au/Co/Pt(997) system, there is only a single crystallographic contribution
to the signal for this system, coming from the 1m symmetry steps, for normal incidence
geometry. As a result, the magnetic contribution is comparable to the crystallographic
one. Due to the highly symmetry dependent nature of the second harmonic response,
hysteresis loops from magnetic regions of differing symmetry can be separated via
careful choice of input polarization angle. In the course of this work, the results of
concurrent fitting of these hysteresis loops and temperature curves are presented. For
Fe coverages of 0.75 and 2 monolayers, two distinct magnetic regions were identified,
each with distinct coercivities, stiffnesses and, apparently, Curie temperatures. The
two regions are most likely associated with step and terrace magnetization, although

this remains speculative.
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1 Introduction

1.1 Magnetic nanostructures

In the past 20 years, miniaturization in industries in the area of information and
communication technology (ICT) has combined with advances in analytic techniques
to generate large interest in the properties and morphology of nanostructures, surfaces
and interfaces. In particular, the electronic and magnetic properties of thin films and
low dimensional systems are of interest for technological applications, more generally
in terms of surface and size effects in shrinking existing device architecture, and in
particular in future novel devices which make use of the new physics which appears in

low dimensional systems.

Magnetic nanostructures are of particular interest, both in magnetic storage and in
novel devices. Magnetic storage has existed in various forms for over a century, an early
example being the “telegraphones” invented in 1898 by the Danish telephone engineer
Valdemar Poulsen. All magnetic storage works on the same basic principle, whereby
a series of magnetic domains or particles in a recording medium are magnetized in a
certain direction to hold information, and this information is then read by detecting
the stray field above the medium using some form of read head. While the basic
principle of operation remains unchanged, magnetic storage has gone through a number
of iterations over the years. In terms of recording media, the stainless steel discs of the
“telegraphones” were replaced with acetate tape coated in ferromagnetic iron oxide.
Tape based analogue recording has been used since the thirties for both audio and
video recording, with only iterative changes to the recording medium allowing for
sufficient storage densities for commercial applications. In fact, tape recording with
digital recording schemes is still used in specialist high volume recording applications
today. However, the introduction of digital computers in the 1970s required a digital
recording solution with higher read /write speeds then possible with tape based systems.
This lead to the introduction of disc based storage devices, where data is encoded on
a rotating magnetic disc. The disc consists of a thin film of magnetic domains or
particles which are then read from or written to by a read/write head as the disc spins

underneath it.

The storage density of digital magnetic disc storage devices (where spin-up and spin-

down domains are assigned as boolean zero and one respectively) has followed a similar



trend to that of transistor densities on integrated circuits, where densities roughly
double every 2 years (fig 1.1). This trend has been driven by the scalability of such
technologies, where transistor and magnetic domain dimensions have been progressively
shrunk to yield increased performance. As the dimensions of the magnetic bits have
been reduced, the read/write head has changed to keep pace. Early read/write heads
were essentially small electromagnets. A write function was performed by passing
current through the magnet windings, resulting in a magnetic field which switched
the bit lying underneath the head. A read was performed by measuring the inductive
current in the coils generated as the disc spun underneath the head. While write
heads still work in essentially the same manner, read heads have been improved over
the years, as the magnetic bits, and the stray field produced by them, has shrunk.
Anisotropic magneto-resistance (AMR) read heads, where the impedance of the head
material depended on the external magnetic field, replaced inductive read heads in
1991. These were replaced with giant magneto-resistance (GMR) heads, which took
advantage of the GMR effect, which won Grunberg [1] and Fert [2] the Nobel prize in
physics in 2007. This effect is seen in samples which consist of 2 ferromagnetic films
separated by a non-magnetic metallic spacer layer, which results in huge changes in
the electrical resistance of the stack depending on the relative magnetization states
of the 2 ferromagnetic layers. Thus, if one ferromagnetic layer is pinned such that
its magnetization does not change, and the other has a low enough coercivity that
it can be flipped by the stray field of the magnetic bits, then a high/low resistance
in the head corresponds to an up/down bit. GMR heads have given way to tunnel
magneto-resistance (TMR) heads in perpendicular recording schemes.

The continual shrinkage of magnetic bit dimensions in magnetic disc drives has
driven a change from longitudinal to perpendicular recording. In older hard drives, the
magnetic bits had an easy axis in the plane of the recording media. This is common
with magnetic thin films, as the shape anisotropy tends to force the magnetization into
the plane of the film. However, such a scheme limits the areal density of bits possible
on the disc, and so the switch to perpendicular magnetization, where the easy axis
of the bits is normal to the plane of the recording media, was necessary to increase
the storage density of these devices. However, this change put pressure on the GMR
read /write heads used at that point.

Magneto-optic recording was investigated at the end of the twentieth century as a

possible perpendicular storage scheme. Read functions are performed via the magneto
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Figure 1.1: Increase of storage density in magnetic disc drives over the past 50 years,

after [3].

optic Kerr effect (MOKE), whereby linearly polarized light undergoes a rotation of
polarization upon reflection from a magnetized material (discussed in detail in section
2). Write functions are performed by locally heating a magnetic bit to a temperature
where its coercivity is small using a pulsed laser, and then cooling again in a small
magnetic field. This allows for a stable bit (with a large coercive field) which can
still be written to with small magnetic fields. Magneto-optic recording was compatible
with perpendicular recording schemes, which made it favourable to existing longitudi-
nal schemes, but it was ultimately limited by the wavelength of the light used. The
implementation of a perpendicular recording scheme with a TMR read head, and a soft
magnetic underlayer to enhance the effect of the write head proved more efficient, and
magneto-optic recording was no longer competitive.

Another area which raises interesting questions about the magnetic properties of
low dimensional systems is the emerging field of spintronics. Spintronics is a proposed
system of electronic devices whose function depends not only on the charge of the
electron, as in existing integrated circuits (ICs), but also on the spin of the electron.
The field of spintronics has arisen due to the fact that the trend of miniaturization of
current IC design will eventually lead to devices where the dimensions of the active areas

will approach that of a single atom. At this point, one must look in directions other than



miniaturization for further improvements in speed and energy efficiency. However, for
spintronics to be viable, it is necessary to integrate magnetism and magnetic materials
into the semiconductor based electronics present in modern ICs. As a result, the
properties of low dimensional magnetic systems is of paramount importance to the
design and fabrication of spintronic devices.

The advancement of magnetic storage technology and spintronics has driven re-
search into the fundamental properties of magnetic thin films and low dimensional
structures, which has in turn driven further technological advancements. The most
obvious example of this feedback between industry and research is the previously dis-
cussed discovery of GMR, which lead to the creation of more efficient hard drive read
heads. This effect was first observed in stacks consisting of two ferromagnetic iron
(Fe) layers of around 10 nm thickness, separated by a chromium (Cr) or gold (Au)
layer of varying thickness [1]. This study found that in the Cr case, the two Fe layers
were, for certain Cr thicknesses, coupling through the Cr layer in an anti-ferromagnetic
fashion. The magneto-resistance of similar stacks was later measured [2], and it was
found that the electrical resistance of such structures was hugely different when the
two ferromagnetic layers were ferromagnetically coupled compared to when they were
anti-ferromagnetically coupled. GMR is one example of the many interesting effects
that arise from studies of low dimensional magnetism, and demonstrates the possible
technological applications for such systems.

When looking at the properties of low dimensional magnetic systems, it is worth-
while to consider the theory of bulk magnetization, and how it evolves in the case
where the system tends towards reduced dimensionality. The Heisenberg model of
magnetism, when calculated for a three dimensional lattice, predicts a quasi-particle
based on a spin-wave excitation called a magnon. The number of magnons excited at

a temperature 7' is:

> N(Wq)dwq

M= | et (1.1)

1/ /2

where N(w,) is the density of states for magnons, which varies as wq 2, wg and w;
for one, two and three dimensions, respectively [3]. By evaluating the integral for
r = hw,/kT, we get a T3/? dependence, but for two or one dimensions, the integral
diverges, which implies that there can be no spontaneous magnetization in a system

with dimensionality lower then 3. This is the Mermin-Wagner theorem. However,

4



this theory does not take into account magneto-crystalline anisotropy (MAE). With
the introduction of anisotropy, ferromagnetic order is possible in lower dimensional
systems, as has been experimentally observed even in one-dimensional systems [4].

In order to study the effect of dimensionality on a magnetic system, thin films of
the ferromagnetic elements Fe, cobalt (Co) and nickel (Ni) deposited on non-magnetic
metallic substrates such as copper (Cu), tungsten (W), and platinum (Pt) have been
studied extensively [5]. Two systems in particular have been widely studied due to
their rich magnetic behavior and their relative ease of preparation. Fe on W(110) has
been studied with a range of techniques such as Spin Polarized Electron Diffraction
(SPED) and Scanning Tunneling Microscopy (STM) [6], MOKE [7], spin polarized
STM [8], and Magnetic Second Harmonic Generation (MSHG) [9-13], due in part to
the fact that, upon deposition of Fe in ultra high vacuum (UHV) conditions on a clean
W(110) surface, a stable, well ordered, ferromagnetic monolayer of Fe(110) is obtained.
On top of this, using suitable preparation conditions, Fe nanostripes can be formed on
suitable vicinal offcuts of W(110) [7]. The other system to attract significant attention
is that of Co on Pt(111). Similarly to the Fe/W(110) system, deposition of Co on
Pt(111) substrates forms a well-ordered pseudomorphic Co(111) monolayer, as studied
by Extended X-ray Absorption Fine Structure (EXAFS) techniques [14]. At coverages
above ~1 nm, the Co starts to relax to its bulk hexagonal close packed structure [15].
Particularly interesting in the Co/Pt(111) system is the phenomenon of perpendicular
magnetic anisotropy (PMA) whereby the easy axis of a thin film is normal to the crystal
surface. This effect has also been seen in, for example, Co films on Palladium (Pd) (111)
substrates [16], Co/Pd multilayers [17], Ni/W electro-deposited films [18], Fe/terbium
(Th) multilayers [19], and Co films on Au [20]. For most elemental magnetic films,
the shape anisotropy forces the easy axis into the plane of the film. This implies that
the MAE must be significantly different in these thin film systems in order to produce
the observed PMA. There is good evidence to suggest that the MAE of the interface
is important here from the thickness dependence of the effect (figure 1.2), and the
effect of small amounts of adatoms [20-22]. This suggests that the MAE is related to
the spin-orbit coupling, which is altered at surfaces and interfaces due to the reduced
coordination between adjacent magnetic atoms.

Another useful property of the Co/Pt system is that, similar to the Fe/vicW(110)
system, the use of a vicinal offcut of Pt(111) as a substrate can lead to the formation of

nanostripes of Co in certain temperature regimes (figure 1.3). In fact, ferromagnetism
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was recently recorded in a one atom thick wire grown on Pt(997) [4], (figure 1.4)! The
magnetic anisotropy of isolated Co atoms on Pt(111) has also recently been measured
[23].  As such, the Co/Pt(997) system can provide access to the very limit of any
proposed magnetic storage or spintronic device, where feature sizes are comparable
to that of an atom, and as such offers an opportunity to explore the limits of future
technological advances.

Also of interest for future applications is the protection of these low dimensional sys-
tems, and the control of their magnetic properties. Both of these can be achieved with
a non-magnetic metallic capping layer. Magnetic moments can couple over short dis-
tances through a Ruderman-Kittel-Kasuya-Yoshida (RKKY) exchange coupling mech-
anism. This mechanism was originally proposed as an explanation of the coupling of
nuclear spin moments through conduction electrons by Ruderman and Kittel [25], and
was later adapted to include electronic spin moments in ferromagnets by Kasuya [26]
and Yosida [27]. The coupling that arises from RKKY is due to the fact that when
free electrons are scattered from a scattering center, they will re-arrange themselves to
minimize the effect of the scattering center. This applies for both spin scattering and
charge scattering events, and results in a spin or charge polarization which oscillates
as one moves away from the scattering center (in the case of charge scattering, these
oscillations are referred to as Friedel oscillations [28]). Figure (1.6) shows the behavior

of the RKKY function, F(§) = (sin€ — £cos€) /). € = 2kyr, where k; is the Fermi
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wave vector and r is distance from a magnetic point impurity embedded in a non-
magnetic metal. This function has been used to calculate the effect of a Cu capping
layer of varying thickness on the Curie temperature of Fe and Co monolayers on a Cu
substrate [29] (fig. 1.7). The effect of the capping layer thickness on the underlying
magnetic layer can be understood if the capping layer is treated as a potential well.
As the thickness of the layer is changed, the size of the potential well changes, as do
the positions of the quantized energy levels within the well. When these energy levels
approach the same energy as the Fermi energy in the magnetic layer, they contribute
to the density of states at the Fermi level in the magnetic system, and as a result,
enhance the magnetic properties.

As previously mentioned, recently published results showed ferromagnetism in one
to four atom wide chains of Co atoms deposited on Pt(997) [4]. The results showed
a non-monatomic behavior of the easy axis direction and coercivity. This work also
found very low Curie temperatures and relatively large coercivities. So far, no studies

have been reported on similar systems with a capping layer.

1.2 Scope of thesis

The magnetic properties of capped Fe and Co wires will be investigated. It might
be expected that capping will affect both the Curie temperature and the hysteretic
behavior. In addition, new approaches to characterizing these buried nanostructures

will be explored. To this end, chapter 2 gives an overview of the main measurement
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techniques used to characterize the samples. Chapter 3 describes the setups used for
the techniques described in chapter 2, as well as describing sample preparation, and the
construction and calibration of a suitable electromagnet for use with the measurement
techniques. Chapter 4 presents the results of XMCD measurements of Au-capped
Co nanostructures grown on Pt(997). Chapter 5 presents results of room temperature
MOKE measurements of Au-capped Co nanostuctures grown on Pt(997), and compares
the results to those of the XMCD measurements. Chapter 6 presents the results of
MSHG measurements on Au-capped Co nanostructures grown on Pt(997), and presents
extended analysis of a Au-capped Fe on W(110) system measured previously [10].
Chapter 7 provides an overview of the work presented in the thesis, and outlines further

measurements which would provide useful information on the Co nanowire system.

10



2 Principles and phenomenology of the experimen-

tal techniques

2.1 Overview

In order to determine the magnetic properties of Au-capped Co nanowires, three main
techniques will be utilized: XMCD, MSHG and MOKE. All three of these techniques
use polarization dependent interactions of electromagnetic radiation with magnetic
samples. While XMCD uses radiation in the energy range 50-1000 eV, both MOKE
and MSHG use radiation in the optical energy range (from 1.5 eV to 5 eV). It should
be noted that in discussing these techniques, a number of different parameters are dis-
cussed: in the description of MOKE, the electric permittivity, €, is used to describe
the interaction between light and matter, while in the description of MSHG, the sus-
ceptibility, y, is used instead. This is purely for reasons of convention, and in fact,
these two values have a close fixed relationship. In the case of X-ray measurements, €
approaches unity for most materials, and as such, measurements based on the resulting
inelastic electronic excitations, such as electron emission yield or fluorescence yield, are

preferred over reflection or transmission measurements.

2.2 X-ray magnetic circular dichroism

XMCD takes advantage of the different absorption cross-sections of circularly polarized
light when the magnetization of a sample is either parallel or anti-parallel to the angular
momentum vector of the light. In order to understand this interaction, and its relation
to the sample magnetization, it is instructive to understand the mechanism of the
absorption of an x-ray photon and the subsequent relaxation of the exited system. For
the case of Co L-edge absorption, an electron is excited from a core 2p/, (Ly edge)
or 2ps/s (L3 edge) state to the conduction band. Upon relaxation of the core hole,
another photon or an Auger electron can be emitted. The conduction band states that
the core electron can be excited into are determined by the selection rules Al = +1

and Aj = 0,£1. This gives the following allowed transitions:

2p3/2 — 3d3/2, 3d5/2, 4s (21)
2p1/2 — 3d3/27 4s (22)
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The introduction of a magnetic moment into the system requires two more quantum
numbers, m; and m,. Additional selection rules are then introduced depending on
whether the magnetic moment and the angular momentum vector are parallel (Am; =
+1, Amg = 0) or anti-parallel (Am; = —1, Amg = 0).

The cumulative rates of these transitions will determine the absorptions for the two
different cases, and therefore, the dichroism. In order to simplify the analysis of these
multiple transitions, a two step model has been suggested [28]. The first step is the
absorption of a photon by an electron. In the process of this absorption, the x-ray
angular momentum is transferred to the electron. Thus, if the angular momentum of
the photon changes sign, so will the polarization state of the created photo-electron.
This angular momentum is then partially transferred to the photo-electron spin through
spin-orbit coupling, resulting in a photo-electron with both polarized spin and angular
momentum. The second step then involves the absorption of the spin polarized photo-
electron into the unoccupied conduction band of the 3d shell (figure 2.1). In order
to have a high probability of the electron filling a state in the conduction band, the
electron moment must be in the same direction as the sample magnetization, such
that the Stoner band splitting creates a higher density of unoccupied states with the
preferred values of m; and m,. The allowed transitions for right or left polarized
light are illustrated in figure 2.2. Thus, if either the polarization of the light or the
magnetization of the sample is reversed, the absorption is also reversed. The L3 and
Ly edges have opposite responses due to the opposite nature of the spin-orbit coupling
in the 2p3/; and 2p, /5 states respectively.

The XMCD effect can be used to obtain a range of useful parameters. The observed
intensity at the L3 or Lo edge, I, in a dichroism measurement is proportional to a

number of factors:

I o P(k- M) (2.3)

where M is the sample magnetization, k is the x-ray wave vector, and P is the per-
centage polarization of the x-ray. The linear dependence of the intensity on the sample
magnetization allows hysteresis loops to be measured, which gives access to informa-
tion such as the coercivity, remanence magnetization and softness (discussed further in
section 2.3). The dependence of the intensity on the angle between the magnetization
and the x-ray wave vector allows the measurement of the easy axis direction via angle

scans. XMCD also allows separation of the spin and orbital magnetization, due to the
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fact that they contribute in different proportions to the L3 and Ly edges. The spin

contribution to the L3 and L, edges, A, and B, can be written as:

2 Lhs 1
Ay =—=.2C.—. - 2.4
o= g 20 (+4) (2.4)
1 s 1
B,=—-2C—.—= 2.5
3 Ho ( 2> (235)

where C is an experimentally determined constant representing the number of atoms
contributing to the dichroism, ps is the spin magnetic moment per atom, and py is the
Bohr magneton. Similarly, the orbital contributions to the L3 and Lo edges, A; and B,

can be written as:

2 1% 3
Ay =—220— (+- 2.
1= 320 (+4) (2.6)
1 i 3
B =—--20—. 4+~ 2.7
l 3 Ho (+4) (29)

where y; is the angular moment per atom. These equations can be combined to arrive
at expressions for the experimentally measured total dichroism at the L3 or Ly edge,

A or B (figure 2.3):
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Figure 2.3: XMCD asymmetry (black) and integration of asymmetry (red). A and B
are the areas of the Ls and Ly edges respectively, after [30].
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A=A+ 4 = 220 (—1&—§ ’”) (2.8)

3 Ay 4

1 1 s 3 2]
B=B,+B =-.2C. —— 4+ - 2.9
TR (+2,Ub+4,ub> (29)

expressed in terms of p; and py, these equations are the XMCD sum rules:

1
s = —6.(14—23).;/4, (2.10)
__ 2 (A+B) (2.11)
= 30" Mo .

A and B can be obtained from experimental data by integrating over the L3 and
Ly edge respectively. The XMCD asymmetry is defined as the difference between
the two absorption spectra when either the magnetization direction or the photon
circular polarization direction is reversed. It is thus generally unaffected by extraneous
experimental signals such as unwanted backgrounds and it is then relatively easy to
extract the ratio of the spin moment to the orbital moment:

s 3 A—2B

= . 2.12

Separation of the spin and orbital moments is more challenging due to the constant,
C. C can be determined from the x-ray absorption scans, based on the difference in
pre- and post-edge background levels. However, in any x-ray scan, there are a number
of contributions to the background. Changes in the x-ray intensity can be normalized
out by taking a reference signal from a gold mesh placed in the beam before the sample,
but any contributions from any non-magnetic sample area can not be experimentally
removed, and must be modeled. In situations where the magnetic content of the sample
is small, and therefore the background is mostly that of the non-magnetic areas of the
sample, it can become impossible to calculate C, and therefore impossible to separate

s and -

2.3 Magneto-optical Kerr effect

The term "magneto-optical Kerr effect” refers to the change in the polarization state
of light reflected from a magnetic material due to the magnetization of the material. In

the case of linearly polarized incident light, the magnetization causes both a rotation
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(generally referred to as the Kerr rotation) in the polarization upon reflection, and a
change in the ellipticity of the light (the Kerr ellipticity). Both of these components are
proportional to the magnetization. As such, a MOKE measurement generally involves
the measurement of the polarization state of the light reflected from a sample while the
magnetization of the sample is swept from positive to negative, producing a hysteresis
loop with an arbitrary y axis which is proportional to the magnetization. Since most of
the interesting characteristics of a magnetic system (such as the coercivity, remanence,
saturation field, softness) do not require an absolute measurement of the magnetization,
this simple polarization measurement is sufficient for a wide range of applications.
The first order interaction of light with a material is described by the dielectric
tensor of the material. In general, the dielectric tensor can be written as a 3 x 3

matrix:
€xx Exy €xz

(2.13)

For a non-magnetic isotropic medium, all off diagonal elements are zero and ¢,, =
€yy = €. In the case of a beam of light incident from a non-magnetic medium on an

isotropic magnetic medium, the dielectric tensor can be generalized:

1 —iQm, 1Qmy,
€ = €yp iQm, 1 —1Qm, (2.14)

—iQm, 1Qmy 1

where m,, m, and m, are the direction cosines of the magnetization vector, M. Q is
the Voight magneto-optical constant, which is proportional to the magnetization M ,
and is defined as:

Q=i (2.15)

€$$

The reflectance of a solid is described by the Fresnel reflection matrix, obtained by

solving Maxwell’s equations for the dielectric tensor:
(2.16)

where p and s denote the component of the incident electric field in the plane and
perpendicular to the optical plane of incidence respectively, and 7;; is the ratio of the
incident j polarized electric field and reflected ¢ polarized electric field. For simple

non-magnetic materials with spherical symmetry, 7,5 and rg, are zero. 1,,, rs, 1,5 and
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rsp can be expressed in terms of the angle of incidence 6y, the angle of refraction in
the magnetic medium #;, and the complex refractive indices of the non-magnetic and
magnetic medium, ng and ny:

nycos by —ngcosb;  i2ngn, cos by sin #ym, Q)
Top = — (2.17)
ny cos By + ng cos 64 ny cos By + ng cos 04

cos By — nqycosf
7ﬁss - no 0 nl ! (218)
ng cos 6y + nq cos 6,

ingny cos Op(m, cos By + my sinb,)Q (2.19)
Tep = )
P (ny cos by + ng cos 01 ) (ng cos Oy + ny cos b)) cos 6,

ingny cos By(m, cos @1 — my, sin6;)Q

(2.20)

Tps =
P (nq cos By + ng cos 01)(ng cos Oy + nq cos b) cos Oy

The complex Kerr rotations for incident p and s oriented waves, 6% and 65, are defined

as:

0 = rsp/Tpp (2.21)

% = Tps/Tss (2.22)

By substituting for 7y, 7ps, 7ss and 7,,, we get expressions for the Kerr response for an
arbitrary magnetization direction and angle of incidence. Three simple geometries for
MOKE measurements can be identified (figure 2.4), which differ only in the direction
of the magnetization in relation to the plane of incidence: polar (m, = 1,m, = m, =
0), longitudinal (m, = 1,m, = m, = 0) and transverse (m, = 1,m, = m, = 0).
Expressions for the complex Kerr rotations can then be obtained for the commonly

used polar and longitudinal cases by substitution into equations 2.21 and 2.22:

0 mon, Q)
gy ol — 220 ol 2.2
(9%) cos(bp + 01) (n? —nd) (2:23)
(0571 — cos ty inon1Q (2.24)

cos(bp — 01) (n? —nd)
cosbptanf, ingn,Q
cos(fy + 61) (n? —nd)
cosbytanfy, ingniQ
cos(fp — 01) (n? —nd)

(OF)" " = (2.25)

(O3 =

(2.26)
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Longitudinal Transverse Polar

Figure 2.4: Diagram of the three common MOKE geometries.

7t 17

There are a number of important observations which can be made from this analysis.
The first is that, at normal incidence, only the polar component of the magnetization
is probed. This is due to the fact that all of the m, and m, terms in the reflection
matrix appear with a sinf; term. This is equivalent to the k- M dependence seen in
the XMCD signal in section 2.2. The second observation is that at normal incidence,
0h. = 05

0. = 05 = (2.27)

(ni —ng)
The importance of these normal incidence properties to the current work will become
apparent in section 3.5. The third observation is that in all cases, the Kerr rotation is
proportional to the sample magnetization. While the above formalism applies only to
an optically thick magnetic film, it is useful for showing the broad dependencies of the
Kerr signal on experimental factors. A full multilayer system has been described by
Zak et al. [31,32] using medium boundary matrices and medium propagation matrices
to account for multiple reflections. However, the only significant phenomenological
addition of the full calculation is the introduction of the wavelength of the incident
light and the refractive indices of the additional layers.

Due to the proportionality between the measured Kerr rotation and the sample
magnetization it is possible to extract useful information from hysteresis loops mea-
sured using the Kerr effect, an example of which is shown in figure 2.5. In many cases
Kerr loops can be fitted, assuming centrosymmetric loops, to a sigmoidal equation of

the form:
2Msat

Msa —"_
" 1+ exp[—s(H F H,)]

where M*(H) has the applied magnetic field increasing from an initial negative value,

M*(H) = — (2.28)

and conversely for M~ (H), M, is the saturation magnetization, s is the stiffness, and
H. is the coercivity. The remanence magnetization can be expressed as the magnetiza-

tion at zero field as a percentage of the saturation magnetization, which removes the
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Figure 2.5: Example of a MOKE loop from a thin Co film. The y axis is in arbitrary

units which are proportional to the Kerr ellipticity.

need for an absolute magnetization measurement. The same methodology can be used
for hysteresis loops measured via XMCD.

In the consideration of the MOKE measurement, we have considered samples which
are isotropic i.e. €, = €, = €,,. The MOKE measurements in this study are con-
ducted using a reflection anisotropy spectroscopy (RAS) setup. RAS is a normal in-
cidence spectroscopic polarization measurement which is usually used to measure sys-
tems where €., # €,,, and €., is effectively zero due to the normal incidence geometry.
However, the effect of the inequality of €,, and €, on the polarization of light upon
reflection is the same as in MOKE - the light polarization goes through a complex ro-
tation upon reflection. Thus, for the Fresnel reflection matrix in a RAS measurement,
on an anisotropic, non-magnetic surface at normal incidence, 7,5 = 75, = 0, and 7,
and r,, become dependent on the orientation of the anisotropic axes of the surface.
These complex Fresnel reflection coefficients are replaced with r, and r,, with the RAS

signal defined in terms of 7., r, and the mean reflectance, r = r, + ry:

21y — A
RAs = 2r==m) AT (2.29)

Ty —1—7“y r

Although there are a number of ways to measure the RAS signal, one popular method
is the use of a photo-elastic modulator (PEM). The use of a PEM for both RAS and
MOKE has been described elsewhere [33, 34]. Briefly, using the Jones matrix formalism,

and assuming normal incidence, the light traveling through the measurement setup
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passes through a polarizer, a PEM, reflects from the sample, and passes an analyzer
polarizer. The effect of these components on the amplitude of a plane polarized light

wave (A) can be described as:

1 0 cos(
0 0 isin(

Mle!

) isin(g) ry 0 1
) cos(g) 0 ry 1

A x (2.30)

Ndles!

where I' = ['g sin(wt) is the retardation caused by the PEM, and r, and r, are Fresnel
reflection coefficients which are not equal in the presence of magnetization or reflectance
anisotropy. It follows that the I, the intensity of light at the detector, is a harmonic
series Iy + I, + Io,....., where [ is time-independent and the remaining terms are root-
mean-square oscillations at the angular frequencies indicated in sub-scripts. Setting I'g

to 2.405 radians ensures Jo(I'g) = 0, where J,, is a Bessel function of order n, and leads

to
L 2J,(To)Im[Ar/r] Ar
— = ~ 2J,(Co)Im | — 2.31
Iy 1+|Ar/rl2/4 Tn(Lo)Im | = (2:31)
where n is an odd integer, and
LInw  2J,(Tg)Re|Ar/r] Ar
— = ~ 2J,(T — 2.32
L~ it |arpa S e ToRe | = (2:32)

where n is an even integer. Thus, a lock-in amplifier can be used to obtain the first
and second harmonic signals, which correspond to the real and imaginary parts on
the complex rotation the light has undergone. This rotation contains both magnetic
and structural information; however, the magnetic part will only change in response
to changes in the sample magnetization, and the structural part will only change if
the sample is rotated with respect to the instrument. These properties can be used to

separate structural (RAS) responses from magnetic (MOKE) responses.

2.4 Second Harmonic Generation

In general terms, the interaction of an electromagnetic wave with a solid can be de-
scribed in terms of a polarization amplitude, P, induced in the solid by the incident

electric field:

P(w,2w,...) = ¢ XV B(w) + x?.E*(w) + V. E*(w) + ....] (2.33)

where the radiated intensity, I \P\z. While linear techniques are governed by the

first order susceptibility tensor, x(!, three wave mixing processes such as SHG are
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governed by the second order optical susceptibility tensor, Y. SHG is a special case
of three wave mixing whereby F; = Fj, and as a result, the third rank susceptibility
tensor can be written as a 6 x 3 matrix. Thus, the polarization due to the SHG at the

surface of a crystal can be described as

By (W) Ex(w)
Ey(w)Ey(w)
z w z w

By | =eo| i dam xm i o || (2:34)
p @ @ .0 @ @ @ A(W)Ey(w)
2F,(w)E,(w)
2B, (w)Ey(w)

Equation 2.34 is general, and simplifies based on the geometry of the measurement and
the symmetry of the system being probed. For the 2D point groups, figure 2.7 lists
the non-zero Y components. However, in real experiments there are a range of other
factors to take into account before modeling of the system is possible. Sipe et al. [35]
have provided a detailed phenomenological model of the SHG response on reflection
which includes electric dipole and quadrupole contributions from both the surface and
the bulk, Fresnel factors etc. to provide equations for the SHG response of a (110),
(111) or (001) cubic crystal face, E,,,, where m is the output polarization and n is the
input polarization, with an angle @ between the plane of incidence and the crystal x

axis, in vacuum:

Epp(2w) = (a1 + ¢1 cos k) B2 (w) A, (2.35)
Epy(2w) = (a2 + ¢3 cos kib) EX(w) A, (2.36)
Eyp(2w) = (by sin k1)) By (w) As (2.37)
Eys(2w) = (bz sin k) B (w) A (2.38)

The a; terms represent both bulk and surface isotropic contributions, b; and ¢; are bulk
and surface anisotropic contributions, A; are Fresnel coefficients, and « is a symmetry
related constant (which is 3 in the case of the (111) face). All coefficients have been

tabulated for (110), (111) or (001) faces by Sipe et al. [35].
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Figure 2.6: Diagram of SHG geometry. 6 is the angle of incidence, ¢ is the angle
between the incident polarization vector and the x axis and 1) is the angle between the

x axis and the major symmetry axis of the sample, (.

The above equations provide a phenomenological model for a sample rotation mea-
surement on a centrosymmetric crystal face at an arbitrary angle of incidence. Since
the bulk and surface x components are mixed into arbitrary coefficients, however, it is
necessary to verify that bulk contributions are negligible, in which case it is possible to
replace the arbitrary coefficients with y components. Sample rotation measurements,
while useful, can be problematic in certain situations (i.e. when the sample is in a
cryostat or vacuum chamber). In these instances, it can be useful to explore a geome-
try where the input polarization is rotated. In this instance, the incident electric field

can be described in terms of an angle, ¢:

E,(w) @ cos
E,(w) | =] bsing | E(w) (2.39)
E.(w) CCOS

where a, b, and c¢ are Fresnel coefficients. The p and s components of the reflected

SH wave, E,(2w) and E,(2w), can then be written as:

E,(2w) = (Acos® ¢ + Bsin® ¢ + C'sin 2p) E(w)? (2.40)
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Symmetry class Independent non-zero elements of ¥ tj'k

1 0L XY, XYY, YL, Yay. Yy, X2, Ayz, YAz, Yy,
Xk, ZXy, Zyy, X2z, yzz, Xz, Zyz, zzZ

1m L, XYy, X2z, Kok, YyIy, YRV, 2K, Zyy, 2k, Z2Z
2 XX, XYZ, YAZ, yey, ZxX, 2y, ZXy, ZZZ

Zmm Az, Yoy, 2, Yy, 22

3 LR = SAY S RN, PNY S ) = -0,

Yoy =2, B0 = 4y, X2 = -yWaE, 222
3m AL = =Xpy = -y, X2 = yay, 20 = Yy, 227
4,6, «© XWE = WE, TN = 2Py, XyZ = -yAZ , 222

4mm, 6mm, “m XZ =WV, 2K = 2yY L ZEE

Figure 2.7: Independent non-zero elements of x(? for a range of symmetry classes.

E,(2w) = (F cos® ¢ + G'sin? p + H sin 2¢) E(w)? (2.41)

where A, B, C', F', G and H are functions of x and the Fresnel coefficients. Further
simplification is possible when a normal incidence geometry is used, as the Fresnel
coefficients become simple scaling factors, and all z dependent x components become
zZero.

The second order tensor elements are highly symmetry dependent. In the case
of a bulk centrosymmetric system, all dipole contributions to Y are zero, and only
when the centrosymmetry is broken (at surfaces and interfaces) is there a non-zero
dipole contribution. The response of the surface or interface is also highly symmetry
dependent, with the contributing elements of yx(?) determined by the point group of
the surface or interface (figure 2.7). While it is possible that higher order quadrupolar
contributions from the bulk may appear in the signal, they should be, at worst, of
similar magnitude to that of the surface dipole response [36]. A similar argument can
be made for the magnetic response discussed later, since magnetism, as an axial vector,
also has no bulk dipolar contribution in a centrosymmetric system.

The introduction of a magnetization to the system introduces a second magnetiza-
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tion induced second order susceptibility tensor, Xf\jdk .- The total SH response from the
system is then the sum of the crystallographic (x{;) and magnetic (x.%;) contribu-

tions:

PQ2w, M) = [x5p-E*(w) + Xijpp-E*(w).M] (2.42)

The capitalization of L indicates that this tensor index relates to the magnetiza-
tion direction. While, initially, the introduction of a fourth rank tensor may appear to
massively complicate measurements, similar arguments to those used in the crystallo-
graphic case reduces the number of contributing tensor components. For instance, if
the magnetization is along a principle axis of the system, many of the tensor elements
are zero; with polar magnetization, only X?sz elements will contribute. Carroll et al.
[10] used a normal incidence polarization rotation geometry to measure the MSHG
response from capped Fe nanostripes on vicinal W(110). Due to the symmetry of the
system and the geometry of the measurement, the response consisted of three compo-
nents; ngy, X%m v and X%yX? as the easy axis of the system was in the x-direction.
Since at normal incidence, Fresnel factors become scaling components, they can be in-
cluded in these effective tensor components. Further isolation of components is possible
when one looks at the dependence of the y polarized response on the angle between

the incident polarization and the x direction, ¢ [10]:

: : 2
I,(2w, o, £M,) ‘Xycmy sin2p + {X%:px cos® p + X%yx sin® ¢ } M, | (2.43)

Since all three components have different dependencies on ¢, it is possible to probe
the two different magnetic components separately by choosing a value of ¢ and doing
hysteresis measurements. The presence of two magnetic tensor components is signifi-
cant in that these will help to distinguish different magnetic regions at the surface or
interface, in contrast to linear techniques with a single magneto-optic coefficient.

However, unlike hysteresis loops taken via MOKE or XMCD, the change in MSHG
intensity is not linearly proportional to the magnetization. This means that a method-
ology for extracting the hysteresis loops is required. Looking again at equation 2.43, it
is obvious that there will be terms which are dependent on both M and M?2. In general,
the magnetic contribution will be small relative to the crystallographic contribution,

and as such, the quadratic term can be neglected. However, the signal-to-noise ratio
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(SNR) of loops measured in this way is inherently limited because the intensity is dom-
inated by the non-magnetic crystallographic contribution. In certain systems, however,
specific measurement geometries can result in the magnetic and crystallographic terms
being of similar magnitude. While this will increase the SNR, a method of dealing with
the quadratic term is then required. To this end, we must look at the more general
form of equation 2.43. Since I o< P?, equation 2.42 gives:

120, My) o [\l B(w) B(w) + X5 @) B(w) M ()| (2.44)

Squaring out gives:

12w, M) = WL + (NCIMLY + 2L I M Y coss (245

even even

Where ¢ is the phase difference between the even crystallographic and the odd magnetic
contributions. Reversal of the magnetization thus produces a phase shift of 7, which
has been experimentally observed for a multilayer system [37]. Solving for | Xi% M|

gives:

{|Xodd|M} = -7 + \/I(M) + ’72 - |Xeven|2 (246)

Where eff and L are dropped for simplicity, v = |Xeven| cos 0 and the root is real. In a
general system, the hysteresis curve can be deduced from this expression if |xeypen| and
0 are known. For a system where the saturation magnetization is equal and opposite

when the field is reversed, these values can be calculated from measured data:

VI
/‘)/

1
7= 5\/[5at+ — Jtr — \/[satf — Itp’ tand = (247)

Where 1%+ are the saturation intensities and I? is the intensity at the turning point

of the MSHG curve (see figure 2.8). Thus a quantitative extraction is possible where a

turning point can be identified, and x.pen and 6 can also be determined. In the case of

a small relative magnetic term, where the quadratic term can be neglected, symmetric

saturation conditions give:

I(M) N %(Isat—s— + Isat—)
\/2([sat+ + [satf)

| Xodd| M cosd = (2.48)

This expression is equivalent to previous linearized expressions [38]. In an interme-
diate case, where the magnetic contribution is large enough such that the quadratic
term cannot be excluded, but the MSHG intensity does not show a turning point, a

simple approximation is where I'? = 0, giving:
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Figure 2.8: Example of shape of magnetization curves obtained via MSHG when the

quadratic term is large relative to the crystallographic term.

1
v = 5\/Isat+ + \/Isat—7 | Xeven| = 7 (2.49)

Another, simpler method of extracting the loop is to assume a symmetric, non-biased
hysteresis loop. In such a case, one can remove the quadratic effect by decomposing
the hysteresis curve into a right-hand curve, where the applied field, H is increasing
from an initial negative value, and a left hand curve, where H is decreasing from an

initial positive value. These curves can be described as:
[i(2w7 H) = ’Xeven’Q + {‘Xodd‘Mi(H)}2 + Q‘Xeven‘{’Xodd’Mi(H>} cos 0 (250)

Where the superscript + and - refer to the right-hand and left-hand curves, respectively.
For centrosymmetric loops, M (H) = —M~(H). Applying this identity gives:

(2w, H) = [Xeven|” + {Xoadl M7 (= H)}* + 2| Xeven! {| Xoadl MT (= H)} cosd  (2.51)
it follows that:
17 (2w, —H) = |Xeven|” + {Xoaal M*(H)}? + 2| Xeven {[ Xoaa M*(H)} cos s (2.52)
Subtracting the expression for IF (2w, —H) from I*(2w, H) gives:
IF(2w, H) — IF (2w, —H) = 4|Xeven|{|Xoaa| MT(H)} cos § (2.53)

And hence:
M*(H) o< I* (2w, H) — IF (2w, —H) (2.54)
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This shows, under the assumption that the hysteresis behaviour is centrosymmetric,
that the loop can be extracted by subtracting the right-hand curve from the left-hand
curve. This removes the quadratic term, leaving only the linear cross term. This
method, while less general, is a quicker way of extracting hysteresis data from MSHG

magnetization curves.

28



3 Experimental details

3.1 Overview

This chapter discusses techniques used in sample preparation, and experimental details

for the principal measurement techniques used during the course of the work.

3.2 Sample preparation

The majority of the work in this thesis was carried out on two circular 99.9996% purity
Pt(997) crystals of 8 mm diameter and 1 mm thickness, aligned to 0.1° and polished at
0.03 pm roughness. The samples were mounted on tungsten wire of 0.25 mm diameter
via two cylindrical holes cut in the crystals by the manufacturer (Surface Preparation
Laboratory, Zaandam, The Netherlands). An additional hole is used to insert a type R
thermocouple in order to measure sample temperature. The thermocouple was read out
to a computer via an isolated thermocouple amplifier (Keithley MB37-R). The samples
were then mounted on a sample holder on the end of a manipulator by spot welding the
tungsten wire to two molybdenum rods, which formed part of the sample holder (figure
3.1). Sample heating was performed via radiative heating from a tungsten filament
mounted less than 1 mm behind the sample. The manipulator was then mounted in a
UHYV system for processing.

Sample preparation involved two main processes: sample cleaning and deposition.
Sample cleaning was achieved using a combination of argon ion etching and annealing.
The ion etching was used to remove unwanted contaminants e.g. C, O, or S, and the
annealing step was used to recrystallize the sample surface, to form a well ordered pe-
riodic stepped structure, and to remove damage caused during the ion etching process.
The cleanliness of the sample was characterised using an Omicron Spectaleed four grid
LEED/Auger electron spectroscopy (AES) system (Omicron Nanotechnology GmbH,
Taunusstein, Germany). LEED and AES are standard surface science techniques for
characterizing surfaces in UHV conditions. Both derive their surface sensitivity from
the fact that the mean free path of 10-1000 eV electrons for most solids is ~1 nm.
LEED involves measuring the spatial distribution of electrons which are coherently
elastically backscattered from the sample surface. Since the wavelength of a 150 eV
electron is about 0.1 nm, which is of the order of the atomic spacing, the electrons

undergo Bragg diffraction from the sample, and the backscattered electrons form an
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Figure 3.1: Diagram of the sample holder. The sample is mounted above the filament
by spot welding the tungsten mounting wires to the molybdenum mounting rods. The
entire assembly is mounted on a stainless steel plate and attached to the end of the

manipulator.

image of the surface crystallographic point group in inverse space.

AES involves bombarding the sample with electrons with an energy of 3 keV, and
detecting electrons emitted from the sample as a result of the decay of the core hole
created by the incident electron beam. These electrons have kinetic energies character-
istic of among other things, the electronic states of the atoms emitting the electrons,
and thus provide information on the elemental composition of the surface.

The rear view Spectaleed system consists of an electron gun mounted in the center of
a retarding field analyser (RFA) and a phosphor screen. For LEED measurements, elec-
trons with energies between 20 and 250 eV are typically used, and the back-scattered
electrons are accelerated towards a phosphor screen by a high positive voltage at the
screen. For the AES measurements, the electron gun is set to a fixed energy of 3000
eV, and a modulating voltage of 1-10 V peak to peak is applied to the middle grids.
The second derivative of the secondary electron yield is then measured using a lock-
in amplifier for a range of energies. The resolution and signal-to-noise ratio can be
adjusted by changing the modulating voltage, and the gain and time-constant of the
lock-in amplifier.

In order to clean the sample, the vacuum chamber was backfilled to 5 x 107% mbar

of argon via a leak valve on the ion gun and the sample was cycled between 10 minute
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Figure 3.2: Diagram of Spectaleed system. The grids perform different functions de-

pending on whether an AES or LEED measurement is required.

sputter sessions at 750 K with a beam energy of 500 eV, and 20 minute annealing
sessions at 850 K. A Labview program was written to control the process, using the
voltage output of the R-type thermocouple mounted in the sample to calibrate sample
temperature. This process was repeated until the Auger spectrum showed only peaks
attributed to Pt (figure 3.3) and the LEED pattern showed a sharp six-fold pattern

with step-induced spot splitting (figure 3.4).

Once the sample was clean, Co and Au were deposited using two high temperature
Knudsen cells supplied by MBE Komponenten (Dr. Eberl MBE-Komponenten GmbH,
Weil der Stadt, Germany) (figure 3.5). The cells consisted of a polycrystalline AlyO3
crucible suspended in a tungsten filament assembly, which is then encased in a water
cooled shroud. A tungsten shutter mounted on a rotary feed-through allows the cell to
be opened and closed to the sample, and the filament current was controlled via a PID
controller and a C-type thermocouple mounted close to the crucible. Cell deposition
rates were calibrated via deposition onto a quartz crystal oscillator, which was moved
close to the sample position on a linear translation drive. In order to deposit areas
of different thicknesses onto a single crystal, a stainless steel flag was mounted on a
stepper motor driven linear translation drive, and was moved in front of portions of
the sample as needed. For the majority of the measurements, 2 different crystals were

prepared with varying coverages of Co and Au (figure 3.6). Figure 3.7 shows a LEED
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Figure 3.3: AES of clean Pt(997), from 100-300 eV. All peaks are attributed to Pt via

reference spectra [39].

Figure 3.4: LEED image of clean, well-ordered Pt(997) crystal
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Figure 3.5: Diagram of a high temperature MBE cell (Dr. Eberl MBE-Komponenten
GmbH, Weil der Stadt, Germany)
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Figure 3.6: Diagram of the main samples used in the measurements. 0.13ml of Co on

Pt(997) corresponds to a single atom thick wire.
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Figure 3.7: LEED image of two monolayers of Co deposited on Pt(111), taken at 121
eV. Image shows Co satellite spots around Pt(111) spots, consistent with [40].

image of a two monolayer Co film deposited on a clean Pt(111) crystal. The image
mirrors published results [40], suggesting a clean well ordered Co film, with a lattice
constant of bulk Co, as expected at this coverage. Figure 3.8 shows a LEED image
from a 9mlAu/0.78MLCo/Pt(997) sample. The relatively sharp spots and step induced
spot splitting, even in the presence of a high backround, suggest a relatively ordered
capping layer, even with nearly a monolayer of Co between the substrate Pt and the

Au capping layer.

3.3 Quadrupole electromagnet

In order to apply an external magnetic field to samples while measuring either the
MOKE or MSHG response, some form of variable magnet was required. There were
two main choices in this respect: a permanent magnet based system, such as a double
Halbach cylinder, or an electromagnet of some form. The permanent magnet systems
have the advantage of relatively large achievable field (up to ~ 1.5 T'). The major down-
sides to permanent magnet systems are twofold: they are relatively expensive, and due

to the bulk of these systems, sample access is limited. Conversely, while electromagnets

34



Figure 3.8: LEED image of Pt(997) crystal with 0.78 ML of Co followed by 9 ML of
Au, taken at 166 eV. Image shows sharp (111) spots and step induced spot splitting,

suggesting an ordered Au overlayer.
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can only achieve limited fields without requiring water cooling or restrictively small air
gaps, they can be built from relatively cheap materials, in geometries that allow for
adequate sample access for the chosen measurement techniques.

For samples consisting of capped Co nanowires, the requirements were that mea-
surements be made in a normal incidence geometry, with a relatively large air gap. To
this end, a quadrupole electromagnet was built (figure 3.9). This design had the advan-
tage of being relatively cheap, computer controllable, and flexible enough to rotate the
magnetic field without any mechanical movement which might disturb measurements.
The magnet consisted of four soft iron pole pieces mounted on a soft iron cross piece.
Eight separate coils were wound on plastic coil formers. Each coil consisted of 400
turns of 1.2 mm diameter enamel insulated copper wire. The coils were then mounted
on the magnet poles. Each pole pair had an air gap of 40 mm. A pair of computer
controlled power supplies were used to energize the coils (Delta Elektronika ES030-10).
Each power supply powered 4 coils, or 1600 turns of wire. The constructed magnet was
then calibrated with a Hall probe (figure 3.10). The uniform area of the magnet was
also checked by translating the Hall probe in three orthogonal directions for a fixed coil
current. It was found that the field was within =1 mT for a cube of 4 mm? volume in
the center of the magnet (figure 3.11).

In order to control the magnet, a program was written in Labview. The program
calculated the currents required to obtain a given field magnitude and direction based
on the calibration curves shown in figure 3.10. The program was then tested by re-
questing a rotating field of fixed magnitude and measuring the response of a Hall probe
in the center of the magnet. Since the Hall probe measured the component of the mag-
netic field in one direction, a cosine shaped curve was measured (figure 3.12). Due to
the remanence of the soft iron used for the pole pieces, certain requested angles re-
sulted in anomalies, which were taken into account during subsequent measurements.
It should be noted that, due to the hysteretic behaviour of the applied field induced by
the soft iron pole pieces, a direct field measurement is always preferable, particularly

in the low field limit (figure 3.13).

3.4 XMCD

The XMCD work was recorded at two different beamlines: D1011 on the MAX-II ring
at MAXLAB in Lund, Sweden and beamline 4.0.2 at the advanced light source (ALS)
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Figure 3.9: Picture of quadrupole electromagnet.
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Figure 3.10: Calibration curves for two separate magnets in four pole magnet. Solid

lines correspond to polynomial fits of data.
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Figure 3.12: Plot of Hall probe response to a rotating magnetic field. Due to the
remanence of the soft iron pole pieces, certain field angle are not achievable. This

effect manifests as deviations from the cosine behavior at 45° 135°, 225° and 315°.
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Figure 3.13: Plot of Hall probe response (black) versus the result calculated via a field

calibration (red).

in Berkeley, USA. Both beamlines were similar in most regards: Light is generated by
packets of electrons traveling at relativistic speeds which accelerate when undergoing a
change in direction caused by an end station insertion device. An elliptical polarization
undulator (EPU) insertion device (figure 3.14) provides polarization control, followed
by a monochromator to select the wavelength. The end chamber of both consisted of
a vacuum chamber integrated with an octupole electromagnet. The magnets consist of
eight soft iron pole pieces with water cooled copper windings. Samples were mounted
on copper sample holders at the end of continuous flow liquid helium cryostats. The
x-ray absorption was measured via the sample drain current due to electrons ejected
from the sample via the ~ 99% [41] of recombination processes which result in the
emission of an Auger electron. These Auger electrons scatter inelestically to produce a
small but measurable secondary electron yield current which is directly proportional to
the x-ray absorption. The electron yield in nanoamps was amplified and the resulting
voltage converted to counts per second using a voltage to frequency converter. A
similar methodology was used to record the signal from a gold mesh placed just before
the end station, which was then used to normalize the signal and remove any unwanted

beam intensity or monochromator dependencies. Electron yield measurements have the
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Figure 3.14: Diagram of EPU, after [42]

advantage over photon yield measurements of delivering a significant degree of surface

sensitivity.

The octupole magnet in operation at the ALS is described in detail elsewhere [43].
The octupole configuration allows for the generation of sustained fields of up to 700
mT in any direction, and has a field uniformity of better the 1% for a 5 mm radius
at the center of the chamber. The MAXLAB magnet was of a similar configuration,
with similar theoretical performance, but at the time of measurement, problems with
corrosion caused by the cooling water on some of the pole pieces necessitated the
running of the system on 4 pole pieces. This resulted in a maximum usable field of
400 mT, and caused some field uniformity issues. The use of a three dimensional Hall

probe to calibrate the used field geometries mitigated these issues to a large extent.

The sample geometry used during XMCD measurements is shown in figure 3.15.
The x-ray beam travels in the —z direction. The sample can be rotated in the 6
direction in the y — z plane, and the magnetic field can be rotated in both 6 and ¢
directions. The sample is generally mounted with the steps running parallel to the z

direction.
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Figure 3.15: Diagram of sample configuration for XMCD measurements. # is an angle

in the z — y plane, while ¢ is the angle in the x — z plane.
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Figure 3.16: Diagram of octupole magnet and chamber used at ALS (the MAXLAB

magnet is of similar design), after [43]
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3.5 MOKE

MOKE is a widely used technique for measuring the response of optically thick mag-
netic films, and has been extended to measure optically thin films using focused single
wavelength lasers and either intensity or polarization modulation techniques in con-
junction with lock-in amplifiers. These surface MOKE (SMOKE) measurements [44]
are well understood, and have been applied to a range of magnetic thin film systems.
MOKE has gained wide usage due to its relative ease and low cost, and its ability, as
with all optical techniques, to probe surfaces in a range of environments, and buried

layers.

Reflection anisotropy spectroscopy (RAS) is a very sensitive normal incidence po-
larized reflectance linear optical technique that probes the difference in reflectance
between two orthogonal directions from a sample. RAS has been mainly used to char-
acterize semiconductor surfaces and interfaces, although its high sensitivity and ability
to measure in both vacuum and liquid environments has led to its use in a range of
metallic, electrochemical and organic thin film systems [34]. RAS can be used in sys-
tems consisting of isotropic substrates to measure the optical response of anisotropic
surfaces and interfaces, since the RAS response of an isotropic medium is zero. Her-
rmann et al. have shown how RAS can be used to probe ultra-thin magnetic films
[45]. A RAS system measures the complex reflectivity difference from an anisotropic
surface or interface on an isotropic substrate. This is achieved using a PEM at normal
incidence. While the source of the complex reflectivity in a RAS measurement and a
MOKE measurement is different, the signal manifests in exactly the same way: the
reflected light has undergone a complex rotation in its polarization. As such, a RAS
setup is functionally similar to a PEM based MOKE setup, such as that described by
Sato [33]. The main difference is in the focus on spectral information adopted by RAS:
broadband light sources, detectors and monochromators are utilized to obtain measure-
ments over the entire optical spectra, and the measured signal is normalized against
the mean reflectance in order to remove energy dependencies from the light source and
other components. Since a RAS setup utilizes a normal incidence setup, it probes only
the component of the magnetization normal to the sample surface (discussed in sec-
tion 2.3). It is shown in section 5 that RAS-MOKE has sufficient sensitivity to probe,
spectroscopically, less than a monolayer of ferromagnetic material provided the easy

axis of magnetization does not lie in the surface plane. It is thus particularly sensi-
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Figure 3.17: Spectral response of a 6ML Au/0.78 ML Co/Pt(997)sample for a constant
field applied in 2 opposite directions. Both spectra include magnetic and structural

contributions.

tive when exploring the technologically important materials that exhibit perpendicular
magnetic anisotropy (PMA), and has the additional advantage of offering spectroscopic

information about the magnetic response.

Since the RAS signal and MOKE signal both manifest as a change in the polariza-
tion state of the reflected light, a methodology is required to distinguish between the
magnetic and structural components of a recorded spectra. This is accomplished by
taking advantage of the symmetry of the magnetic response when the magnetization
direction is reversed, in a similar manner to that employed in an XMCD measurement
(section 3.4). Since the magnetic response inverts when the magnetization direction
is reversed, the magnetic contribution to the signal can be extracted by recording 2
spectra with the sample magnetized in opposite directions (figure 3.17). The magnetic
signal is then the difference between these two spectra, while the RAS signal is the
sum (figure 3.18). Hysteresis measurements are done at a fixed wavelength, which is

chosen based on signal-to-noise considerations.

In general, a PEM based RAS system consists of a broad-band lamp, an input

polarizer, a PEM, the sample, an output polarizer, a monochromator, and some form
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Figure 3.19: Diagram of RAS setup, after [34]

of detector (figure 3.19). The signal at the detector is then split into an AC component
and a DC component, which correspond to the reflectance anisotropy signal and the
mean reflectance. The AC signal is read via a lock-in amplifier. The RAS system is
controlled via a Labview program which sets the PEM retardation voltage and the
monochromator, measures the detector signal, applies any required corrections and
records the RAS signal to an ASCII file.

There were two RAS systems used in the course of this work: a smaller system which
had a spectral range of 0.76 eV to 5 eV, and a larger system with a range of 0.42 eV to 5
eV (figure 3.20). Both of these systems are functionally very similar, with the extended
spectral range of the larger system requiring a number of differences: the transmitting
optics were made of MgFy rather then quartz due to absorption in the IR, a larger
three grating monochromator was needed over the two grating monochromator of the
smaller system, and while the smaller system used a two detectors (Si and InGaAs),
an additional detector (InAs) was required on the large system to cover the entire
range. Filter wheels are included on both systems to remove second order effects in
the monochromator. The only additions required for MOKE measurements were the
electromagnet and some minor changes to the control program. It should be noted
that both RAS systems were built with measurements on silicon in mind, and as such,
the actual useful range for metallic samples and magnetic measurements depend on
the reflectivity of the sample and the form of the spectral magnetic response.

As well as spectral MOKE and hysteresis loops measurements, the RAS-MOKE
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Figure 3.20: Picture of larger RAS setup.

setup in combination with the quadrupole magnet allowed for field rotation experi-
ments. If a field of constant magnitude, which is above the coercive field of the sample,
is rotated in a plane while the MOKE response is measured, the resulting plot of the
MOKE response versus field angle can give information on the easy axis direction of

the sample, in addition to hysteresis information.

3.6 MSHG

As discussed in section 2.4, there are two main measurement geometries; rotating
sample and rotating polarization, both of which can be made at various angles of
incidence. In situations where sample motion is difficult, such as in a vacuum chamber
or optical cryostat, it can be advantageous to use polarization rotation. This typically
involves rotating the polarization direction of the input (output) light, while keeping
the sample and output (input) polarizer in a fixed position.

Regardless of geometry, SHG measurements have a number of common require-
ments. The main requirement is that of a laser with sufficient peak power such that
a measurable second harmonic response is generated without perturbing or damaging

the sample: very short laser pulses with high peak powers are required. A Coherent
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(Coherent inc. Santa Clara, USA) Mira Ti-sapphire femtosecond laser pumped by a
Verdi 5 W continuous wave LBO laser was used to seed a Coherent inc. RegA regen-
erative amplifier, which was pumped by a Verdi 10 W LBO laser. The Mira produces
laser pulses of ~150 fs length at a repetition rate of 76 MHz and an average power
of 700 mW at 800 nm. The average spectral width of the pulses is ~12 nm, and the
average pulse energy is in the nanojoule range. The amplified pulses are of ~200 fs
length at a repetition rate of 200 kHz with average power of 1 W. The energy per pulse
is in the microjoule range, which allows for a significant second harmonic response,
while the average energy is low enough that the sample does not undergo significant
heating effects.

Even with these large peak powers, only one SH photon is generated for every
~ 10* input photons and photon counting techniques are required to achieve good
signal-to-noise. This is achieved using a photon counting photomultiplier tube (PMT)
and a photon counter. Measurements are carried out in the dark, and care must be
taken in ensuring that the first harmonic light is properly removed before the PMT, as
it can easily swamp the signal. It is also important that only signal from the sample
enters the PMT, and any SH light generated in optics is removed. As such, care must
be taken in the placement of any non-reflective optics, and a filter should be used before
the sample to remove any potential SH signal generated in the input optics. Another
consideration is that, since SHG is highly symmetry dependent, high quality polarizers
with an extinction coefficient of at least 10~* should be used to ensure that there is no
cross leakage between the different polarization components.

Figure 3.21 shows the setup used to measure MSHG. The RegA beam goes through a
Glan-Taylor polarizer which has an extinction coefficient of 107° and is set for maximum
transmission. A halfwave plate mounted in a computer controlled stepper motor allows
for rotation of the polarization. The beam is then directed through a 45° dielectric
mirror onto a silvered focusing mirror of 50 ¢m focus length, which produces a spot
size at the sample position of ~200 um. The sample is positioned in the center of
a quadrupole magnet on an aluminium sample holder with an embedded Hall probe
(Honeywell SS94A2D). An OGH50 Schott glass filter removes any second harmonic
generated in the polarizer and halfwave plate. For a normal incidence geometry, a
dichroic mirror is set at a 45° angle to the beam. The dichroic mirror transmits
the first harmonic light reflected from the sample back to the focusing mirror, while

reflecting the second harmonic generated at the sample through the output optics. The
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output optics consist of a lens to re-collimate the light, a second Glan-Taylor polarizer
to select the output polarization, and a lens to focus the beam onto the entrance slit of
a monochromator. The output optics are aligned by introducing a BBO crystal into the
beam after the dichroic mirror. This generates a visible amount of second harmonic
light along the same beam path as that of the sample second harmonic signal. A
side-on photon-counting PMT (Hammamatsu R1527P) mounted on the exit slit of the
monochromator collects the second harmonic photons, which are discriminated and
counted using a computer controlled photon counter (Stanford Research SR400). A
Labview program is then used to set the halfwave plate and magnet, and read the

resulting counts from the photon counter.
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4 XMCD of Au-capped Co nanowires on Pt(997)

4.1 Overview

As discussed in section 2.2, the XMCD signal is measured by taking the difference
between two x-ray absorption spectra taken with opposite magnetization or light po-
larization. However, by taking the average of these two spectra, one obtains the mag-
netization independent absorption spectrum. This spectrum has two main uses: the
shape of the spectrum gives information on the oxidation state of the Co, and the
difference between the post- and pre-edge background level is required in the sum rules
to separate the spin and orbital moments. For the Au-capped Co nanowire system, the
small amount of magnetic material, together with the capping layer meant that the Co
signal was very small compared to the background. This meant that fluctuations in the
background, which would be inconsequential for thick magnetic films or bulk samples,
were of a similar size to the Co edge signals, which made background subtractions
impossible. Figure 4.1 shows the variation between five separate scans recorded one
after the other on a six atom wide Co wire capped with nine monolayers of Au. This
varying background made determination of the constant C', which is required for the
separation of the spin and orbital moments, impractical. In terms of the Co oxidation
state, however, these scans were useful in confirming that the Co had not oxidized,
and as such, that the capping layer had successfully protected the Co from the atmo-
sphere. Figure 4.2 shows typical oxide and pure metal Co spectra, alongside measured
spectra for comparison. This allows an upper limit of 10% to be placed on the possible
oxidation of the capped Co wire samples. The spectra for the six and nine monolayer
capping thicknesses were reproducible over a period of several months, which, when
combined with the AES evidence of oxide-free UHV growth, is good evidence that the

capped Co wires are not significantly oxidized during the course of these measurements.

Although the variable background made it impossible to determine the sum-rule
constant C' from the XAS scans, it had little effect on the recorded asymmetry. This
was due to the method of data recording employed: at each energy position, the field
was switched from positive to negative, and points for both cases were recorded. These
points were then subtracted to obtain the magnetization asymmetry. Since the vari-
ations in the background happened over relatively long time periods, this method of

recording the asymmetry on a point by point basis removed any background variations
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Figure 4.1: Graph of five normalized, magnetic field averaged XAS spectra recorded
on a six atom wide Co wire sample capped with nine monolayers of Au. The spectra
were taken one after the other with polarization switched between scans. The shape

of the background changes from scan to scan, after [30].
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Figure 4.2: Co metal (red), CoO (green) and CozO,4 (black) XAS spectra compared
with measured XAS spectra for a three atom wide Co wires capped with three (blue),

six (cyan) and nine (magenta) monolayers of Au. All spectra are normalized to the L

edge, after [30].
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from the asymmetry measurements. As such, the bulk of the analysis was based on the
asymmetry measurements rather than the XAS spectra. Hysteresis measurements were
also possible due to the reduced amount of time required to measure a hysteresis loop
compared to an XAS scan. While the saturation asymmetry was inconsistent at times,
the coercivity proved to be reproducible, which allowed field angle versus coercivity
plots to provide easy axis information, and an interesting temperature dependence in

the coercivity to be observed.

4.2 Sample 1: 3/6 atom wide Co wires capped with 3/6/9

monolayers of Au

The first sample measured consisted of six different patches; two different Co coverages,
each with three different Au cap thicknesses (figure 3.6). The Co coverages used corre-
spond to three atom wide and six atom wide wires. All data presented were processed

in the same way:

1. XMCD spectra were determined from the magnetization asymmetry, and in all
cases at least one positive polarization (right-circularly polarized) and one nega-
tive polarization (left-circularly polarized) spectra was recorded, to confirm con-

sistency.
2. Spectra were smoothed using a five point adjacent averaging method.

3. A linear fit was done to pre- and post-edge regions, where no dichroism should

be observed, and this linear fit was subtracted for the scans.

4. The sum rules were applied to each spectra individually, and all values for the
orbit-spin moment ratio quoted are averaged across all spectra, with the quoted

error being the standard deviation.

Figure 4.3 shows recorded XMCD spectra for three and six atom wide wires for the
three different capping thicknesses, with all scans scaled to the L3 edge. The six wire
scans were taken at room temperature, while the three atom wire scans were taken
at 79 K. While there is a visible difference in the L, edge intensity between the three
atom wires and the six atom wires in figure 4.4, the capping layer thickness appears to
have little effect on the XMCD response. Using the sum rules described in section 2.2,

the orbit-spin moment moment ratios were calculated (figure 4.5). It is observed that
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Table 1: Comparison of uncapped and capped orbital moments.

System my, Gambardella System my, Our results
Co(0.39 ML)/Pt(997) 0.37 £ 0.04 Au(3/6/9 ML)/Co(0.39 ML)/Pt(997) 0.38 £+ 0.02
Co(1 ML)/Pt(997) 0.31 + 0.04 Au(3/6/9 ML)/Co(0.78 ML)/Pt(997) 0.28 £+ 0.05

the ratio remains constant with increasing cap thickness, but increases with decreasing

wire width, an effect also seen for uncapped wires [46].

As discussed previously, the experimental separation of the orbital and spin mo-
ments is not possible with these measurements. However, theoretical calculations show
only small variations in the spin moment below monolayer coverages [47,48]. As such,
it can be instructive to assume a spin moment of 2.03 pp, such that orbital moment
values can be compared to other published data. Table 1 shows good agreement be-
tween measured values and the uncapped values published by Gambardella et al. [4].
This indicates that capping layers do not have a significant effect on the spin or or-
bital moment. This suggests that the wire morphology was unchanged by the capping
process, as the orbit-spin moment ratio is known to be affected by the local magnetic
environment in a system [49]. However, this would also suggest that the addition of
a capping layer should cause a significant change in the values between the capped
and uncapped samples, which is not observed. This is unusual, as the significantly
modified Curie temperature, easy axis and coercivities of the capped samples reported
later would suggest a large change in the spin and orbital moments. It is possible that
the assumption that the spin moment is roughly 2.03 pp is incorrect, and large changes
in the spin and orbital moment are present, but the ratio stays similar. However, this
is speculative, and further measurements are required to confirm the behavior of the

spin and orbital moments in the system.

In terms of the hysteretic behavior of the samples, there were two main effects mea-
sured: temperature dependencies in the measured coercivities, and easy axis directions.
In terms of the easy axis measurements, there are a number of ways of measuring the
easy axis direction. If the sample (or the easy axis, and therefore M ), is rotated in the
6 direction while the applied magnetic field is kept parallel to the x-ray beam (along
the z axis, see figure 3.15), then one would expect the magnitude of the asymmetry to
decrease with a cosine behavior as the easy axis moves away from the z axis, due to the

k- M nature of the interaction (equation 2.3). However, due to the time taken to make
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Figure 4.3: XMCD spectra of six (top) and three atom (bottom) wide Co wires capped

with three (black) six (red) and nine (green) monolayers of gold.

measurements, and the previously mentioned background variations in the signal, this
method was problematic for our samples. This led to the second method: if either
the sample or the magnetic field is rotated in the 6 direction, and hysteresis loops are
taken for each angle, the coercivity should change in a predictable manner depending
on the magnetization rotation mechanism of the sample. If the sample follows the
Stoner-Wolfarth coherent rotation mechanism, then the coercivity should decrease as
the applied field moves away from the easy axis. However, if the rotation mechanism
is a domain wall motion, the applied field induces a torque in the domain wall, causing
the wall to move in a direction perpendicular to the applied field. This leads to the
coercivity increasing as the angle between the easy axis and the magnetic field increases
(H. x 1/ cos a, where H. is the coercivity and « is the angle between the applied field
and the easy axis) [3,28]. This is based on domain walls experiencing a torque because

the magnetization direction in the wall is not aligned with the applied field direction:
T = oM x H (4.1)

Since the coercivity of a measured loop is less affected by drifts in the background,
this gives a method for determining the easy axis of our samples. There is one other

method, which is the field rotation method also used in RAS-MOKE experiments
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Figure 4.4: XMCD spectra of six (black) and three atom (red) wide Co wires capped
with three (top) six (middle) and nine (bottom) monolayers of gold. All spectra are
scaled to the L3 edge. The three atom wires show a consistently smaller dichroism at

the Ly edge (insets).
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Figure 4.5: Calculated orbital to spin moment ratios for the three atom wire (black)

and six atom wire (red) versus capping thickness.
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Figure 4.6: Graph of three hysteresis loops measured on a six wire sample capped with
six monolayers of Au. Loops were recorded at the Ls edge. Loops were taken with
the sample rotated around 6 by -6° (filled black circles) -51° (filled red circles) and
+39° (open black circles). Inset shows side on view of sample, with surface and terrace

normals.

(section 3.5). While this method can give quite good XMCD results at times, it is
limited by the fact that it requires that the field direction is swept through the plane
of the sample. This causes large Lorentz force suppression of the total electron yield
signal, which effectively amplifies any discontinuities or spikes in the signal, which can

make it difficult to obtain clean results.

Figure 4.6 shows three separate hysteresis loops taken by rotating the sample in
the 6 direction while maintaining the field in the z direction. The wires were aligned
parallel to the x direction. It can be seen that as the sample is rotated, the saturation
asymmetry decreases, while the coercivity increases. It is also observed that there is a
symmetric behaviour around the -6° point. This is consistent with the magnetization
changing by domain wall motion, with an easy axis of ~-6° from perpendicular. Figure
4.7 shows coercivity versus applied field angle for measurements which were made by
measuring hysteresis loops with the applied field at fixed angles from the z direction
while keeping the sample at normal incidence to the beam. The resulting hysteresis

loops were then fitted using a generalization of equation 2.28 to extract coercivity
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Figure 4.7: Graph of measured coercivity versus magnetic field angle (black points)
with cosine fit (red line) for a six wire sample capped with six monolayers of Au. Field
was rotated in a plane parallel (left) and perpendicular (right) to the wires, with the
x-ray beam at normal incidence to the sample. Data were extracted from hysteresis
loops taken at the Lz edge. The fits produced an easy axis direction of -3° £ 2° (left)
and -7° £ 2° (right).

values:
2Xsat

[+ cap[—s(H 7 H,)]
where the H is the applied field, s is the softness, H. is the coercivity, and X, is

XE(H) = —Xou + (4.2)

the saturation value of the particular parameter being measured (proportional to the
magnetization, M).

For these measurements, the saturation asymmetry was the same as the angle
between the x-ray wave vector, k and the magnetization, M stayed constant. However,
since the component of the applied field which lay in the direction of the easy axis
changed with the applied field angle, an increase in the coercivity was observed as the
angle between the easy axis and applied field changed. The field was rotated through
two planes, one parallel to the wires, and one perpendicular to them. Both data sets
were then fitted with a cosine function. The resulting fits complement the sample
rotation data, showing the easy axis canted slightly away from the surface normal in
the plane perpendicular to the wires.

Since the angle of ~-6° found in both measurements matches closely with the angle
between the terrace normal of the Pt(997) and the surface normal (6.45°, figure 1.5), it
suggests that the easy axis is normal to the sample terrace planes. This is in contrast

with the findings of Gambardella et al. [46], who found that even for a 1.3 monolayer
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Figure 4.8: Graph of measured coercivity versus temperature for four samples: three
wire, six monolayer (closed circle); three wire, nine monolayer (open circle); six wire,

six monolayer (closed square); and six wire, nine monolayer (open square).

coverage of Co, the easy axis was tilted by seven degrees from the terrace normal
(perpendicular to the surface). This suggests that the capping layer is modifying the
MAE to favor an easy axis along the terrace normal direction. Similar behavior was
observed in sample rotation measurements across capping thicknesses, and also for the
three wire six monolayer patch.

Figure 4.8 shows plots of coercivity versus temperature for four different samples.
The first important observation is the relatively high temperature at which a ferro-
magnetic state is observed. While an uncapped 1.3 monolayer sample has a reported
Curie temperature below 262 K [46], the capped six wire sample, which corresponds
to a coverage of (.78 monolayers, is ferromagnetic at room temperature. Similarly, the
capped three wire samples show ferromagnetic behavior below 200 K, compared to the
uncapped case, where ferromagnetism was only observed below 10 K. Another impor-
tant observation is that of an apparently super-paramagnetic phase in the three wire
sample at room temperature (figure 4.9). Similar behaviour has been seen in a range
of discontinuous small scale magnetic structures, such as granular Co/Au multilay-

ers [50], magnetic oxide particles dispersed in polymer matrix [51, 52], dilute magnetic
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semiconductors [53-55] and uncapped magnetic nanowire systems [46, 56, 57]. A super-
paramagnetic system occurs when groups of ferromagnetic atoms couple via a short
range exchange coupling, forming a ”giant spin” or spin block. Since the coupling be-
tween spin blocks is weak, the system will have no long range magnetic ordering when
there is no external field, but can be easily aligned under an external magnetic field.
This manifests as magnetization curves which have relatively large saturation values,
but have zero coercivity and remanence. Since the spin blocks are undergoing random
thermally activated spin flips, this process can be characterized by a relaxation time.
When the measurement time of the magnetization curve is comparable to or shorter
than this relaxation time, the curve will show a finite coercivity and remanence. The
temperature at which this occurs is referred to as the blocking temperature, T;. Thus,
the sample will show ferromagnetic behaviour below T, and super-paramagnetic be-
haviour above T}, with the Curie temperature, which corresponds to the loss of the
short-range magnetic order, occurring at a higher temperature still. Similar results
are found in section 4.3. A large temperature dependence of the coercivity is also ob-
served. In terms of trying to model this temperature dependence, there are a number
of different approaches, which will be discussed in section 4.3. Figure 4.8 shows clearly,
however, that the capping layer thickness has a large effect on the coercivity of the

6-wire system.

4.3 Sample 2: 1/2/3/4 atom wide Co wires capped with 6

monolayers of Au

The second sample consisted of four different patches on a Pt(997) substrate: 1,2,3,4
atom wide Co wires, all capped with a six monolayer Au cap (figure 3.6). Figure
4.10 shows the XMCD asymmetry spectra for the four and three atom wide wires.
Application of the sum rules via the method described in section 4.2 yielded values of
0.39 £+ 0.04 and 0.38 £ 0.01 for the orbit-spin moment ratio for the four and three
wire samples respectively. The value for the three wire value agrees with that found
in section 4.2 within error, confirming reproducibility between samples. The small
difference between the two values for the four and three wire patches also agree with
results published by Gambardella et al. [46] which found only small changes in the
orbital moment in this coverage regime for uncapped wires. Unfortunately, signal-to-

noise ratios became a significant problem with the two and one wire samples, even in
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Figure 4.9: Magnetization curve measured at room temperature for the three wire
sample capped with six monolayers Au. The curve shows zero coercivity and rema-
nence, but still shows significant curvature under an applied field, consistent with a

super-paramagnetic phase.

asymmetry measurements. Figures 4.11 and 4.12 show best obtained XMCD scans for
one wire and two wire samples capped with six monolayers of Au at normal incidence.
The total asymmetry at the L3 edge is significantly smaller than those found in the
three or four wire case. This could be due to a number of effects, including a change
in easy axis direction or a reduced overall magnetization. It is also possible that the
wires were in a super-paramagnetic phase, even at the lowest temperature, and the field
applied (500 mT) was insufficient to saturate the sample. The noise levels were such
that hysteresis measurements were not possible, and as such, very little information
about these samples could be obtained. A number of quick scans were done at a range
of temperatures, however, which do show a reduction of the L3 peak on the two wire
sample as the temperature approaches 100 K (figure 4.13), which is not seen in the one
wire sample (figure 4.14). While this information is far from conclusive, it does suggest
that the two wire sample has a lower transition temperature, whether it is a blocking
temperature or Curie temperature, than the one wire sample.

Figures 4.15 and 4.16 show easy axis determination plots using the field rotation
method recorded at 130 K for the three wire patch, and room temperature for the

four wire patch respectively. The fits agree with the findings for the three and six
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Figure 4.10: Graph of XMCD asymmetry for four (black) and three (red) atom wide

wires capped with six monolayers of Au. Both scans were scaled to the L3 edge.
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Figure 4.11: Best measured XMCD scan for the one wire sample capped with six
monolayers of Au, measured at 60 K with an applied field of 500 mT. The scan was at

normal incidence, with a positive beam polarization.
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Figure 4.12: Best measured XMCD scan for the two wire sample capped with six
monolayers of Au, measured at 70 K with an applied field of 500 mT. The scan was at

normal incidence, with a negative beam polarization.
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Figure 4.13: Graph of XMCD scans taken at a range of temperatures for the two wire

sample. The scans were taken at normal incidence with a magnetic field of 500 mT.
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Figure 4.14: Graph of XMCD scans taken at a range of temperatures for the one wire

sample. The scans were taken at normal incidence with a magnetic field of 500 mT.

wire samples, with the easy axis aligned to the (111) terrace normal within error.
Additionally, a field rotation experiment was carried out on the four wire patch at
room temperature (figure 4.17), which obtained results consistent with the coercivity
versus angle fits (details of the fit will be discussed in section 5) Figure 4.16 shows a
departure from the cosine fit that appears to be outside the experimental scatter. It
is likely that this is due to calibration issues of the multipole magnets at very small
fields. An example of the possible errors involved is shown for the calibration of the

quadrupole magnet (figure 3.13).

Comparing these results to the uncapped wires measured by Gambardella et al.
show large differences. Specifically, the four atom wide wire, when uncapped, has an
easy axis tilted +61° from the terrace normal. While the three wire easy axis was
not published, the two wire sample also had an easy axis tilted by +60° from surface
normal. Since the large easy axis angles are attributed to a changes in the MAE, this

suggests that the capping layer is having a large effect on the MAE of the system.

The coercivity versus temperature scans show similar behaviour to that observed
in the three wire/six wire sample, and again, the three wire sample shows an appar-

ently super-paramagnetic phase, suggesting the presence of a spin block system. As
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Figure 4.19: Magnetization curve for the three wire sample taken at 176 K.
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discussed in section 4.2, a spin block system consists of a number of giant spins which
are randomly flipped by thermal fluctuations. Cheng et al. [56] measured a similar
temperature dependent coercivity in a system of uncapped Fe nanostripes grown on
Pt(997) and applied the equation of magnetization motion provided by Glauber [58]

to extract an equation for the temperature dependence of the coercivity:
T
H,(T) = Howroeap (?KN(T)) (4.3)

Where H. is the Curie temperature, Hy, w and 7 are constants specific to the system,
Tk is related to the magneto-crystalline anisotropy constant Ky, T'is the temperature
and N(T) is the temperature dependent spin block size. Thus, assuming that the
N(T) does not change much with temperature below 7T}, the coercivity should show
an exponential dependence with temperature, and the fit should produce values for
K. Unfortunately, while an exponential function does produce reasonable fits to the
data, the calculated values for K; do not make sense, varying randomly from sample
to sample. The work published by Chen et al. had coercivity values measured over
a large temperature range, from 40 K up to over 200 K. In the higher temperature
regime, the exponential fit deviates from the data significantly. Most of the data sets
presented here start at ~100 K, due to limitations both in the available magnetic fields
and with the cryostat available in MAXLAB. As a result, the fits are based largely
on a temperature regime which shows deviation from the fit in the data presented by
Cheng et al. The deviations could come from one of the approximations made in their
model, for instance, the assumption that N(7") does not have a significant temperature

dependence.

4.4 Fits to Gaunt model of Coercivity versus temperature

Another approach is that proposed by Gaunt [59], who developed a model based on
domain wall motion and pinning. In the course of this model, he describes two specific
cases: one where the pinning sites are considered "weak” and one where the pinning
is considered "strong”. These two cases are defined by whether or not a pinning
strength determinant, 3, is less than or greater than 1, where 8y = 3f(87yb)~t, f
is the maximum restoring force per pinning site, v is the domain wall energy per
unit area, and b is related to the interaction area of the pinning site. In the case of
weak pinning, a linear relation is found between the coercivity and the temperature,

while for the strong pinning case, there is a linear relationship between H./*and T%/3.
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Table 2: Least-squares R? values for fits to coercivity versus temperature data for the

"weak” and "strong” pinning cases.

System "Weak” R* ”Strong” R?
samplel 6w6ml 0.98 0.99
samplel 6w9ml 0.97 0.99
samplel 3w6ml 0.97 0.99
samplel 3w9ml 0.94 0.99
sample2 3wb6ml 0.90 0.98
sample2 4w6ml 0.94 0.99
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Figure 4.20: Linear fits for "weak” (left) and ”strong” (right) pinning cases for the four

wire, six monolayer sample.

Applying these relations to our data, the strong pinning case provides a better fit than
the weak pinning case (Table 2). Unfortunately, neither can produce values which can
be compared to other published results without additional information. However, this
model is consistent with the measured angular dependence of the coercivity, and gives
a reasonable explanation of the temperature dependence of the coercivity. Linear fits
to temperature data plotted as either H, versus T, or Hr'? versus T2/3, are shown in
figures 4.20, 4.21, 4.22, 4.23, 4.24 and 4.25,.

The Gaunt model for the temperature dependence has an important implication
for the samples under investigation, namely that there are many pinning sites present
in the systems. Since any magnetic or structural inhomogeneity can act as a pinning

site, the most likely candidate for a pinning site in the samples is a kink in the step on
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Figure 4.21: Linear fits for "weak” (left) and ”strong” (right) pinning cases for the

three wire, six monolayer sample (sample 1).
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Figure 4.22: Linear fits for "weak” (left) and ”strong” (right) pinning cases for the

three wire, nine monolayer sample.
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Figure 4.23: Linear fits for "weak” (left) and ”strong” (right) pinning cases for the six

wire, six monolayer sample.
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three atom wide Co wire, capped with six monolayers Au (sample 2).
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the Pt substrate, and thus also in the nano wire. Since energetic considerations would
suggest that the domain walls would move along the wires, and since there were no
signs of contamination in the sample preparation, step kinks would appear to be the
most likely pinning site present in the samples.

These are the first results from capped Co nanowire systems and further progress
in the interpretation of the results depends on determining other key parameters of
these systems, particularly the exchange stiffness, A, and the anisotropy constant, K7,
as these determine, for example, the domain wall energy (o< v/AK;). An attempt was
made to measure K7, using fields of up to 1.1 T, applied at 76° to the easy axis, but the
RAS-MOKE measurement detected no decrease in saturation signal. The very high

MAE values associated with the Co wire systems make measuring K; quite difficult.
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5 MOKE of Au-capped Co nanowires on Pt(997)

5.1 Overview

MOKE studies of Au-capped Co nanowires grown on a Pt(997) substrate were con-
ducted using a Reflection Anisotropy Spectroscopy (RAS) system and a four-pole
electromagnet. Three main measurements were carried out on two different samples.
Spectroscopic studies allowed measurement of both the spectroscopic MOKE and RAS
signal, although little structure apart from the magnetic signal was seen. Hysteresis
loops revealed the magnetic behaviour of the samples at a fixed wavelength, chosen
to optimise the signal-to-noise ratio, and rotating field measurements revealed both
hysteretic and easy axis information at a fixed wavelength. Sample preparation has
been described previously, and data were recorded for Co coverages of 0.52 ml and
0.78 ml, corresponding to 4 and 6 atom thick wires respectively. Strain in the optical
cryostat windows prevented RAS-MOKE measurements at low temperatures and so
the response of the capped four and six wire samples was measured, as these were
ferromagnetic at room temperature. Results were compared to XMCD measurements,

and small differences between MOKE and XMCD results were observed.

5.2 MOKE of four and six atom wide Co wires, capped with

six monolayers of Au

A spectroscopic scan of the six wire sample showed no significant RAS signal below
3.5 eV, and a broad MOKE signal increasing into the UV (figure 3.18). The four
wire sample showed a similar response. This is probably due to the fact that, because
of their generally high plasmon resonances, metals only have broad structures in the
optical range. On top of this, most metals have very similar dielectric functions in
the optical range, which means that optical spectroscopies can have difficulty with
the measurement of small amounts of metal deposited on another metal. In terms
of signal-to-noise ratio, although the MOKE response decreases for decreasing energy,
the reduced noise in the 2 eV range and the broadness of the MOKE response indicate
that the signal-to-noise ratio for hysteresis measurements should be best at ~2 eV, and
hysteresis measurements and field rotation measurements were taken at this energy.

Field rotation plots for four wire and six wire samples are shown below (figures 5.1,
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5.2). The least squares fitting of the data used a model curve based on equation 2.28:

2XE cosby

X*0) = -x=
(0) sat €08 O + 1 + exp[—sH cos(6 — 0y) — H.]

(5.1)

where X+ is the measured signal (which is proportional to M),  is the angle between
the applied field and the surface normal, 6,; is the angle between the easy axis and
the surface normal, s is the stiffness, H is the magnitude of the applied field, and
H. is the coercivity. The =+ denotes field rotation in positive or negative direction.
The two curves were then fitted simultaneously to produce values for H., s and 6,,.
Errors were calculated by determining the change required in a given parameter to
cause a 10% change in the residual, except in the case of the easy axis, where the error
was determined by a systematic error in the direction of the applied field, which was
determined using a Hall probe embedded in the sample holder. The resulting error
was estimated at +3°. Fitting error proved to be insignificant in comparison. Table 4
shows the results obtained from fitting six wire and four wire samples, with the field
rotated in a plane parallel or perpendicular to the wires. For comparison, the results
of a similar experiment using XMCD is included (figure 4.17). A small variation could
be observed in the coercivities for repeated measurements on the same sample, and
the results tabled are average results from at least three data sets with the associated
error. One explanation for these variations is that, since the measurements were not
done concurrently, slight variations in the temperature of the room from scan to scan
could have an effect. From the temperature dependence of the coercivity measured
with XMCD, there may be as much as a 1 mT/K temperature dependance in the

coercivity.

5.3 Comparison between MOKE and XMCD results

In order to compare the results obtained from XMCD and MOKE experiments, hys-
teresis curves measured with the two techniques were fitted using equation 4.2. The
curves were all measured at room temperature, and at normal incidence. Figures 5.3
and 5.4 show measured curves for four and six wire samples, while table 3 shows the
hysteresis and stiffness values from the fits. It is apparent that the MOKE results show
consistently slightly higher coercivity values, as well as consistently lower stiffness val-
ues compared to the XMCD results. This trend is also apparent in the field rotation
scans (table 4), which shows values calculated from the average of at least 3 scans

for each MOKE result. The XMCD result of the one measured XMCD field rotation
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Table 3: Fitted values for MOKE and XMCD hysteresis loops

System  Coercivity (mT) Stiffness (arb.)

MOKE 4w 13+1 0.44 + 0.05
XMCD 4w 11+1 1.14 £ 0.05
MOKE 6w 18 +1 0.28 = 0.05
XMCD 6w 15 +1 1.3 £0.05

scan is included for comparison. While the variations in coercivity between XMCD
and MOKE measurements might be partially explained by the previously mentioned
temperature dependence, the stiffness values were found not to vary significantly with
temperature and so the large differences in the stiffness values must be caused by some
other factor. The most obvious cause concerns what the two different techniques ac-
tually measure. While XMCD measures the magnetic response of the Co, MOKE will
measure any magnetization from material within the penetration depth of the light -
any induced magnetization in the Au cap or Pt substrate will be included. It is well
known that induced spin polarization of Au capping layers occurs due to the interaction
with magnetic Co layer [60], or in Pt due to ferromagnetic Ni layers [61]. Figures 5.3
and 5.4 highlight the difference in stiffness, while the coercivity values are relatively
close. However, it should be noted that this would imply that the induced magnetiza-
tion in the non-magnetic materials is switching slower then that of the cobalt, which
seems counter-intuitive. Another parameter which could have an effect on the mea-
sured hysteresis loops is the time over which the loop is taken. However, the time taken
for a loop was similar for both the MOKE and the XMCD measurements.

The results in tables 3 and 4 show that XMCD and RAS-MOKE produce consis-
tent results. The easy axis direction of the capped four wire and six wire samples
is perpendicular to the terrace of the Pt(997) substrate, in contrast to the uncapped
structures. The XMCD measurements provide element-specific information, while the
RAS-MOKE probes the total magnetic response of the system. The ease of mea-
surement makes RAS-MOKE a powerful new tool for probing perpendicular magnetic

anisotropy systems of fundamental and technological interest.
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Figure 5.3: Graph of hysteresis curves measured with XMCD (black) and MOKE (red)
on six wire Co sample capped with six monolayers Au. Graphs show measured data
(points) and fits from equation 4.2 (lines). XMCD data were taken at the Ls edge,
while the MOKE data were recorded at 2 eV.
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Figure 5.4: Graph of hysteresis curves measured with XMCD (black) and MOKE (red)
on four wire Co sample capped with six monolayers Au. Graphs show measured data
(points) and fits from equation 4.2 (lines). XMCD data were taken at the Lj edge,
while the MOKE data were recorded at 2 eV.
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Table 4: Fitted values for MOKE and XMCD Field rotation scans

System Coercivity (mT) Easy axis angle (degrees) Stiffness (arb.)

6wperp 19+1 -6 £3 0.42 4+ 0.05
6wpara 18 £1 3+£3 0.28 £ 0.05
dwperp 12+1 -8 £3 0.43 £ 0.05
4dwpara 12+1 -1+3 0.39 £ 0.05
xmed4wperp 7T+1 -6 £3 0.93 4+ 0.05

6 MSHG of Au-capped Co structures on Pt(997)

and Au-capped Fe structures on vicinal W(110)

6.1 Overview

In this section, the results of MSHG studies of Au-capped Co structures on Pt(997) and
Au-capped Fe structures on vicinal W(110) are presented. While both systems share
many similarities, there are also a number of significant differences. The easy axis of
the W(110)/Fe/Au system lies in the surface plane, perpendicular to the Fe stripes and
thus RAS-MOKE provides no useful information. In contrast, while the perpendicular
magnetization exhibited by the Pt(997)/Co/Au system allows RAS-MOKE measure-
ments, the symmetry of the system is such that the MSHG signal is suppressed by
crystallographic contributions. The MSHG results of L. Carroll are extended, and si-
multaneous fitting of hysteresis and temperature curves allows for the extraction of

magnetic information from multiple regions of a nanostructured magnetic sample.

6.2 MSHG of Au-capped Co structures on Pt(997)

MSHG scans were carried out on a six atom wide Co wire capped with six monolayers
of Au to investigate the possibility of measuring a magnetic response from the sample.
The response from a Pt(997) system with a pseudomorphic overlayer will consist of a
step contribution of 1m symmetry, and a terrace contribution of 3m symmetry. Since
the samples exhibit strong perpendicular magnetic anisotropy, the magnetization is

nearly along the z direction. As discussed in section 2.4, the SHG response can be
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separated into a crystallographic and a magnetic contribution, Y and x™. Both the
3m and 1m symmetries will have a number of possible crystallographic and magnetic
tensor components contributing to the overall second harmonic signal. These tensor
elements are listed in table 5, for a system with polar magnetization (along the z axis).
The number of components can be further reduced through choice of measurement
geometry. Use of a normal incidence geometry will remove all z dependent compo-
nents, while further components can be removed through the orientation of the output
polarization. In the course of this study, two measurement geometries were used: the
sample was oriented with the steps aligned parallel to the y direction, at normal inci-
dence, with the output polarization aligned along the y direction (parallel to the steps)
or along the z direction (perpendicular to the steps). The magnetic field was applied
along the z direction. Since the SHG response is the coherent sum of all probed ten-
sor components, it is not possible to separate two identical tensor components which
are generated by two different symmetry groups. As a result, the tensor components
present in the parallel case are: Xyay, Xyzzz, and Xyyyz. In the perpendicular case, the
components will be:X 22, Xayy a0d Xzayz. It should be noted that the crystallographic
components will consist of step, terrace, and capping layer contributions. For a 2mm
terrace, capped with an isotropic capping layer, the crystallographic contribution is
purely step related, as discussed in section 6.3. From section 2.4, the SHG intensity is

given by:

2

1(2w; p, £M.) o |(Acos® p 4+ Bsin® +C sin 2¢) E(w)?| (6.1)

where A,B and C' are combinations of the effective tensor components.

Scans were carried out at normal incidence with the output polarizer aligned parallel
or perpendicular to the wires, which were aligned with the y axis (figure 2.6), and
rotating the input polarizer angle, . In the process of making the measurements,
a small drift in the signal during the course of the measurement was observed. The
source of this roughly linear drift was hard to ascertain, but a drift in the laser power
was ruled out as a cause. This drift was removed by assuming that it was linear,
such that two scans taken sequentially (figure 6.1) with the input polarization rotated
in opposite directions could be averaged, removing the drift. While this did indeed
remover the drift, it then caused an offset in the levels of any two averaged scans (such

as scans taken with the applied field in a positive and then negative direction, figure
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Table 5: Non-zero tensor components for Im and 3m symmetry, with magnetization

in z direction [62,63].

Element and symmetry Non-zero components

C _ _
X Im Xzzx, Xa:yya Xzzzy Xeze = Xazzzs nyz - Xyzy>

Xyzy = Xyyzs Xzzz) Xzyyr Xzzzs Xzze = Xzaz

Xc 3m Xzzz = ~Xayy — ~Xyzy — —Xyyz»

Xzze = Xzxzz = Xyyz — Xyzyr Xzzxr Xzyyr Xzzz

M _ —
X Im XayzZ = XazyZs XeayZ = XayxZs XyzxZs XyyyZr Xyzz22Z
XyzaZ = XyzzZs XzzyZ — XzyzZs XzeyZs — XzyzZ
Y Y i Y Y Y
M 3 _ _ _
X m XayzZ = XezyZ = —XyzaZ — —XyzzZ,
XzxyZ = XayzZ = XyzzZ = —XyyyZ

6.2). The scans for positive and negative applied field were normalized to the first peak
to remove this offset. This method of normalization is valid, since the shape of the
expected magnetic response is such that a rigid shift will not affect the magnetic part
of the signal. Figure 6.8 shows the magnetic response for a Au-capped Fe film grown on
vicinal W(110): the Co response is expected to also show differences between opposite
magnetizations, either as an intensity change, or as an angular shift. Two scans for
positive and negative magnetization were then recorded, and the MHG asymmetry, or
contrast, n(y), calculated:

1(2w; o, +M,) — I(2w; @, —M,
n() = ( ) — I( )

I(2w; o, +M.) + 1(2w; p, —M,)

(6.2)

The magnetic response of the system should be visible in such a plot. Indeed, a differ-
ence is seen (figure 6.4). However, figure 6.5 shows a number of attempted hysteresis
loops taken at various values of ¢, around the maxima in the asymmetry. No magnetic
signal is seen in these loops. This suggests that the small differences seen are due to
effects other then the sample magnetization. In terms of magnitude, the asymmetry
signal is very small compared to the W(110)/Fe/Au system (figure 6.8).

The lack of a detectable magnetic signal does not preclude the existence of one.
Rather, it suggests that the magnetic component of the SHG response is small in com-
parison to the crystallographic response, such that the magnetic signal is overwhelmed.
This particular system consists of a terrace crystallographic 3m symmetry contribution

and a 1m symmetry step contribution. The LEED pattern exhibited by the capped

80



T T T L o o
s —e—forwards |
25x10° - —e— backwards| ]
_20x10' | s
5 L j
(0] 4
@ i
82 )
S 15x10* .
> L j
& 1
c
2 4 i
€  1.0x10° -
(D 4
T 4
%) , -
5.0x10° | _
00L ]
[ PO YT ST ST N T W 1 L | 1 PO YT YT TR Y T TN T ST S T SO WY ST N N i
0 50 100 150 200 250 300 350 400
¢ (degree)

Figure 6.1: Graph of MSHG plot taken with the output polarizer perpendicular to
the wires, with the input polarizer rotated in a forwards or backwards direction. The

difference between the two scans is greatest for small angles, where the largest amount

of time has passed between measurements of a given point.
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Figure 6.2: Graph of MSHG plot taken with the output polarizer perpendicular to the
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Figure 6.3: Graphs of the SHG response with the output polarizer aligned perpendic-

ular (right) or parallel (left) to the wires. Scans were taken with the magnetic field

applied in the positive (black) and negative (red) z directions.
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Figure 6.4: Graph of MSHG asymmetry, calculated using equation 6.2. Asymmetries

for the output polarizer aligned parallel (red) and perpendicular (black) to the wires

are shown.
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sample after preparation indicates that the Au cap is crystalline, and that the Au/air
interface may also contribute to the signal. The size of the crystallographic signal
relative to the magnetic signal, when compared to a system with only a 1m step crys-
tallographic contribution such as the system described in section 6.3, is expected to be
very large. However, the data can still be fitted to determine relative sizes of crystallo-
graphic components (figure 6.6). The SHG intensity perpendicular and parallel to the

wires is given by:

(2w, ¢, £My) o |zzr cos® ¢ + xyysin® ¢ + xayZ sin 20 Mz |* (6.3)

I,(2w, o, £My) o |yzysin 2¢ + {yzzZ cos® ¢ + yyyZ sin® o} Mz|* (6.4)

where x;;rr, has been replaced with ijkL for clarity. From equation 6.1, for I,
A x zzx, B o< vyy and C o zxyZ My, while for I, A oc yraZM,, B < yyyZM, and
C o« yzy. Fitting for I, returns a value of zero for C'; which shows that the magnetic
component is vanishingly small. the ratio of A to B, which corresponds to % is 0.84.
For I, A fits to zero, and the ratio of B to C, which corresponds to % is 0.43.
This is puzzling, since if the magnetic contribution was indeed nearly half the size of
the crystallographic, a hysteresis curve should have been easily measurable. The only
explanation for this result is the introduction of another crystallographic contribution
- either a Xy, Or @ Xyz term. This may suggest that the mirror plane in the sample

has been removed, although there has been no evidence of this detected with other

techniques. Further investigation is required to determine the cause of this signal.

6.3 MSHG of Au-capped Fe structures on vicinal W(110)

Although the MSHG work on the Au-capped Co structures resulted in no appreciable
magnetic signal, a relatively large magnetic signal has been measured previously from
samples which consisted of Fe deposited on a vicinal W(110) crystal, which was then
capped with ~16 nm of Au [64]. The samples were prepared in a similar manner to
the Co on Pt(997) samples. The vicinal W(110) single crystal, offcut 1.4° in the [110]
direction, was cleaned by thermal cycling in 5 x 107® mbar of O, and then flashing
to 2200 K until a sharp 1 x 1 LEED pattern was observed, with no residual C or
O contamination visible with AES. Fe was then deposited onto the sample at room

temperature using an e-beam evaporator, and the sample was then annealed for 5 min
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Table 6: Non zero tensor components for Im and 2mm symmetry with magnetization

in the z direction, after [64].

Element and symmetry Non-zero components

C _ _
X Im Xzzx Xa:yya Xzzzy Xeze = Xazzz, nyz - Xyzy7

Xyzy = Xyyzs Xzzzr Xzyy) Xzzzs Xzze = Xzaz

XC 2mm Xzze = Xazzzr Xyzy — Xyyz»

XZ.%I7 Xzyyu XZZZ

M _ —
X 1m Xxsz — X:):zyXa Xx:ryX — me:er XymxXa nyyXa Xysz7
XyzaeX = XyzzXs XzzyX = XzyzX> XzzyX > — XzyzX
M 2 —
X min XzzyX = XzyzX > XyzeX ) XyyyX

XyzzX s XzzyX = XzyzX

at 800 K to produce well-ordered nanostripes. The sample was then capped at room
temperature with 30-40 ML (12-16nm) of Au. Unlike the Pt(997) sample, no LEED
pattern was visible after capping, indicating a disordered top Au interface. The MSHG
response of a range of Fe thicknesses (3 ML, 2 ML, 1 ML, 0.75 ML, 0.5 ML, 0.25 ML)
was measured and, using a simplified normal incidence geometry to limit the number
of contributing tensor components, magnetization curves were measured. For some
samples, two unique curves were seen, depending on the polarization of the incident
light. These curves were extracted using the methodology described in section 2.4.
Temperature curves were also measured although, due to the complex nature of the
MSHG response, it was not clear how best to extract information from them. The
present work is a continuation of the work carried out by Carroll [64], and relates
to the simultaneous fitting of magnetization curves and temperature curves measured
by Carroll in order to extract information on properties such as Curie temperatures,
hysteresis and softness values for multiple magnetic regions in a nanostructured sample.
The magnetic response and contrast measured at 80 K are shown in figure 6.8 for a
three monolayer Fe film grown on a vicinal W(110) crystal, capped with Au. The
asymmetry was calculated using equation 6.2, and shows two values for ¢ where the
asymmetry and signal-to-noise are large, at ¢ ~ 0° and ¢ ~ 90° (and symmetry related

positions).

Figure 6.7 shows the 5 possible magnetic regions in this type of magnetic sam-
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Figure 6.7: Diagram of different magnetic regions present in the nanostructured sam-

ples. Numbers denote atom which are in a unique electronic environment, after [10].

ple that could give rise to an MSHG signal. Additionally, for an integer monolayer
pseudomorphic film, the substrate interface and top interface (be it a vacuum inter-
face or a capping layer interface) have distinct electronic properties, and can therefore
have distinct magnetic properties. MSHG can distinguish between these regions via
their differing symmetries. In the case of the Fe on vicinal W(110), there are two dis-
tinct symmetry groups involved: terrace atoms (region 3 in figure 6.7) will have 2mm
symmetry, while step atoms (regions 1 and 2 in figure 6.7) will have 1m symmetry.
Additionally, it is known that the magnetization is in plane, perpendicular to the step
[6-8]. Table 6 shows the non-zero tensor elements for this system. In order to simplify
measurements, a normal incidence geometry was adopted, with the input polarization
at an angle ¢ to the x axis, the steps aligned with the y axis and the magnetization
along the z axis. For this measurement geometry, with the output polarization aligned
with the y axis, there are only 3 tensor components which will contribute to the MSHG
signal: Xyzys Xyezx and Xyyyx- Xyzy Will come only from areas of the sample with 1m
symmetry (steps and edges), while the magnetic components can have contributions
from both 1m and 2mm symmetry groups. The MSHG intensity for y output polariza-
tion for a sample with different magnetic regions, n, for this experimental configuration

can be written as:

2

I,(2w; p, £Mx ) Z yay™ sin 2¢ 4 {yzzX™ cos? ¢ + yyyX ™ sin? gp}M)((") (6.5)
(n)
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calculated from (a). Results are from a 3ml Fe film grown on a vicinal W(110) crystal,

capped with Au and measured at 80 K, after [10].

where x;jrz has been shortened to ¢jkL for simplicity. For centrosymmetric hysteresis
loops, the difference signal, AIyi, using the second method described in section 2.4,

can be written as:

+ (9, _ (9, '
AIy (2w7¢7H):[ (2&],%0,]{)—]:':(2(,(}7%07—_[{)
oc 4sin 2 cos 0 Y [yay™[Jyea X ™ |cos(Adyy M™)

+ 4sin2¢p sin? © Z |yxy(") | |yyyX(n') |COS<AQZ;L/ M;l;(n/)>

n,n’

(6.6)

where It has H increasing from an initial negative value, I~ has H decreasing from an

n _gn’
yxy Y11 X )

initial positive value, and A@;TI =0 where 6 is the complex phase factor of the
tensor components [10]. It is now apparent that choosing ¢ close to 0° or 90° will limit
the magnetic contributions to a single component per region, yzzX ™) and yyyX ™),
respectively. Hysteresis loops extracted in this manner can then be fitted with equation
5.1. Asis found in the case of MOKE measurements, the absolute magnetization cannot
be determined from such a measurement without additional information, but both the
stiffness, s and the coercivity, H. can be found. If two loops measured at close to 0°
or 90° are not identical, bar a scaling factor, then the signal must be a result of two
different responses from two different magnetic regions. The expressions for asymmetry

of these two polarization cases, ¢ ~ 0° and ¢ =~ 90°, can be written as:
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~0 = Y Y
RS
dg Z lyzy™ ||yzz X )| cos(AG*™ ) M)
123 Iy gzy™ ] cos(A0) + > [yae X ™ |[yz X ™) | cos( AT ) M ™)
(6.7)
45 —9) Z lyzy ™| lyyy X " )|COS(A9;’; YM™)
A@z% = s

45— @) Y lyy"llyey ™ cos(A0E) + D lyyyX ™ lyyyX "] cos(Abyy, )M W M )
" " (6.8)
Equations 6.6, 6.7 and 6.8 can be used, simultaneously, to fit two hysteresis loops,
taken at ¢ close to 0° and 90°, and a temperature dependence curve, where the asym-
metry, 7, is recorded as the temperature is varied around the Curie temperature [13].
The contribution from the different regions to the temperature curve can be extracted
assuming, as a first approximation, that the Curie transition has a sigmoidal shape,
with a ”stiffness” parameter, o. Table 7 shows the results of simultaneous least-squares
fitting for five different regions: a single region on a 0.25 ML Fe film, two regions on a
0.75 ML film and two regions on a 2 ML Fe film. The errors given were calculated as
the deviation in a given value required to cause a 5% deviation in the residual.

Figures 6.9, 6.10 and 6.11 show that simultaneous loops and temperature depen-
dent fits can be obtained. This indicates that the temperature dependence of the tensor
components are either small or largely canceled between the numerator and denomina-
tor in equations 6.7 and 6.8. The figures and table 7 show that two magnetic regions
can be identified for the 0.75 ML Fe and the 2 ML Fe coverages. For 0.75 ML Fe, the
opposite phases of the tensor components produce a partial cancellation of the MSHG
signal, which is removed as the sample temperature increases above ~ 140 K, the ef-
fective Curie temperature of region 1. This accounts for the increase in signal, prior
to the decrease at higher temperatures. This is not observed for the 2 ML Fe sample
because the phases are of the same sign.

It is interesting to speculate on the origin of the two magnetic regions. It appears
possible that MSHG allows magnetic step and terrace sites to be distinguished. This
would explain two regions for the 0.75 ML Fe and the 2 ML Fe (the latter grows layer
by layer). For 0.25 ML Fe, it may be that either the signal-to-noise ratio is not good
enough, or that the temperature was too high to identify a second region. For 0.75

ML Fe, if the two "regions” correspond to intra-wire and inter-wire coupling, then the
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Figure 6.9: (a) NI MSHG y-polarized intensity difference, AL, at 80 K and fits (solid
lines), together with the resulting hysteresis curve (below), from Au-capped 0.25 ML Fe
films grown on vicinal W(110): ¢ & 90° (red),p =~ 90° (blue) (b) Temperature variation
of the MSHG contrast and simultaneous fit, together with extracted magnetization
curve (below). Inset: schematic of 10 atom wide Fe stripes grown out from the step

edge (capping by Au not shown).
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Figure 6.10: (a) NI MSHG y-polarized intensity difference, Al,, at 80 K and fits (solid
lines), together with the resulting hysteresis curves (below), from Au-capped 0.75 ML
Fe films grown on vicinal W(110): ¢ ~ 90° (red),p ~ 90° (blue) (b) Temperature
variation of the MSHG contrast and simultaneous fit, together with extracted magne-
tization curves (below). Inset: schematic of 30 atom wide Fe stripes grown out from

the step edge (capping by Au not shown).
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Figure 6.11: (a) NI MSHG y-polarized intensity difference, A, at 80 K and fits (solid
lines), together with the resulting hysteresis curves (below), from Au-capped 2 ML Fe
films grown on vicinal W(110): ¢ ~ 90° (red),p = 90° (blue). The inset is an enlarged
view, showing the difference between the fits for two angles. (b) Temperature variation
of the MSHG contrast and simultaneous fit, together with extracted magnetization

curves (below). Inset: schematic of 2 ML Fe coverage (capping by Au not shown).

91



Table 7: Fitted values of the parameters for the three samples. The estimated error in

the last figure is given in parenthesis. The coercivity was measured at 80 K.

0.25 ML Fe 0.75 ML Fe 0.75 ML Fe 2.0 ML Fe 2.0 ML Fe
1%t component 1%t component 274 component 1%t component 274 component
yraX 0.19(1)et68(1)° 0.03(1)ef140(3)° 0.00(1)ei44(3)° 2.67(2)ei34(1)° 0.2(2)ei0(15)°
yyyX  0.17(1)efl02(°  0.12(1)ei157(D)° 0.16(1)e™9(1)° 0.10(1)e™4(1)° 0.018(2)ei38(5)°
He mT 3(1) 24(1) 7(2) 30(1) 20(1)
s mT—! 0.07(1) 0.05(1) 0.04(1) 0.6(1) 0.2(1)
T. K 140(10) 202(3) 141(5) 274(4) 160(10)
o K 9(5) 19(2) 17(3) 14(4) 10(10)

2 ML Fe sample should only show a single region. Theoretical modeling is required at

this stage to make further progress.
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7 Conclusions and future work

7.1 Conclusions

The magnetic properties of Au-capped Co nanowires and nanostripes were probed using
XMCD, RAS-MOKE and MSHG. A capping layer of at least six monolayer was found
to protect the underlying Co structures from atmospheric contamination for periods of
months, while a three monolayer cap provided protection from atmosphere for a period
of weeks. The capping layer was also found to greatly enhance the Curie temperature
of the Co structures, compared to published measurements of uncapped samples. The
samples were grown in UHV conditions using MBE, and the ordering and cleanliness

of the preparation procedure was confirmed using LEED and AES.

XMCD was used to determine the orbit-spin moment ratio for six and three atom
wide wires capped with 3, 6 and 9 monolayers of Au, and four atom wide wires capped
with six monolayers of Au. The experimentally obtained values agreed, within error,
with values published for uncapped samples, which suggests that the capping layer had
no measurable effect on the orbit-spin moment ratio. XMCD was also used to measure
the hysteresis behaviour at a range of temperatures and plots of coercivity versus
applied field angle were used to determine the easy axis orientation of the samples.
All samples measured were found to have the same easy axis orientation, ~-6° from
the surface normal. Since the angle between the surface normal and terrace normal
on Pt(997) is -6.4°, it was concluded that the easy axis was aligned with the terrace
normal. Published results, where the easy axis angle differed greatly between samples
with different Co coverages in uncapped samples, suggests that the contribution of the
Au capping layer to the MAE of the samples is responsible for this alignment. The
coercivities of the samples were found to have a non-linear temperature dependence,
and possible explanations for this were explored. For the three wire samples capped
with 6 ML of Au, a super-paramagnetic phase was observed at room temperature,
while the sample became ferromagnetic below ~ 160 K. All measured samples showed
a temperature dependent coercivity in their ferromagnetic phase. This temperature
dependence was consistent with a strong pinning model of domain walls in the samples.
A kink in the substrate steps was suggested as a possible pinning site responsible
for the temperature dependence. Due to signal to noise issues, only a small amount

of data was collected on the two and one atom wide wires. However, remarkably
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high Curie temperatures of at least 120 K and 100 K for the one and two atom wide
wires, respectively, are suggested. A significant capping layer thickness effect was also
observed in the coercivity data, which confirms the expectation that the capping layer
thickness will have a large effect on the magnetic properties of the samples below ten
monolayers, via the RKKY interaction.

RAS-MOKE measurements were carried out at room temperature on the six and
four atom wide Co wires capped with six monolayers of Au. No useful RAS signal was
detected from the samples. Field rotation measurements using a quadrupole electro-
magnet allowed simultaneous measurement of the easy axis, coercivity and stiffness of
the samples. The measured easy axis data agreed with that found by XMCD. Signif-
icant variations were found between the stiffness measured by MOKE and that found
by XMCD. While the coercivity may be affected by differing ambient temperatures
between different measurements, the stiffness values are not affected by temperature.
As such, the differing stiffness values were attributed to the fact that, while XMCD will
measure only the response of the Co atoms, the MOKE effect will include contributions
from any induced magnetization in the Au capping layer or the Pt substrate.

MSHG studies were attempted on 6 atom wide Co wires capped with six monolay-
ers of Au. A normal incidence geometry was adopted in order to reduce the number of
second order susceptibility tensor components contributing to the signal. However, no
magnetic signal was detected. This was attributed to very large 3m crystallographic
tensor components overwhelming the magnetic contributions. The strong crystallo-
graphic signal was fitted to determine the relative contributions of the tensor compo-
nents.

MSHG measurements made previously [64] were used to simultaneously fit hys-
teresis loops and temperature curves to isolate the response of two magnetic regions
in a single sample of Fe deposited on vicinal W(110) capped with Au. Unlike the
Pt(997)/Co/Au system, only step sites contribute to the crystallographic signal in
these measurements, due to the normal incidence geometry and the 2mm symmetry of
the terrace sites. Careful selection of the input polarization then allowed for separation
of hysteresis loops and Curie curves from different magnetic tensor components, with
different contributions from Fe atoms of different symmetries.

In conclusion, RAS-MOKE and MSHG have been shown to have sufficient sensi-
tivity to provide complementary information about capped magnetic nanostructures.

RAS-MOKE is particularly well adapted to probing PMA systems, while MSHG works
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well for the Au/Fe/W(110) samples, no measurable signal was detected in the Au/Co/Pt(997)
system. Capping with a non-magnetic metallic layer has a large effect on the magnetic
properties of Co atomic wires, in particular producing a dramatic increase in Curie

temperature, which may be of technological importance.

7.2 Future work

While the studies revealed a rich magnetic behavior in the Au-capped Co nanowires,
a number of experimental factors prevented the study of the smallest wires, of one
or two atom thickness. For the XMCD measurements, signal-to-noise ratios became
an issue. While the situation may be improved slightly by the use of thinner capping
layers, a better option would be the use of a fast EPU system to allow the use of a
lock-in amplifier to greatly improve the SNR. Beamline BLL39XU in the Spring-8 facility
in Japan currently has such a system, while a similar beamline is planned at Soleil,
France. This would allow easy axis and hysteresis measurements to be carried out on
the one dimensional single atom wires, which would be of great interest. In terms of
extending the existing measurements, Fujisawa et al. [57] measured the temperature
dependence of the super paramagnetic magnetization curves for a monatomic Fe wire
grown on a Au(778) substrate. Fitting of these curves allowed calculation of the spin
block size for a range of temperatures, and the resulting temperature dependence was
then attributed to one dimensional behaviour. Similar studies could easily be carried
out on the Au-capped Co wires. Also, the proposed Gaunt model for the coercivity
versus temperature dependence could be tested by extending the range of the data to
lower temperatures. Additionally, Gambardella et al. [46] measured the easy and hard
axis super paramagnetic curves of uncapped Co wires using XMCD to determine the
MAE per Co atom for the system. This was not possible due to the magnitude of
the field available at ALS and MAXLAB, but would be a useful measurement in the
capped system.

In terms of the RAS-MOKE measurements, the main limitation was the magnetic
field induced strain signal from the fused silica window of the optical cryostat. The
SNR of the room temperature measurements, and the fact that the easy axis in all
measured systems is near to the sample surface normal suggests that RAS-MOKE offers
the possibility of detailed temperature scans of capped Co nanowires to complement

and contrast with the XMCD measurements, if the problem can be solved.
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While the SHG measurements of the capped Co wires showed no magnetic signal,
it is likely that this is due to the large contributions to the crystallographic signal from
the terrace and the capping layer. While it should be possible to produce an isotropic
capping layer by increasing the thickness, this would still not remove the terrace con-
tributions, and would reduce the already low SNR in XMCD measurements. A better
option would be to explore other measurement geometries in the hope of finding a setup
which increased the ratio of the magnetic components to the crystallographic compo-
nents, such that the magnetic components can be measured. Another alternative is
to look at other substrates. If monatomic ferromagnetic wires could be grown on a
substrate with 2mm symmetry (like the Fe/W(110) system), then MSHG can provide
information unavailable from other techniques due to its symmetry dependence.

In extending the existing measurements, further studies of capping layer thickness
of the magnetic properties of the wires would be valuable. Growth of a wedge of Au
as a capping layer would allow the effect of very small changes in capping layer thick-
ness to be measured. Temperature dependent measurements in the region of the Curie
temperature values are needed, and such measurements may be too time consuming
for XMCD measurement. RAS-MOKE combined with a good optical cryostat would
be ideal in this instance. Measurement of wires grown on samples with different vicinal
offcut angles would also be interesting, as this would give information on the strength
of the inter-wire coupling. Also, intentionally introducing higher kink densities in the
substrate steps (by, for example, mis-cutting a Pt(997) crystal slightly in the direction
parallel to the steps), and measuring the effect on the coercivity at different tempera-
tures could also test the Gaunt model for the temperature dependence of the coercivity.
Another possibility is the use of SPEM or spin polarized PEEM to image the domain
structure of the thicker wires. This could indicate where the domain walls are being

pinned, and also give some information on the inter-wire coupling.
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