D 5 B LIN Technological University Dub.lin
- ARROW@TU Dublin

Doctoral Science

2002-01-01

Optical and Magnetic Behaviour of Low Dimensional Structures

Francis Pedreschi
Technological University Dublin

Follow this and additional works at: https://arrow.tudublin.ie/sciendoc

b Part of the Physics Commons

Recommended Citation
Pedreschi, F. (2002). Optical and magnetic behaviour of low dimensional structures. Doctoral thesis.
Technological University Dublin. doi:10.21427/D7Q60S

This Theses, Ph.D is brought to you for free and open
access by the Science at ARROW@TU Dublin. It has been
accepted for inclusion in Doctoral by an authorized
administrator of ARROW@TU Dublin. For more
information, please contact
yvonne.desmond@tudublin.ie, arrow.admin@tudublin.ie,
brian.widdis@tudublin.ie.

OLLSCOIL TEICNEOLAIOCHTA
BHAILE ATHA CLIATH

This wors licensed under a Creative Commons D u B L I N

TECHNOLOGICAL

Attribution-Noncommercial-Share Alike 3.0 License CRIVERSITY DUBLIN



https://arrow.tudublin.ie/
https://arrow.tudublin.ie/sciendoc
https://arrow.tudublin.ie/scienthe
https://arrow.tudublin.ie/sciendoc?utm_source=arrow.tudublin.ie%2Fsciendoc%2F23&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/193?utm_source=arrow.tudublin.ie%2Fsciendoc%2F23&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:yvonne.desmond@tudublin.ie,%20arrow.admin@tudublin.ie,%20brian.widdis@tudublin.ie
mailto:yvonne.desmond@tudublin.ie,%20arrow.admin@tudublin.ie,%20brian.widdis@tudublin.ie
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/
http://creativecommons.org/licenses/by-nc-sa/3.0/

Optical and Magnetic Behaviour of Low

Dimensional Structures

Francis Pedreschi B.Sc.(App.Sci.)

A thesis submitted to

Dublin Institute of Technology

For the award of

Ph.D.

Supervised by:
Dr J.D. O’Mahony

School of Physics/FOCAS

September 2002



Abstract

Low dimensional structures can exhibit unusual properties due to the quantum
confinement of electrons. This may manifest itself in any effects that depend on
electron behaviour. In this study, the optical and magnetic properties in particular of
two types of low dimensional structures are examined.

Quantum wires are structures that have macroscopic length scales along one
dimension and nanometre length scales in the others. Two Indiwm induced
reconstructions of Silicon surfaces were grown and examined to determine if quantum
confinement, a necessary requirement for a quantum wire, did exist for their
structures. A UHV compatible Reflectance Anisotropy Spectroscopy (RAS)
instrument, that measures the difference in reflectivity of linearly polarised light along
orthogonal surface directions, was constructed for this purpose. The Si(111)4x1-In
and Si(001)4x3-In systems were studied. Studies revealed an optical anisotropy of
1.65% for Si(111)4x1-In which, considering the result is from a layer just a
monolayer in thickness, is very high for a metal-semiconductor system and may be
indicative of confinement. Si(111)4x3-In revealed a smaller but still considerable
anisotropy of 0.5%. The wires were also studied with Scanning Tunnelling
Microscopy (STM) in an effort to conclusively determine the structure. The results
gave strong evidence in support of the structural model proposed by Bunk, ct al.
Scanning-tunnelling spectroscopy provided information on surface states which agree
qualitatively with photoemission data.

Metallic nanoparticles have been attracting considerable interest due to their
novel optical and magnetic properties and as potential components in ‘spintronic’
devices. Iron and cobalt particles were examined by preparing films on Silicon or
Graphite (HOPG) substrates. The films were characterised using Atomic Force
Microscopy and STM to determine particle coverage, density and distribution. The
particles internal composition was examined using Mdssbauer spectroscopy and XPS.
The films were then examined using a variation of the RAS technique, Magneto
Optical Kerr Effect (MOKE) and its time resolved counterpart TRMOKE. Both give
an indication of a materials magnetisation by responding to differences in electron
spin population. These results were compared to those obtained from SQUID

magnetometry. It seems that for monolayers of particles in this size regime, i.e.



~10nm, the optical techniques do not have the required sensitivity to detect a
magnetic response, despite their surface specificity. Hence the results at least help to
place a lower limit on the techniques’ sensitivity. Iron particles were also examined
using Magnetic Force Microscopy, which demonstrated a stronger response over a
single particle than a particle cluster. A computational model was generated to explain
this interesting effect. This verified the hypothesis that dipolar interactions between
the neighbouring particles in a cluster were sufficiently strong to prevent the tip from
aligning the particles magnetic moments. In the absence of these interactions, as is the

case with an isolated particle, the tip can align the moment.
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Chaprer 1 Introdicction

Chapter 1

Introduction

1.1 Low Dimensional Systems

Solid state physics research has become increasingly interested in the area of low
dimensional physics.'" On nanometre dimension scales unusual changes or
enhancements in a material's properties can be observed,™® and these can be
controlled to degrees not possible before. This makes them suitable for inclusion in
the production of electronic devices. The importance of surface effects in device
performance has long been realised, and the control of device properties is normally
achieved here by the adsorption of different materials onto the surface, in addition to
doping the bulk material with impurities. However, while this allows a measure of

property control it does not unlock the potential of fully customisable materials.

The possibility of developing tailor-made materials may be achievable through the
use of low dimensional systems. The unusual properties of such systems arise due to
the dominance of surface effects and especially due to quantum confinement
effects.**® By varying structure sizes, it is possible to control the density of states of

such materials, giving more control over their behaviour,

An exampie of a device that makes use of quantum confinement is the quantum
cascade (QC) laser,” a system consisting of arrays of 2 dimensional quantum wells.
The energy levels of the lasing system can be varied by changing the thickness of the
quantum wells, and the levels have less dispersion than those of bulk materials. This
results in a laser whose output frequency can be tailored to a required value and at the
same time produces optical power more efficiently than a conventional semiconductor
laser. Advances in manufacturing techniques have made it easier to study these

systems and have increased their technological relevance.

To further investigate the unusual behaviour of these types of matertals, this work

examines two classes of low dimensional structure:
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(i) Quantum wires, which are quasi one-dimensional structures that allow free
electron motion along the macroscopic dimension which may extend for microns,
but confines them in a potential barrier along the quantum scale dimensions,
which are on the nanometre scale. These are increasingly relevant to the
semiconductor industry due to improvements in lithography technology, which
will see the production of devices using 90nm processes in 2003 and further

reductions thereafter.

(i1) Quantum dots. These are quasi-zero-dimensional structures with length scale
on the nanometre range in all dimensions. They can represent a state of matter
between bulk and atomic, the degree of which will depend on the particle size, and
can exhibit many unusual properties. They have potential for use as high density

magnetic storage devices and as prototype components for quantum computers.

These systems will now be described in greater detail.

1.2 Quantum Wires: One-Dimensional Structures.

Quantum wires are quasi one-dimensional metallic structures, resembling
conventional wires in structure but with lateral wire dimensions on a nanometre scale.
A team led by B.J. van Wees at Philips Research Laboratories, Eindhoven, and T.U.
Delft in the Netherlands produced one of the first effective quantum wire systems in

1988.%

Voltage controlled Quantum well slice

depletion region . _
[ICterojunction

‘Quantum wire’

Conductance

Wire width
Figure 1.1: Representation of the van Wees, et. al., experiment showing
quantised conductance.
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This involved creating the heterojunction structure shown in figure 1.1, and using

a voltage to control a depletion region, similar to the action of a Field Effect

Transistor (FET).

By varying the voltage, they could control the width of the wire, or ‘Split Gate’, as
it was called. Some unusual behaviour was found, the primary being the fact that the
conductance was quantised, depending on the width of the wire. This is shown in
figure 1.1 This behaviour was explained by Rolf Landauer of IBM’s Thomas J.
Watson research centre in terms of a quantum confinement model, where the width of

the wire has to support half wavelength multiples of the electron wavelength.g

Despite this success, effective quantum wire systems have been difficult to create.
One of the primary requirements is that the electrons are confined to the wire and
cannot tunnel into adjacent structures. Although structurally similar to quantum wells,
it seems that this quantum confinement is more difficult to attain in these systems.
Two categories of wire have been tried as shown in figure 1.2: the nanocontact type,
which is formed by stretching a neck formed between two touching materials, or a

deposition type, which may be formed using standard surface processing techniques.

(a) AT e (b)

VRO

Figure 1.2: Representation of two types of quantum wire structure, (a)
nanocontact and (b) deposition type.

In nanocontact wires confinement is not normally problematical due to the
presence of an effective vacuum at the surface. For arrays on surfaces or buried
structures, materials with specific bandgaps between the conduction and valence
bands, normally larger than that of the wire material, are required to create an

effective confining potential. The carrier density in the wires also needs to be kept
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relatively low so that the electrons occupy states which are low in energy compared to
the confining potential: this reduces the probability of tunnelling between wires. As
well as having adequate lateral confinement, a quantum wire must also be metallic.
This can also cause difficulties, because 1-D systems tend to undergo a reorganisation
known as the Peierls distortion,'™"" which is caused by thermally induced fluctuations

of the atoms or molecules positions. This can take one of two forms:

(1) Positional, where alternate atoms or molecules in the chain are displaced
without rotation from their equilibrium positions, figure 1.3. This causes a
modification of the transfer integral that causes a gap in the band at the Fermi

level.

Equilibrium Position

Figure 1.3: An example of the positional Peierls instability. Equilibrium
position is shown semi-transparent.

(11) Orientational, where alternate molecules in an array of centrosymmetric
molecules may rotate to different orientation but their centres remain fixed, figure
1.4. This does not modify the transfer integral but the change in symmetry means
that the alternate molecules no longer necessarily have the same energy levels. A

band gap at the Fermi level may also arise due to this effect.

i (2 QD
% ; % ‘/15 % & E r“
Figure 1.4: Examples of the orientational Peierls instability, which shows

molecules rotated from their equilibrium positions.

These band gaps can make naturally occurring 1-D metallic systems hard to find.
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Aside from the scientific interest in quantum wire systems, they are also important
to the microchip fabrication industry. Current technology is progressing towards and
beyond 90nm technology. This is normally the size of the interconnecting wires,
rather than the transistors themselves. An example of such a structure is shown in
figure 1.5. If these devices continue to shrink, and the industry is determined that they
will,|2 the ultimate evolution will be molecular electronics, and if the device density
that such structures will allow is to be obtained, the interconnects between molecular
transistors will have to be of quantum wire dimensions. This will involve arrays of
parallel quantum conductors, and the difficulties of inhibiting tunnelling between
wires, longer range Coulomb drag interactions and operation using low carrier

densities will have to be overcome.

For this study deposition type wires were used. Specifically, the deposition of
Indium onto Silicon (111) substrates has been shown to generate wire like structures
that are visible on STM images.'” Due to the narrow dimensions (<2nm) of these
structures they are potential candidate quantum wire structures. Because of their small
size the wires are sensitive to atmospheric contaminants and are produced under UHV

conditions and are not stable in air, even after the manufacturing process is complete.

Figure 1.5: Image of a microchip produced by lithography. The smallest
feature, i.e. wire width, is approximately 130nm in current manufacturing

processes."

1.3 Quantum Dots: Zero-Dimensional Nanoparticles

Quasi zero dimensional structures consist of nanometre sized clusters of
. 5 i : i
material.'"> They may be created in a variety of ways, such as forcing the controlled

growth of islands on a surface or in colloidal reaction chambers.

10
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They may in the simplest case be approximated by the quantum mechanical
particle in a 3-D box problem, and the energy of supported electron states can be
varied by changing the particle sizes. The states themselves are also quite narrow.
Because of this, they are sometimes referred to as artificial atoms. They have been
investigated for use in magnetic, optical and spin electronic (‘spintronic’) devices,
although they have falien somewhat out of favour for the latter cause, due to the
manufacturing difficulties in generating large patterned structures.'® As low volume

test systems and rescarch tools though, they are still extremely valuable. Figure 1.6

shows well ordered hexagonal lattices of cobalt particles.'’

Lr Yy

4 A AL e

1TvY

v

Figure 1.6: TEM images of 10nm diameter cobalt nanoparticles” (a) A 2D
film (b) A 3d superlattice.

This work concentrates on the magnetic properties of these structures. They can

exhibit enhanced magnetism relative to a bulk sample, due to the greater proportion of
surface atoms.'® This results in reduced quenching of the orbital and spin
contributions to the angular momentum. This makes them potentially very useful to
the magnetic storage industry.'” A representation of a permanent magnetic storage
system is shown in figure 1.7. There are problems though. Due to the small size of the
particles, the lifetime during which the moment will remain pinned o a particular
orientation can be quite short. In the extreme limit the reduced anisotropy barrier in
the material and the absence of domain walls can lead to superparamagnetism, which
means that the magnetic moment of the particle is excited into a randomly fluctuating

orientation by thermal energy and cannot easily be pinned in one direction.

11
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Magnetic Cluster

11010...

Figure 1.7: A representation of magnetic clusters on a hard disk platter.

It is anticipated by IBM that barring a technology breakthrough this
‘superparamagnetic limit’ will be reached in commercial storage devices in 2003-
2004."” This gives the investigations of magnetic particles great relevancy if it is not

to become a serious technological and industrial impediment.

An ability to pin the magnetic moment is not the only important consideration.
The time it takes for the moment to settle into a new state afler it has been forced from
one orientation to another is also vital, as this determines the speed of the system.
This is important for conventional magnetic storage and for other fast non volatile
storage systems that use magnetic effects, such as Magnetic RAM. It is also of
considerable scientific interest, as ultra-fast electronic transitions are not well

understood and can be quite difficult to probe.

Iron and cobalt particles were used in this study, because the particles are
magnetic and were readily available. The iron particles were approximately 10.6nm in
diameter and were obtained in solution from the University of Utrecht. They could
then be deposited onto substrates for further study. The cobalt particles were obtained

from IBM and were already deposited onto HOPG substrates.

1.4 This Thesis.

Optical probes form the centrepiece of this investigation. Three techniques which
are broadly similar in experimental configuration can be used to probe all of the

effects central to this work, i.e. quantum confinement, and static and dynamic

12
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magnetism. The degree to which a system has quantum confinement may manifest
itself in its optical response, if the effect is large enough (or the instrument sensitive
enough). A polarised light probe is an obvious candidate for this task, as it should
allow directional probing of a material. For this purpose, a Reflectance Anisotropy
Spectrometer was constructed. First developed by Aspnes and Studna® as a reflection
difference technique, it measures the difference in reflectance of two states of near
normal incidence linearly polarised light from a surface, which are 90° apart in
rotation. By aligning the probe axes with the quantum wires, it should be possible to
detect differences in reflectance parallel and perpendicular to the wires. The more
confined the electrons are in the wires, the greater the reflectance differences that
would be expected. Although it would be difficult to find a quantitative relationship
between the reflectance and the confinement, RAS has the potential to perform fast
investigations of candidate systems, which can then be probed in more detail using

other techniques.

The magnetic behaviour of nanoparticles can be probed using a variety of
techniques, including Magneto Optical Kerr Effect magnetometry, Time Resolved
MOKE, Magnetic Force Microscopy and SQUID magnetometry. MOKE can be
constructed by a relatively simple modification of the RA spectrometer and probes a
material’s magnetisation by measuring the optical response of the uneven electron
spin distribution that would be found in a magnetised material. This can examine the
time averaged magnetic properties of structures down to a micron in size, depending
on light spot focusing. TRMOKE is constructed by changing the optical probe to an
ultrafast pulsed laser and by modifying the optical path time dependent information
can be obtained. It is a relatively new technique that has yielded some exciting results

recently. Collectively they can yield a variety of information about a system.

These techniques were applied, where relevant, to the one- and two- dimensional
systems. The ‘wires” were studied with STM, to determine structural information,
STS to examine energy levels and RAS to investigate the degree of electron
confinement. The nanoparticles were studied with Mdéssbauer spectroscopy and XPS
to investigate chemical composition, AFM for information on the particles’ assembly
into lattices after deposition onto substrates and MOKE, TRMOKE, SQUID and

MFM for magnetic properties,

13
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Chapter 2

A Brief Introduction to RAS Theory.

This chapter will examine the theoretical background to the RAS technique that is
necessary for its successful implementation. It will be developed with respect to the
general optical response of a surface. The next chapter will describe the application of

this to a practical instrument.

2.1 Surface Optical Response: Interaction of Matter and Light

The optical response of a material refers to the way that it interacts with
electromagnetic radiation, and the information that may be obtained by analysing the
light after the interaction has taken place. In relation to this work, the surface optical
response refers to the behaviour of light after reflection from the surface. Detailed
descriptions of reflectance theory and optical responses can be found elsewhere.*”

The following is a brief summary.

In general, an electromagnetic wave will cause dipoles in any material it interacts
with to oscillate. If the electromagnetic wave has angular frequency o and wavevector
Kk then the electric field associated with it can be described by E(k,w) and the
materials response may be referred to as an oscillating polarisation field, P(w, 2w,...)

which is described by the following equation

Plk,w2m,..)= & [;(m(k,a)).E(k,(u)+ 7Nk, 0,20k, 0)EK,©)+ ] Eq. 2.1

where %(i) is the ith-order dielectric susceptibility tensor, which describes the
material’s tendency to polarise in, or its degree of reaction to, the presence of an
electric field. Despite the largely monochromatic nature of the incident light, higher
harmonics are present in the polarisation field. These are caused by finite photon

length, lattice imperfections and other symmetry disruptions that remove isotropy, and

15
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physically represented by ", where n>1, resulting in harmonics of no. The oscillating
dipole will also re-emit light, and this will carry information on the distortions that
took place. RAS is a linear techniques, however, and is only concerned with +", and
the higher harmonics can be ignored, as normally, v >> ", n>1 if the incident

intensity is low, as it is with RAS.

2.2 RAS

RAS stands for Reflection Anisotropy Spectroscopy. It measures the near normal
incidence reflectance of linearly polarised light along two orthogonal axes on a
surface and determines the difference. The information gained in this fashion may
then be used in calculations of the surface dielectric response and to give an insight
into some aspects of the behaviour of the surface electrons. Although other optical
techniques can also yield useful information about surface electronic structure, RAS
has the advantage of being relatively inexpensive and, for cubic crystals, highly

surface specific.

Rn #* I{I)"

Figure 2.1: RAS geometry on a cubic material, showing the selection of
polarisation orientations to negate the bulk response.

It achieves surface specificity through the orthogonal measurements outlined
above. If the bulk material being examined has cubic symmetry, its contribution to the
reflectance of linearly polarised light along any axis will remain the same under a 90"
rotation. RAS measures two such reflectances, and subtracts them. The result will

therefore have no bulk contribution. On initial inspection, therefore, this would appear
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to be useless for examining cubic materials, However, when surface reconstructions

are considered, it is found that this is not necessarily the case.

The reconstruction of a surface involves the surface atoms relaxing from the
positions they would occupy in the bulk material into new positions, and possibly the
addition of new atoms. This minimises the strain on the atoms caused by the
unbalanced forces that act on them due to the presence of the surface, thereby
minimising the surface energy. In some cases, the surface may have different in-plane
symmetry to the bulk material. It is in these cases that RAS becomes a useful
technique, as any structural symmetry differences that exist provide the possibility
that the electronic structure may demonstrate similarly modified symmetry with
respect to the bulk. RAS measurements here will largely negate the bulk contribution,
but the surface contribution will remain, and although it will probably be small, RAS
may be able to detect it. This condition is likely to arise when materials are absorbed

onto a surface, and RAS has a high surface specificity in this case.

2.3 Analysis

RAS is one of a handful of techniques, including photoluminescence, and
spectroscopic ellipsometry, that depend on v As mentioned earlier, it measures the
difference in the near normal incidence (approximately 5%) reflectance of linearly
polarised light along two orthogonal axes of a crystal. The geometry of such an
arrangement is shown in figure 2.2.

Surface

Normal Reflected
Beam

Figure 2.2: Reflection geometry from a three phase system, with an exaggerated
representation of the angles of incidence and reflection.
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Here, E,, refers to light polarised in the plane of incidence, and E; to light polarised
perpendicular to the plane of incidence. Reflection from such a surface is described by
the well-known Fresnel equations, which may be found in most undergraduate optics

textbooks, e.g. Hecht.*

In a strict sense, a surface that has reconstructed may be considered to be an
interface between two crystals with dielectric tensor components €ixy, Eiyy, and €izz. Six
is the x response of the dielectric tensor to x components of the incident beam in
medium i, where 1 = 1 {(surface or thin film) or 2 (substrate or bulk material), and x
and y are defined as in the surface plane and z perpendicular to it. If the bulk material
or substrate is isotropic, then the tensor components are the same along each material
axis. This allows g, where j = x, y or z, to be replaced by the single component &y,

the 1sotropic bulk dielectric constant.

Ambient

Surface

Bulk

Figure 2.3. Representation of a surface using the three phase model,” that
may be used in calculating the reflectance of a surface.

The division of the surface into three distinct regions, bulk, thin film and vacuum,
is known as the three phase model,” figure 2.3. Using this and the Fresnel equations,
expressions may be derived for the s and p polarised light from such a surface.’ As
RAS is only concerned with the reflectance of p-polarised light from a p-polarised

incident beam, only that equation will be quoted.
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r '47md cos _
DN S——
Fom Me, - 1)(55 cos” ¢, —sin 1;150)
- {(6—”] - 6‘] sin” ¢, + Ag(ab —sin’ ¢, )cos 2p] Eq.2.2
8’3
where
—_ gt\’ + g\'\' g\“.’ - gl'\'

1%,,= bulk reflection of p-polarised light from p-polarised incident beam
rypy= surface reflection of p-polarised light from p-polarised incident beam
¢ =angle of incidence

w = azimuthal angle with respect to the place of incidence

r = reflectance

d = depth of material

and &, has been replaced with &, etc,

In the normal incidence case, ¢ is 0 and this equation simplifies to:

r , ; B ;
PP (¢00 W ) — l + ! 4 ﬂ-d‘ [8 b £+ A £ COS 2 [// ] Eq. 2.4
p A(e, - 1)

e

RAS may be defined as:™

ar i, (0°.90%) =1, (0°,0°) Eq. 2.5
T, (0090%) 41, (0°,0°)

op

where Ar is the difference in reflectance between the two axes.

and, if
idnd
r 10°90° ) =1+———[g, — €.
PP( ) /‘{'(Sb_])[ ] _\_1]
and Eq 2.0
idzd
r {0°0%) =14———[g, ~ &,
pp( ) ;L(gb _ 1)[ b .u]
then substitution into equation 2.5 yields the following expression:
- E, — &,
A_} _ idrd ( X _‘_\) Eq 2.7

¥ A & —1
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where d is the depth of the surface reconstruction (medium 1) and A the incident light
wavelength. This is not an experimentally usable equation for the RA spectrometer,
but it can aid in the calculation of surface dielectric tensor components and a general

understanding of the RA response.

2.4 Summary

This chapter has shown the surface response of a system in a RAS configuration.
In the next chapter a Jones vector analysis is applied to a practical RAS instrument to

determine the detector response to an elliptically polarised surface response.
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Chapter 3

The RAS Instrument

This chapter will present a Jones vector analysis of the RAS instrument and
mention some important considerations about its construction. The actual construction

of the RAS will be dealt with in the next chapter.

3.1 Initial Considerations

The experimental configuration of an RA spectrometer must be considered. A
light source with sufficient intensity, spectral range and stability is an obvious first
requirement, along with some means of polarising its output and directing it onto a
sample. There must be some means of analysing the output. As well as analysing the
output on an encrgy basis (c.g. a monochromator) this must also be capable of
analysing along two different surface directions on the target matenal. Finally, a
suitable detection system is required that can separate the small RAS signal from the

larger background. These requirements are summarised as follows.

(1) A light source with sufficient intensity to provide an adequate signal after
reflection from most surfaces. It must also have appropriate spectral range to
allow for a meaningful study of the material. As in all spectroscopic applications,
the light source should also have a stable output, with fluctuations over time kept

to an minimuin.

(i1) As the optical probe is a polarised beam, a polariser is required for the lamp

output. Its spectral transmission should match the lamp’s spectral profile.

(ili) Depending on the arrangement of the spectrometer and sample, an
arrangement of mirrors may be required to direct the light onto the sample. These
should not affect the spectral profile and be positioned so that they do not affect
the polarisation. This requires that they are not between the polariser-sample and

sample-analyser.
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(iv)  Light analysis requires three components:

(a) A means of analysing along two directions on the surface. The original
approach to this was to rotate the sample, but more recent methods use optical
means of rotating the direction of the polarised light either before or after

reflection. This is accomplished using a PEM, which will be described later.
(b) A second polariser is needed to analyse the reflected beam

(c) A monochromator (or prism, depending on the setup) is used to examine

the reflectance throughout the energy range provided by the lamp and optics

(v) A detection system is required which can convert the optical signal into an
clectrical signal. The most common types are photomultiplier tubes and

photodiodes.

Light Source Light Source _
Berkovits,

- et al. 19852 Monochromator D
- Detector PEM
Monochromator [ Z E %

” Polariser Polariser
‘ Analyser ~ Mirror

Detector

Light Source

e
Rotating Mono.(.:hromator Sample
Sample Polariser H ‘;ﬂ
PEM
Detector
Aspnes and Luo et al,
1994°

Studna, 1985'

Sample

o™

Figure 3.1: Alternative RAS configuration from various sources, showing the
different setup possibilities.
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(vi)  The electrical signal must be collected and analysed by a computer. This
requires amplifiers and analogue to digital converters. Requirements here can

depend on the selection of the optical components and detection system.

3.2 Instrument Configuration

Several configurations are possible and have been tried by various groups, and
each has particular strengths and weaknesses. Some of these are shown in figure 3.1.
The setup chosen in this instance is shown in figure 3.2. This is very similar to Luo’s
setup, with the monochromator placed after the analyser, rather than in front of the

lamp. It was chosen for its compactness.

Monochromator

Xenon arc lamp
Analyser

Photoelastic
Modulator

Sample

Low strain
viewport for
UHV work

Polariser Mirrors

Figure 3.2: The chosen RAS configuration. It closely resembles Luo’s set-up,
with the monochromator moved behind the analyser rather than in front of the
lamp. The light path through the instrument is also shown.

It uses a linear polariser and a high intensity Xenon lamp to generate the incident

beam and select the axes to study. This is accomplished as shown in figure 3.3. The

components at +45" will be equal in magnitude.
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A PEM is used to analyse the reflected light. It consists of a birefringent crystal
driven by an oscillator. The oscillations are applied along one axis only, and therefore

one axis is modulated, and the other is not.

Polarised incident
beam

Sample

Figure 3.3: A representation of the way the polariser orientation determines the
two polarisation axes that are examined.

This results in a sinusoidally varying phase retardation along the modulated axis at
the oscillator frequency. With appropriate compression of the crystal, the magnitude
of this retardation can be selected. In RAS, if the input polarisation states are correctly

aligned with respect to the driven axis, the PEM will have the effect of selecting

between two orientations at +45” to this inout.

Sample

) T Effect on

"""*r"’__‘:.f""'--»ﬁ output
Silica I( %
birefringent ' J
crystal

\/

Quartz |-
oscillator

Figure 3.4: An example of how the PEM rotates the polarisation angle of an
input beam, in this case through 90°. This allows an analyser, orientated along the
major axis of one of the output ellipses, to alternately see the major and minor

axes as the light is rotated.
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As these are the analysis directions specified by the polariser, the PEM allows
rapid examination of the reflectance along both axes. A linear polariser is placed after
the PEM at 45°. This alternately sees a slice of the ellipse along the major and minor
axes, which generates a time varying signal as the PEM rotates the polarisation state
of its input beam and is proportional to the difference between the major and minor
axes. This is passed into a monochromator for energy discrimination and finally into a

photodetector.

To generate an equation for this system, the influence of each component on the
light's polarisation state must be considered. The Jones Vector approach is ideally
suited to this task. It represents polarised light as a vector, and optical components as
2x2 matrices. Subsequent interactions of the light with the optical components are
calculated by multiplying the element matrices and applying the result to the vector.
As it can only represent polarised light, only the optical components after the first
polariser needs to be considered. On the spectrometer, this consists of the polarisers,
and the PEM. In addition, the vacuum chambers viewport (if present) and the sample

itself must also be accounted for,

33 Jones Vector Analysis of RAS Instrument

Using Jones vector convention, a beam travelling along the z-axis with electric

field components E, and E, is given by

- E, Eq. 3.1
E,

Each of the optical components may be analysed to find the contribution each

e

makes. Beginning with the input polariser, it is responsible for polarising the nput

beam, and has no operation matrix as such. Ideally then, for x-polarised light, its

E= : Eq. 3.2
0

output would be
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However, due to imperfections in the polarising crystal and misalignment, this

_ 1
E=|. Eq. 3.3
ia, — AP

becomes

Where ia, is due to polariser imperfection and AP is the polariser misalignment.
The other components may be analysed in a similar fashion. As this has been done
elsewhere,’” it is sufficient to summarise the results here. There will be some strain
induced birefringence in the chamber window, and this will affect the polarisation
state of any polarised incident beam. In matrix form, this may be represented by the
following matrix

I+r. B, Eq. 3.4
I3 1+ F,

1z

Input window matrix = {

The sample must also affect the polarisation state of the beam, and this is given by

Sample Effect = Ar Eq. 3.5

2
Ar
—_— I3

2

Where 7 is the average reflectance and Ar is the reflectance difference along the

selected axes. As the beam exits the window at a different position to the entry point,
a different matrix is needed. It is of the same form as the input matrix, with different

terms accounting for the strain difference at the two locations

_ . 1+ F, F,
Exit window matrix = ¢ I Eq. 3.6
F,, 1+F,

The PEM sinusoidally retards the phase of any component incident along its

modulation axes. Its effect on the polarisation may be represented by

& £ F
e? Mie?—e ?
PEM matrix = g W Eq. 3.7
2 —e 2 e 2

where ¢ is the PEM’s retardation and AM is its misalignment.
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Finally, misalignments and defects in the analyser must also be considered.

[1—AA 1+AAJ

—ia, ia,

Analyser = Eq. 3.8

As the photodetector is not sensitive to changes in polarisation the mirror and
monochromator do not need to be considered. The total contribution from all

components is therefore given by the tensor operation

. E _p, :
E,. =(Analyser \PEM )(I'Vind'o\'n’)(LS'mnpl’e)(I'Vz'jna'ow{E'r ? [J Eq.3.9

y=-Pol

Or, in full

i¥ i L
ol 0l _p 2
L (1-M 1+M I+ E, F,
P
“\ —ia, g, U - £, 1+F,
el _e 2 o2
- A’-
P S 1
R WYY PR Fa. .1

2

This operation is straightforward, but quite long, and would require several pages,
if not a full chapter, for a complete expansion. This may be found elsewhere.*”
However, lo summarise, expressions are found for Ey and E,, and E; is found to
dominate. E, is thercfore neglected and E; is converted into an intensity by
multiplying by its complex conjugate E.. Further manipulation results in an
expression that describes a time varying current in the photodetector, which is

proportional to the reflectance anisotropy.

% = 2{— Im(—ArLJ +6,¢cos2y, + 6, cos2y, — ZQerIJ'l (8 oy Jsin ot

!

+ Z[Re(é’;] +2AP +2AM ]J2 (8 ppys JcOS 201 Eq.3.11

where;
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7 Photodetector current

Al change in photodetector current

T azimuthal offset of window strain for incident beam
Y2 azimuthal offset of window strain for reflected beam.
81, incident beam window strain retardation

O reflected beam window strain retardation

opem PEM retardation

AP misalignment of polariser
AM  misalignment of PEM
Ji,J5  Bessel functions

0 PEM modulation angular frequency

The terms in this equation reveal many important points about the effective
operation of an RA spectrometer which will be examined in the next chapter. Only
those which have first order effects are included, as the others are assumed to be
negligible on a properly set up system. It also shows on which part of the spectra (real
or imaginary) that the effects are strongest, for example, AP and AM have a
substantial effect on the real part, but not on the imaginary (again, to first order).
Possibly the most important consequence of the equation is that the anisotropy is
modulated at the PEM frequency, and its real and imaginary parts have different
frequency dependencies (2w and @ respectively). This makes them easily

distinguishable by lock-in detection, via f and 2f modes.

Lock-in amplifiers will be described in the next chapter, but a lock-in amplfier
would generally be employed in any situation where a sinusoidal signal is to be
detected, particularly when this is a modulation used to extract a small signal from a
high noise background. RAS is an example of this, and a lock-in amplifier will be

found in almost all RAS setups.

3.4 Summary

This chapter has presented and partially derived an equation that may be used in a

practical spectrometer. Although there are many consequences of this expression that
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may be apparent, they have not been introduced yet. It will be more appropriate to do

so in the next chapter, which will detail the design, construction and operation of an

RAS spectrometer.
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Chapter 4

RAS Construction and Operation.

This chapter will build on some of basic ideas introduced in the previous chapter
and illustrate how they are relevant to the design and operation of an RAS
spectrometer. The selection, optimisation and, in some cases, construction of the
required components will be shown in detail. The operation of the instrument will be
shown and the information it may obtain, with reference to the experimental equation

(Eq. 3.11), introduced in the preceding chapter.

4,1 Component Arrangement

The optical arrangement chosen in this case was shown in the previous chapter. It

is shown again schematically in figure 4.1.

Photomultiplier
Tube

Monochromator

Analyser

Milirror

MJiT‘ror

Figure 4.1: A RAS schematic showing the instrument layout on an optical
breadboard.
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It is possible to see all of the components and the necessary configuration. Each

component will now be introduced and examined, with attention paid to requirements

and optimisation.

4.2

(i)

Component Descriptions
A full list of component suppliers and specifications may be found in Appendix A.

High pressure Xenon lamp. In any optical technique, adequate light intensity
is of crucial importance, and RAS is no exception. As the reflectance difference is
very small compared to the absolute reflectance, this is an additional problem, as
fluctuations in the light source may be contribute significant noise to the RAS
signal. The required light source must be of sufficient intensity that the signal is
not buried in background noise, and sufficiently stable that it does not contribute
to the noise itself. It is also advantageous if the lamp has a small spot size, to

enable examination of small samples.

The light source chosen was a high pressure Xenon discharge lamp. It meets
all of the above requirements as well or better than the only other real alternative,
a tungsten filament lamp. Its only disadvantage is the presence of the high
frequency jitter that affects all discharge lamps. In this case, the lamp intensity is
sufficiently large that the jitter should never rise above shot noise intensity until
the lamp is near the end of its life. Figure 4.2 shows the lamps intensity
fluctuation with operating time." In general, the lamp requires a thirty minute

warm-up period before it achieves adequate stability.

A continuous mode super quiet Xenon lamp from Hamamatsu (model L2194-
02) was allied to a C6979 dropper type power supply. These have been used in
previous RAS applications and are known to meet all requirements to an

acceptable level.
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Figure 4.2: Examples of the lamp output stability at various times over its
operating lifetime.'

(ii)  Polariser: These are required to linearly polarise the probe light and specify
the axes with regard to which the RA response is being measured, and to analyse
the time varying signal produced by the PEM. The axis of polarisation is chosen
to be at 45° to the axes of interest on the crystal, as shown in the previous chapter.
To allow adequate UV transmission, appropriate materials must be used for the

polariser crystal and any cement used in the polariser construction.

Both polarisers require rotation during RAS setup and therefore rotational
mounts are required. The input polariser, especially, requires precise positioning
due to its role as an axis selector. Equation 3.11 shows that inaccuracies in the
polariser azimuth can introduce an offset into the real part of the RAS signal. In

practice, it is found that rotational accuracy of 30”’ or less is required to reduce
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this offset to negligible levels.” A vernier mount is necessary to achieve this, and

one was constructed as shown in figure 4.3

12.5mm

21 .Smﬁj‘—)_-t‘_

41mm

S E

20mm B L 2.5mn
b

Adjustment
Screw

Polariser

H Standard optical
component
mounting post

|
R P

- = I i 10mm
)

Figure 4.3: Vernier typc rotation stage for polariser to provide the required

rotational precision.

Care must be taken when the polarisers are being mounted, to avoid strain
induced birefringence. Calcite Glan Taylor polarisers from Halbo Optics with
10mm apertures were selected for this application. Wider apertures may be used if
greater intensity is required. If two polarisers of different quality are used, the
better one should be used for the input polariser, due to the effects of polariser
imperfections, a, on imaginary-part spectra (from equation 3.11). To first order,
the analyser is less important in this regard. Rotational accuracy is also not as
important, as analyser offset tends to affect the DC level, rather than the AC, and
autophasing the lock-in may assist here. A standard non-vernier rotational mount

will therefore suffice.
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(iii)  Low strain window. As RAS measures sample induced changes to a polarised
light beam, all other influences on the beam's polarisation state must be reduced or
eliminated. This was mentioned earlier when discussing the polariser mounts, but
it applies to every optical component between the polariser and analyser, as it may
be quite difficult to remove all birefringence effects. As the candidate quantum
wire systems investigated here must be maintained in vacuum, the vacuum
chamber viewport is an obvious candidate for a source of strain induced
birefringence due to the pressure difference on its surface and possibly due to its

attachment on a flange. Adequate spectral range is also a consideration.

It is possible to obtain windows that are specially fabricated to reduce the
possibility of strain effects. They usually consist of a cylindrical arrangement, as
shown in figure 4.4. This configuration distributes pressure induced strain along
the side of the cylinder, rather than along its face. They may also be constructed of

fused silica, for improved UV transmission.

- € Standard UHV mounting flange

Cylindrical quartz
window

Figure 4.4: A side cutaway of a typical low strain quartz window.

Although this reduces window strain, it does not remove it entirely, and this
strain will have its own RA spectra that will add to the samples. If the strain is
assumed to be small and constant, however, sample spectra may be adjusted to
compensate, using a procedure that will be described later. The constancy of this
strain is a very important factor. Any vibrations in the chamber will be transmitted
to the window, and this will modulate the polarisation effects at the vibration

frequency and couple those oscillations into the light beam. If they are near any of
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the PEMs harmonics, they may not be filtered by the lock-in and will result in an
offset in the RA spectra. There is no way to compensate for this. If it is not to
occur, the chamber must be kept as free from vibration as is possible given its
configuration and use. A low strain fused silica bakeable window, for adequate

spectral transmission, was purchased from EPI Europe.

(iv)  Photoelastic modulator. The operation of the PEM was briefly described in the
previous chapter. By modulating the retardation along one of ifs optical axes
relative to the other, the polarisation state of any light it interacts with will be
altered, as long as the light beam is not polarised along one of those axes. With
appropriate set-up, it will select between the axes specified by the polariser, In
order to work as efficiently as possible, its aperture must be wide enough to

completely accept the light to be analysed.

During operation, the PEM crystal is compressed by a piezoeleciric
transducer, which is driven by a control voltage, which may be quite large. Unless
adequately shielded, it may interfere with other parts of the spectrometer,
especially if a photodiode detector is used. This driving voltage oscillates at a
predetermined frequency, which sets the PEM's fundamental frequency. This
drive voltage may or may not be a pure sinusoid, but regardless, this will not
result in purely sinusoidal vibration in the crystal. This will result in the presence
of higher harmonics in the PEM's oscillating output. Although this is useful in
distinguishing between the real and imaginary parts of the RA response, in other
regards it can pose problems, especially if the lock-in is driven by a square wave

reference. This will be considered in section 4.2, (viii).

The PEM crystal may also have some residual birefringence as a result of its
mounting inside the PEM, in a similar manner to the other optical components.
This will add a certain constant value on to the PEM's retardation, and may be

represented by equation 4.1 3
8 pery = O pgyy Sinfat) + 85, Eq4.1

where &, is the constant strain. There is little the operator can do about this, as it is
intrinsic to the PEM's manufacture, and as it is usually small it does not normaily

need to be considered
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As with the lamp, the example of other groups working in the field has been
followed and a Hinds PEM-90 with FS-50 optical head was selected for use. In
this area, unlike the others, choice of alternatives is relatively limited. Indeed, fo
the author's knowledge, the only current alternative is a PEM from Beaglehole

Instruments, which also gives good performance in an RAS setup.

(v) Monochromator. A monochromator is required for scanning over a range of
photon energies. The grating must have adequate spectral range and it must in
some fashion be computer controllable. Apart from these criteria and a general
desire for compactness, there are no other special requirements here. There is no
fine structure in RAS, so very high resolution is not required. For this reason a
CM-110 monochromator from Digikrém was chosen, which is quite compact and

features an onboard microcontroiler and stepper motor. It has an f number of 3.3.

(vi)  Mirrors. Concave mirrors are used to focus the lamp arc onto the target
sample, and to focus the reflected beam into the monochromator. The nature of
the mirrors is at the user's discretion, but they should have high quality reflective
coatings, and the focal lengths must be appropriate for the RAS installation. As
much as is possible, they should also be matched to the monochromators f number
to maximise light collection. Four 25.4mm mitrors, with focal lengths of 150, 200,
250 and 500mm were selected to allow good set-up flexibility. These correspond
to f numbers of 5.9, 7.8, 9.84 and 19.68 respectively. Although there is an
increasing mismatch with the monochromator's f number, resulting in poorer light
collection, it isn’t practical in a compact design to have the larger mirror diameters
that would be required for keeping the f numbers low, especially at larger focal

lengths.

(vii) Detector. There are two main options here: a photomultiplier tube or a silicon
photodiode. Each detection method has its own advantages. The detector sees a
small AC signal, proportional to the optical anisotropy at the modulator
frequency, and a large DC signal, The origin of this was seen in the previous
chapter. The AC signal may be between three to five orders of magnitude smaller
than the DC, so low noise signal recovery is an absolute priority and is the prime

factor in detector selection.
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As stated, the two options are a photomultiplier tube or a photodiode.
Traditionally, low noise detection has been the domain of the photomultiplier, as
its gain occurs at the dynodes and it has no need for noisy electronic
amplification. However, advances in silicon photodiode design and low noise IC
amplifiers have made the photodiode a viable choice again. The diode's traditional
strengths have been greater ease of use, no need for high supply voltages, greater
robustness and smaller size, but here too, the photomultiplier tube has made
advances, with increasing miniaturisation and on-board power supplies greatly
easing the convenience of their use. When using a photodiode, it is important to
consider the PEM's driving voltage. Unless the diode and PEM are adequately
shielded, the diode may be affected by the large electric field that this can
generate. The photomultipler is generally unaffected by electric fields, but is quite
vulnerable to magnetic fields, which may deflect electrons away from the

dynodes. Most PM tubes can be purchased with appropriate magnetic shielding.

Although low noise electronic amplification of a photodiode output is possible
to RAS specifications, it may be quite difficult to achieve. In this instance, a
Hamamatsu S$1227-66BQ photodiode was employed for good spectral range.
Although an effective amplification circuit was produced, difficuities in its

optimisation led to its eventual abandonment in favour of a photomultiplier tube.

The tube chosen was a Hamamatsu 957-08 hybrid assembly, which consists of
a R928 photomultiplier tube and a built-in DC converter, which allows operation
from a 15V power supply and a 0 to 4V control voltage for gain. This proved very
convenient to use and was relatively compact. It did, however, require
construction of a specialised holder, shown in figure 4.5, and construction of a

simple amplifier.*

With greater time to spend on the photodiode preamplifier, it may become a
more viable alternative, as the diode does have many advantages. This approach is
demonstrated by research groups in Germany, who use photodiodes regularly in
RA spectroscopy.” Miniature photomultipliers from Hamamatsu and others may

however sustain interest in the photomultiplier approach.
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(viii) Lock-in Amplifier, This is used to extract the RA signal from the detector

output. It compares a reference frequency, selected by the operator, to a

broadband input and returns the amplitude of any component of the input that is at

the reference frequency. Due to the nature of the lock-in process, the output is the

RMS of the selected frequency component's amplitude.
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Figure 4.5. Photomultiplier tube holder and electronics
assembly, designed for coupling onto the monochromator.

Generally, they operate by generating a square wave of £1V at the reference

frequency and multiplying the input by this. The output is then passed through a

low pass filter. (The combination of lock-in amplifier and filter is called a phase

sensitive detector or PSD). The output is then the RMS signal mentioned above.

This is a general introduction, however, and many publications offer detailed

explanations and discussions.’
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As the reference is a square wave, the signal will have higher harmonics that
the lock-in will also to detect. This is a potential source of problems, as the PEM
generates unwanted harmonics in its output. Fortunately, due to the symmetry of
the square wave, only odd harmonics are present, and the lock-in will therefore
only be affected by odd harmonics of its fundamental measurement frequency.
With the PEM operating at 50kHz, if the lock-in is operating in first harmonic (f)
mode, the first problem frequency is 150kHz, and in second harmonic mode (2}
this becomes 300kHz. As the lock-in is only required to detect up to the PEM's
sccond harmonic at 100kHz, a band pass filter can be used to safely prevent the

higher harmonics from being detected.

To maximise the lock-in's output, the input wave must be in phase with the
reference wave, for reasons which may be found in Meade, et. al.® Many lock-ins
are provided with an autophasing system, which performs this task when required.
This generally works by antiphasing the two signals, as it is easier to zero the
outputs than it is to maximise them, and then adjusting the reference phase by

180°. In general, some fine tuning will be required by the operator.

EG&G's model 5210 lock-in was used here. As well as providing excellent lock-in
detection, the instrument provides one digital to analogue and four analogue to digital
converters, which are ideal for controlling the photomultiplier gain and measuring the

DC signal component respectively.

Once appropriate components were selected, the spectrometer was assembled as
shown in figure 4.1. The selection of suitable focal length mirrors will depend on the
installation of the instrument. The miuror focusing light onto the sample should be
close to the lamp, to ensure it captures a sufficiently large cone of the lamp's output.
The lamp has an arc length of approximately 1mm, which gives some freedom when
focusing the spot onto the sample. A spot size of up to Smm can be tolerated in some

cascs.

Selection of the second mirror depends on the slit size and f number of the
monochromator. For rcasons mentioned earlier, exact f number matching wasn’t

possible. To maximise the detected signal then, as much light as possible should be
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focused through the slit. For most experiments described in this thesis, lmm slits were

used.

It is also essential that all components are aligned using the back reflection

technique to minimise the polarisation effects of off-normal incidence reflection.

4,3  Operation of the Spectrometer

Equation 3.11 shows that there are different operational considerations depending
on the spectrum being collected (real or imaginary). In both cases though, there are
certain effects will have an influence on spectra of ecither type and the difference

between effects on real or imaginary spectra is simply a matter of degree.

Assuming that sufficiently high quality polarisers were used to minimise a,, the
imaginary spectra will be influenced primarily by window strain effects. As
mentioned earlier, these can occur when any vibrations around the chamber, for
example the pump motors, are transmitted into the low strain window through the
chamber walls. This will modulate the small birefringence in the window and may
lead to an oscillating polarisation change, which may affect the output. The magnitude

of its interference will depend on the magnitude of its frequency components.

The real spectra are more influenced by polariser (AP) and PEM (AM)
misalignments. If present, they will reduce the output signal intensity by selecting or
modulating, respectively, axes which are marginally offset from those desired. [t
should be noted, however, that if both polariser and PEM were misaligned by the
same angle in the same direction this effect would be minimised. It is mutual

misalignment that causes the greatest problems.

As mentioned, the effects should be minimised in both cases. This is

accomplished in the following ways.

(1) The only real way to remove the effects of window vibration is to remove the
vibration. This is best accomplished by careful consideration of the experimental

layout. A secure, stable mount for the RAS will also aid greatly here.

40



Chapeer 4: RAS Construcifon and Operation

Assuming that there are no vibrations in the window, any residual
birefringence must stilt be accounted for. This is done using a window strain
correction procedure, which works on the following premise. If, for simplicity, the
axes of interest on a sample are referred to as x and y, then the RA response is

simply'

Eq.4.2

f rbm’k
If the sample is now rotated through 90° the x and y axes interchange, and its

response now becomes

Ar _ 1 7h Eq.4.3

a rhm’k

which is the negative of the original respounse. If both spectra are added, the
result will be zero RAS, If a strained window lies along the optical path, however,
it will add an additional response to the detected signal. As the window is not
rotated, this response will remain the same in both 0° and 90° spectra. Adding the
spectra will therefore cancel the sample response and double the window
response, which can then be extracted by dividing by two. Although this is not
rigorously correct mathematically, it works well enough in practice. The
correction is therefore

Arn‘indow _ RASO + RAS'J() Eq44

r 2

The window strain may then subtracted dynamically by the control software as

each data point is collected.

(i}  As the polariser's alignment with the surface is as crucial as its relative
misalignment with the PEM, an accurate means of adjusting its angle by very
small amounts is required. This is achieved with a Vemier rotation stage, as

described earlier.

(iti)  The PEM, once positioned, should remain undisturbed unless adjustments are

absolutely necessary. As far as is possible, it should be positioned with one of its
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axes normal to the spectrometer base. Although this is not crucial, as any
misalignment must be mirrored by the other optical components, it will aid overall
spectrometer alignment. A holder, shown in figure 4.6 was constructed which

allowed for small adjustments in the PEMs mount angle.

In addition, there are other more general considerations when operating the
spectrometer, most of which have been described earlier. The lamp must be given
sufficient time for the arc discharge to stabilise. If this is not done, it may lead to a
general increase in noise, a decrease in signal intensity, or spurious spectral features,
until the lamp warms up. The age of the lamp will also be a factor here, as an older

lamp will be less stable.
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Figure 4.6: Adjustable PEM support, allowing two axis tilt adjustment of the
PEM'’s orientation, which is important for signal maximisation.
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Concave mirrors must be appropriately chosen to allow focusing of a suitable
small spot onto the sample, and good collection of the reflected beam. This choice

will depend on the RAS installation.

Misalignment of the analyser does not appear to be as critical. It should be aligned
at 45° to the PEM axes to maxiniise the detected signal, and should subsequently be
adjusted only if absolutely necessary. As even minor rotations will affect not just the
signal amplitude, but also the phase relative to the lock-in reference signal, these
adjustments should be made before any experimental data is taken. If it is adjusted
during a run, the data may have to be abandoned, as the signal phase difference that
exists during the window correction operation miss be maintained for the duration of

the experiment for data to be comparable.

When photodetectors were considered, the influence of unwanted electric and
magnetic fields was mentioned. Careful thought must be given to shielding, especially
in the photodiode case, as there are may be many sources of electrical noise in a

typical online environment.

4.4 Signal Recovery

The output of the spectrometer should now be considered. Figure 4.7
schematically shows the control configuration for operation of an RA spectrometer

from a single PC.

The configuration is relatively straightforward, and will only vary slightly
with different set-ups. A PC with 3 serial ports (or a mixture of serial and GPIB, or
port polling) will be sufficient to control the system. Now that the spectrometer has
been correctly set up, there should be an output signal to the PC, which is mostly, if
not all, sample related. This data must still undergo minor processing so it can be
related to the theoretical surface response. This processing can be formulated by

considering equation 3.11.

43



Clapier 42 RAS Consernction and Operation

DC signal input to AtoD

Photomultiplier ] converter [ )
control voltage  AA | |
from DtoA = - - -:I- - - -l o
o R e = = == = -1
converter B522.7°0 oo IZ o ‘E' al® iOCkl-]? .
D oC|la o oo Q0T O o ooQ|B mplther
PEM electronics
< L | [ ]
= " [ ]
\ iis o "" °
\onochromato PEM
fontrol Controller
Controlling
computer
——
=10
L] o
—
]
I [
L ]

Figure 4.7: Control set-up showing the equipment required in addition to the
optical components. The arrows indicate the direction of information flow.

This reveals that, in order to get an accurate, maximised output, as well as
minimising the misalignments, the relevant Bessel function, J; or J, should be at its
peak value. As the value of the Bessel function depends on the PEM retardation, plots
of J; and J, will yield the appropriate values of 8pgam for the imaginary and real
response respectively. These are 1.8423 and 3.0512 radians, and these values should

be used during data acquisition (Figure 4.8).

The signal current is converted into a voltage and fed into the lock-in amplifier,
which will extract either the first(imaginary response) or second(real responsc)
harmonic as specified by the PC. This RMS output is converted into a peak amplitude
for calculations. The unmodulated DC current is also converted into a voltage and

processed through a low pass filter into an analogue to digital conveiter.
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The RA response may now be related to the detector output using the following

expressions, derived from equation 3.11:

. Al . Al -
Re(A—}] = 1 22 and Im(ﬁ) = : 2 Eqs. 4.4, 4.5
! 2J, (5PEM ) r 2J, (5:’;:.1: ) !

When measurements are taken at retardations corresponding to maximised J; and

J» functions (Figure 4.8), these equations become

F r

. 4 .
R-[A’] = 2 A 20 and Im(g] = J2 AV, Eqgs. 4.6, 4.7
2J,(3.0521) ¥ 2J,(1.8423) ¥

AV
=1.4544—2* and 1.2162L
v V

These correction factors are therefore simply proportionality constants and may be
implemented by the control software at the same time as the window correction. The
software was written using National Instruments LabVIEW graphical programming
package, which greatly reduced development time and aided testing, and allows
configuration of most PC controllable aspects of the spectrometer, such a lock-in,

PEM and monochromator settings. The software creation principally involved the
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creation of three drivers to communicate with the PEM, monochromator and lockin.
The EG&G supplied lockin driver had several errors that prevented it functioning, but
these were easily fixed and the driver then functioned perfectly. The monochromator
driver was written from the ground up. As it required byte transmission, rather than
the more conventional string transmission, it was not possible to carry over any
portions from the lockin driver. The PEM’s communications were string based and

could be accomplished with standard labVIEW functions with minimal setup.

In addition to the drivers, the program had to loop over a pre-set range of
wavelength or time values to collect a spectrum and then present the information in a
user interface, or front panel. A screenshot of the program's front panel is shown in
figure 4.9. This also provides the user with the ability to completely configure the
serial ports and some instrument settings. The program is described in more detail in

appendix D.

& Fae2 1191150 Pedierchi 1933]

=

Figure 4.9: Screenshot of LabVIEW RAS control program in operation.
4.5 Uses of RAS

RAS may be used in two modes, full spectrum and dynamic. Full spectrum, as its
name suggests, collects data over a range of photon energies, in this case 1.5¢V to
5.5e¢V. This mode gathers the most information about the surface but it is slow, with
an average acquisition time of three minutes for a single spectrum, which renders it

unsuitable for monitoring fast reactions. Dynamic mode monitors a single wavelength
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and gathers information with respect to time. Although it gives less surface
information it is faster, collecting a data point approximately every second. This is
limited by the monochromator slew time, the PEM settling time and the time constant

of the lockin amplifier.

Both operational modes may be used in a complementary fashion. Full spectral
RAS may identify photon energies of interest, which may then be examined during a
reaction or process in dynamic mode. Dynamic mode spectra have also been shown to
exhibit growth oscillations during the growth of multiple layered structures, in a
similar manner to RHEED. As RAS requires a less specialised chamber in this
instance it might ultimately prove to be a widely accepted instrument of choice in this

situatiof.

It should also be possible to combine both techniques into one, replacing the
monochromator and detector with some form of diffractive element and a CCD array
type detector. This would require a complete reanalysis of the spectrometer, as
different components would be used, and it poses some experimental challenges with
regard to array refresh rates and modulation frequencies, but these should not prove

insurimountable.

4.6 Summary

This chapter has demonstrated the setup of a RAS spectrometer and some of the
more fundamental requirements necessary to its effective operation. There is more to
this than could be covered in one chapter, however, and the included references have
a large collection of useful information, covering some of the technique's more
esoteric characteristics, Chapter 6 will demonstrate the application of RAS to selected
systems, give examples of the data it can obtain and show how it may be used with

other techniques to aid the characterisation of surface properties.
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Chapter 5

Additional  Experimental  Techniques for  Sample

Characterisation

This chapter gives a brief description of the experimental techniques that were
used in addition to the RAS. The techniques described are mostly commercial, off the
shelf equipment with the exception of the MOKE and TRMOKE, which were
constructed in-house by the magnetic group in TU Eindhoven, and the Mdssbauer
spectrometer, which was constructed by the Mdssbauer Group at the Interfaculty

Reactor Institute in TU Delft.

5.1 Atomic Force Microscopy

Atomic force microscopy is one of several scanning probe techniques in common
use today.' It is a surface profiling technique, and was used on the nanoparticle
samples described in chapter 7 to examine how the particles are arranged on the

substrates following deposition.

Sample Surface

Figure 5.1: Illustration of an AFM in operation, showing the use of a reflective
cantilever and a segmented photodiode to measure tip oscillations. The deflection
is proportional to the ratio of the voltages across the photodiode.
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Generally, it involves the use of a tip which has an apex diameter on the
nanometer range, normally at least 10nm or so for commercial tips, which is mounted
on a cantilever.” This is moved over a sample surface with a few nanometres
separation. Van der Waals forces cause an interaction between the tip and the sample,
producing a deflection of the tip, which is measured by reflecting a laser off the back

of the cantilever onto a segmented photodiode.

There are two modes of operation. Contact mode involves bringing the cantilever
close to the surface until the van der Waals forces cause it to bend. The approach then
continues until the tip makes direct contact. The deflection is measured from the
photodiode according to

4 ‘
Deflection «« —- Eq. 5.1

where V; and V; are the voltages over the two diode segments, and is proportional to
the interaction force. The deflection may be measured while keeping the base of the
cantilever at constant height, but this can be dangerous as large changes in surface
topography may be present which could result in a tip crash. The spring constant of
contact mode cantilevers is normally relatively soft to allow as much deflection as
possible and reduce the likelihood of tip damage. The deflection in this case is
proportional to the surface topography. Alternatively, the tip deflection may be kept
constant by adjusting the height of the cantilever base as it moves. This is safer in
most cases. The amount to which the base has to be moved in order to maintain

constant cantilever deflection will be directly related to the surface topography.

The second mode of operation is non-contact or ‘tapping’ mode, where the
cantilever is driven by an oscillator at its resonance frequency. The spring constant of
the cantilever is greater in this case, as the tip does not normally strike the surface.
The tip is again brought to within a few nanometers the surface, but not as close as in

contact mode.

Instrument feedback settings will determine the actual tip-sample separation. The
proportionality between force and deflection does not apply in this case, but the force

gradient can be related to the spring constant by:
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df,

Com ) 7€ Eq.5.2

where co is the spring constant in the absence of an interaction, ¢ is the actual spring
constant and F, is the z component of the interaction force. The change in spring
constant causes a shift in the resonance frequency. This shift causes a change in
amplitude and may cause a phase shift. The tip approach continues until the amplitude
reduction reaches a set value, at which point scanning begins. The frequency shift is
used to control a feedback loop, which attempts to maintain constant tip-sample
separation. The average tip deflection and the phase shift may be measured. The
height measurement is more common as it is again directly related to the surface
topography. This latier mode of non-contact operation is more ofien used as it
normally provides better lateral resolution than contact mode, and there is less risk of

surface damage through tip contact,

5.2 Magnetic Force Microscopy (MFM)

This is a modification’ of the AFM technique that uses a tip coated with a
magnetic material such as iron. It is therefore sensitive to magnetic fields produced by
a material. It was used to map the magnetic behaviour of the nanoparticle samples.
Both tapping and ‘contact type’ modes are possible. ‘Contact type’ is used as a
descriptor, although because the tip-sample separation is normally greater the term
contact mode doesn’t really apply. The greater height is necessary to separate the
magnetic interaction from the topographic interaction and this is only possible at
greater tip-sample separations. The image will otherwise be a convolution of magnetic
and topographic information. Analogously with the AFM set-up, ‘contact’” mode
produces an image which is proportional to the magnetic force, and tapping mode

produces an image proportional to the force gradient.

It is desirable to have the tip follow the sample topography, but that is difficult in
this case as the feedback loop must now be controlled by the magnetic force. This
introduces a new difficulty, as unlike the van der Waals force, which is always
attractive in AFM, the magnetic force can be attractive or repulsive. If tapping mode

is used, which it normally is, frequency measurement is again used, but the different
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force regimes can shift the frequency in different directions. As the instrument is not
able to determine which way the frequency has shifted without re-tuning the
cantilever, it will not be able to determine if the force is attractive or repulsive and
this type of response must therefore be avoided. This is achieved by applying a
potential across the tip sample gap that produces an attractive force. It is set up to
make sure the tip is always attracted to the sample. Appropriate calibration removes

this constant bias from the measurement.

<4——Segmented Photodiode

Magnetic Tip

Figure 5.2: A Magnetic Force Microscope. Essentially an AFM with a
magnetic tip and some software and operational changes, notably the bias
voltage across the tip sample gap to ensure a monotonic tip response.

As the tip does not follow sample topography, a part of the sample that is closer to
the tip will have a greater interaction and will seem to be more magnetic, which
would be misleading. There are two main ways of achieving topographic
compensation; (i)Digital Instruments® employ a ‘Lift Mode’ technique, where the tip

makes two passes on each scan line. The first is a close range scan where van der
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Waals forces will dominate, resulting in a largely topographic scan. The tip is then
withdrawn by a certain fixed height, which is added to each point on the topographic
scan. As this occurs on a line by line basis, the effects of thermal drift and piezo creep
are minimised. (i))Omicron” use a variation of this, where a rapid surface topographic
scan is performed and a plane correction is derived from this. The tip is offset a fixed
height from this plane and the scan is performed. This is more vulnerable to thermal

drifi.

Another method of topographic correction may be used in tapping mode scans.
The voltage applied to the tip-sample gap may be modulated at some frequency other
than the frequency at which the cantilever is being driven. This frequency may then
be used to control a feedback loop which controls the tip sample height, and the
magnetic information can then be obtained by frequency shift measurements of the
cantilever as before. This technique has proved successful but requires considerable

modification of most commercial systems.

53 Scanning Tunnelling Microscopy (STM)

This is another well documented scanning probe technique,’ shown in figure 5.3.
It differs from the previous in that it does not measure forces but rather images the
electronic states of a sample. It was used to probe the structure of the Si(111)-4x1-In
quantum wires. A tip is brought close enough to the surface so that, with a certain
applied voltage across the tip-sample gap, quantum tunnelling can take place. This
occurs due to the finite barrier height between the tip and sample, which results in an

exponential decay of the wavefunction into the gap,

_\fzth—E)’
w(z)=yp(e * Eq. 5.3

where E is the electron energy and U/ is the potential. It can be shown that this

tunnelling results in a current given by

~2kd Eq. 5.4
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where d is the tip sample separation and k is the characteristic decay constant of the
Fermi level electron wavefunctions in the tunnelling gap. Analysis yields a general

expression for the current as a function of applied voltage and tip-sample distance

el
](V,z):% (I'IJ'JOT(EF‘I —eV+U) S(EF‘2 +U)M(U,z)

Eq. 5.5
0

where U is the electron energy, p, and pr are the sample and tip LDOS, £, and
Er > are the tip and sample Fermi energies, V is the applied voltage, z is the tip-sample

distance and M is a factor related to tip and sample wavefunction overlap.

-

Tunnelling Current

_

Figure 5.3: Illustration of a Scanning Tunnelling Microscope. If the tip
sample bias is sufficient, electrons will tunnel from the tip to the sample or
vice versa. In practice the tip will not be as sharp as that portrayed here.

If the sample is positively biased with respect to the sample, electrons will tunnel
from occupied states in the tip into unoccupied states in the sample, and if it is
negatively biased they will tunnel from occupied sample states into unoccupied tip
states. Only states that lie between the Fermi levels of the tip and the sample can be

involved in tunnelling. Theoretical descriptions of STM can be found in many
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sources,” and it can be shown that the final tunnelling current depends on the tip

sample distance and the degree of wavefunction overlap.

As with the AFM and MFM, there are several modes of operation. The tunnelling
current may be used to drive a feedback loop, which maintains constant current by
adjusting the tip height as the sample moves. It may also be used in constant height
mode, when the current will change as the tip is moved over a surface with changing
topography. As before, care must be taken in this case to avoid a tip crash, so it should

only be used on very flat samples.

The instrument may also be used spectroscopically, where the tip-sample bias is
varied between two set points and the tunnelling current measured. From these I/V
curves information on the LDOS around the Fermi level can be obtained. There is no

analogous mode of operation in AFM/MFM.

54 MagnetoOptical Kerr Effect (MOKE).

This effect is the change in the polarisation state of linearly polarised light
reflected from a surface of a magnetic material, and was discovered by John Kerr in
1877. It is quite similar in principle to RAS, but the incident light is considered to be
made up of two superimposed circularly polarised beams, rather than two linearly
polarised beams.” A magnetic material, or a material which is magnetised by an
external field, will have an unbalanced spin population in its energy levels. Opposing
spin states absorb light of opposite circular polarisation, so if an uneven population
exists different reflectance coefficients will be present for the two polarisation states
and the reflected light will undergo a polarisation change which can be related back to
the magnetic state of the sample. It was used to measure the magnetic properties of
the nanoparticle samples. The technique does not have the extreme surface sensitivity

of RAS and its depth penetration is controlled by the wavelength of the optical probe.

Experimentally, the apparatus is quite similar to RAS, and only the addition of a
computer controllable electromagnet and some rearrangement of the components is
required. Many of the alternative setups mentioned for the RAS are also useable here,

but as they all use relatively low modulation frequencies they are not ideal. In the
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normally used configuration the PEM is placed in the incident beam, while it
normally intersects the reflected beam in RAS. There is also normally a choice of
light sources, a Xenon lamp for variable wavelength studies and a laser if hysteresis
loops are required. The sample is placed in the magnetic field generated by the

electromagnet. This configuration is shown in figure 5.4 (a).

Detectors Xenon Lamp  Laser

Polariser

Electromagnet and sample

Magnetisation M T M

/7

_B
Applied Field B

-M

Figure 5.4: MOKE apparatus in longitudinal configuration, components as in
RAS with the addition of an electromagnet and a laser (a). An example of a
single wavelength, magnetic hysteresis curve is also shown (b).

It is slightly different to the RAS, as the PEM is configured to alternately select
two beams of circularly polarised light of different handedness, rather than two
linearly polarised beams This is accomplished using appropriate optical component
alignment and PEM retardation settings, and results in a reflectance variation due to
the alternating handedness at the PEM frequency which can be detected by a lockin

amplifier. Both variable wavelength and fixed wavelength scans can be taken, but
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fixed wavelength scans using a laser are more common, as hysteresis loops, from
which remanence and coercivity can be determined, can be taken with this approach
(figure 5.4 (b)). The laser is used preferentially in this configuration, due to its greater

intensity, as long as a laser with a suitable wavelength is available.

The apparatus can be configured in three configurations, polar, longitudinal and
transverse, shown in figure 5.5. Polar is normally used to measure perpendicularly

magnetised samples, longitudinal and transverse to measure in-plane magnetisation.

The Kerr rotation and ellipticity respectively, are defined as

1 ro=r
0, =—(¢, - and &, =——= Eq.5.6
K 2(¢+ ¢~) K )‘++1‘_

where ¢, and ¢ are the phase angles of the right and left hand circularly polarised

(rhep and lhep) light respectively and »+ and 7. are the reflectances of rhep and Ihep.”

Direction of applied H field

Figure 5.5: Respectively Polar, Longitudinal and Transverse geometries for
MOKE instrument setup.

Similar Jones Vector analysis to that used for the RAS equations shows that

1(/) 440, L 1) Bq. 5.7

o = .0 4J,(5,)1(0)

where /(0) is the dc detector signal, I(f) and /(2f) are the detector signals at

frequencies f and 2f, I, and J, are Bessel functions, ¢ is the angle between the

. . . . : . 6
analyser's polarisation axis and the x-axis and & is the modulation frequency.
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It can be shown that the longitudinal configuration in general results in a signal
which is one order of magnitude smaller than in the polar configuration. Both
longitudinal and polar configurations have a linear relationship with the off diagonal
elements of the surface dielectric tensor. The transverse configuration has a signal
which is even smaller and is not linear with respect to the off diagonal elements and is
therefore not often used. Both longitudinal and transverse forms require a more
difficult derivation than the polar setup due to the more complex form of the Fresnel
reflectance ratio for these geometries. In all configurations, it is very difficult to
obtain a proportionality factor between the Kerr signal and the magnetisation, so the
actual magnitude of the Kerr signal is less important than its maximisation. The
selection of a particular configuration is normally then simply a question of which
will give the greatest response given the expected magnetisation state of the system

being studied.

5.5 Time Resolved Magneto Optical Kerr Effect (TRMOKE)

The Time Resolved Magneto-Optical Kerr Effect’ is a powerful technique for
probing magnetic dynamics. It is a modification of the MOKE instrument which uses
a more powerful laser in a pump-probe configuration, and was also used to probe the
magnetic behavior of the nanoparticle samples. The pump beam, which is arranged to
be more powerful than the probe, is used to cause a disruption to the magnetic state of
the sample. The probe is then used to track these changes as a function of time, and is
monitored in the same way as conventional MOKE. The instrument is normally used

in one of two configurations.

(1) The heat generated by the laser pulse is sufficient to raise the temperature of
the sample temporarily above its blocking temperature (where thermal energy
becomes large enough to overcome the energy barrier between easy magnetisation
directions), and thereby achieve thermal demagnetisation. The remagnetisation as

the sample cools is observed using the probe beam.

(ii) The pump beam may be split into right and left circularly polarised
components. These selectively excite different spin states in the sample and the

effect of this on the sample magnetisation can be observed.
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The interaction of the probe beam with the sample is the same as that for MOKE.
The behaviour of the magnetisation upon interaction of the pump beam in this
situation is however far more complex and for the most part is not completely

understood. In general, there is a four step process to be considered.

(i) The pump pulse excites a non thermal distribution of electrons, which in the
presence of an external field, will be spin resolved whether the sample is magnetic
or not. The energy distribution of the excited states matches that of the probe

beam, as the electrons have not yet had enough time to begin to dephase,

t ~10 " sec.

(i1) Electron-electron interactions distribute energy through the system, beginning
a relaxation process toward a thermal distribution. The time frame for this is still

i v . -14
much less than the electron-phonon interaction time, t=~10 Hsec.

(iii)  Electrons and phonons begin to interact, and the excited electrons decay via

phonon cascade, dumping energy into the lattice, t=10"2-10""% sec

5 EEE .10
(iv)  Electrons and phonons reach a common equilibrium, t=10

Pump N

Delay Line Detector

Beamsplitter
Mirror

Figure 5.6: Time resolved MOKE setup, showing the addition of the femtosecond
laser, delay lines, optical chopper, and a slight component rearrangement.” The
scattered pump beam is not shown.
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The final two steps are quite well understood as it has been relatively easy to
investigate those time scales for some time now. The first two steps, in particular the

initial demagnetisation, are still the subject of considerable investigation.

For this reason the technique is frequently used in a qualitative fashion, without
any direct calculation of material constants based on its measurements. An
. : - . | 7 . . . "
experimental arrangement is shown in figure 5.6," and a typical spectrum in figure

5.7.% This can then be used in conjunction with curve fitting techniques to attempt to

explain a systems behaviour.
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Figure 5.7 An example of a TRMOKE measurement of nickel wedges,”
showing both magnetic and non-magnetic contributions, obtained from
the difference in the up and down response, and average of the up and
down response respectively.

Additional components are required in order to construct the instrument from a
MOKE. Figure 5.6 shows the two delay lines, which consist of mirrored segments of
variable length that move on motorised actuators. An additional chopper is sometimes

used on the probe beam to assist in dc signal recovery.

A Jones vector analysis can also be applied here, yielding

2
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V,
# =J, (Ao)sin(Za)G;m (At) Eq.5.9
o
V 3
o _ gy QAO)[Q.\:O(NI Eq. 5.10
Y, 2

which are the normalised dc, f and 2f signals detected by the lock-in amplifier and
Gis0 is the Kerr rotation. For small «, the angle between the analyser and the lab

horizon, equations. 5.9 and 5.10 can be approximated by:

14 ' :
;fzle(Ao)g.uo(N) Eq. 5.11
Vy a

Vo = (2AO)(|9MO(A:]J‘ b0 5.1
vV 2 o

Therefore although almost crossing the polariser and analyser reduces the overall
signal the normalised signals are enhanced by a factor of 1/c. In this configuration,
V. scales with the real part of the complex magneto-optical rotation, while V¢

contains some ellipticity information but it is weak.

5.6 X-Ray Photoelectron Spectroscopy (XPS)

XPS,” or Electronic Spectroscopy for Chemical Analysis, ESCA, is a commonly
used surface analysis technique for determining surface composition. It was used to
investigate the surface chemical composition of Co nanoparticles, as Co Mdssbauer
spectroscopy was not available. X-rays are generated by bombarding a magnesium or
aluminium anode with electrons in an x-ray gun. This produces core vacancies that
result in x-ray fluorescence. A synchrotron source may also be used as a source of
tunable X-rays, which cause the emission of core level electrons from the samples
which are emitted from the surface and collected by an accelerating lens. A
hemispherical analyser selects electrons of varying energy which are counted in a
detector. If the energy of the incident x-rays is known the binding energy of the

emitted electron can be found from the Einstein equation:
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Ey=hv—E, —eg Eq.5.13

* Spectrometer Control Unit:
- Hemisphere Voltage
Lens Voltage [~ |+ Hemisphere Voltage
X-Ray Gun & etarding Voltage
X-Rays e \ 2 : High Voltage
- X Photoelectrons
1 Detector

g Hemispherical Analyser

SR

ey ?&Qmple
; i UHV chamber

Figure 5.7: An example of a typical XPS set-up using a hemispherical analyser. The
energy of the electrons reaching the detector is controlled by the voltages across the
hemispherical analyser, which varies the electron trajectories.

where Egg is the kinetic energy of the emitted photoelectron, hv the photon energy,
Ep the core electron binding energy and ¢ the work function. The core level electron
binding energy is specific to a particular atom so the spectra can be used to determine

the chemical composition of a surface.

5.7 Low Energy Electron Diffraction (LEED)

Low Energy Electron Diffraction’ is a very well documented surface analysis
technique and was used to verify the formation of Si(111)-4x1-In quantum wires.

Electrons are generated through thermionic emission and accelerated onto a sample.
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The accelerating voltage is selected so that the electron wavelength will be
sufficiently small to cause diffraction off the crystal lattice of the sample. If there is
sufficient long-range order in the lattice periodicity a diffraction pattern will be

formed on a phosphorescent screen, and this will be the Fourier transform of the

surface lattice.

i

: ¥ Fluorescent Screen
UHV Chamber Walls

Viewport

Scattered beam%

Ty

Electron Gun

en Voltage, several kV

Electron Gun

= Grid Voltage

Figure 5.8: Rear view LEED apparatus. Electrons accelerated by the electron gun
diffract off the atomic planes in the sample, and produce a diffraction pattern
when reflected onto the screen.

It is also possible, given a system of sufficient quality to do detailed analysis of the
LEED patterns and spot profiles. This is known as I(V)LEED and is probably the
major research use of LEED. In many circumstances the instrument is used simply to

identify what, if any, surface reconstructions are present.
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5.8 Mossbauer Spectroscopy

Mossbauer spectroscopy'® was used to investigate the composition of the Fe
nanoparticle cores. It allows the detection of specific atoms in a sample and can give
some information about their chemical environment. This is accomplished through the
excitation of ground state nuclei into excited states by y-ray photon absorption. The
energy range of photons that will excite this state is very narrow, and to achieve a
sufficient quantity of photons in this energy range excited nuclei of the same isotope
as those being examined are used as the source. This can limit the application of the
technique somewhat, as, in order to look for iron, for example, a sample of irradiated
iron must be used as the y-ray source. The recoil of the nuclei on emission has

negligible effect on the photon energy and resonant absorption can take place.

The primary absorption level can be split or shifted by isomer shifts, quadrupole
interactions and hyperfine splitting. In order to identify these effects the energy of the
incident photons needs to be varied. Fortunately, the energy shifts are normally quite
small and a sufficient energy variation can be obtained by Doppler shifting the

photons by vibrating the source on a slider. This setup is shown in figure 5.9.

Lead Shield

Vibrating Source Holder

Radiation source

Sample Container
Detector

Figure 5.9: An example of a typical Mdssbauer spectrometer. The slight
doppler effect induced energy shift caused by the oscillating source holder is
sufficient to scan around the absorption region of the sample.

5.9 Superconducting Quantum Interference Device Magnetometry (SQUID)

L1245 a very

Superconducting Quantum Interference Device Magnetometry
sensitive technique for the detection of magnetic moments. It was used to examine the

magnetic properties of the Co nanoparticles. Unlike MOKE, however, it measures the
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response from the whole sample, not just a portion of the surface. A sample is placed
into a superconducting loop that is broken by two layers of insulator, called Josephson
junctions, which can be produced by photolithography. In practice the

superconducting wire arrangements can be more complex than that shown

schematically below.,

When a bias current (Ib) is applied to the SQUID, voltage across the SQUID is
zero if the current is less than the critical current (Ic). If the bias current exceeds the
critical current, the SQUID ceases to be superconducting and voltage is produced.
When a magnetic flux is introduced into the SQUID loop, the value of this critical

current decreases.

Yolage 4
Crkizal current (k)

Superconducting
loop

» Curent

Sample

P at

Supercndicling state  Nermnal state

Magnetic
poles

Cryostat
Bias curert(ls)

Yolage Yolage

<« Magnetic Field
do

Flucquantumn : @, =2.03%10™ Wo

AN (SN S
Swxcmdnlng e " Kgmal sate

Figure 5.10: Representation of a Superconducting Quantum Interference Device
Magnetometer in a cryostat, allowing temperature dependent measurements. The
superconducting loop can have a more complex arrangement that that shown here. The
insets show the current-voltage characteristics of the loop.

When the bias current is fixed at a slightly higher value than the critical current
and an external magnetic field is applied, the voltage will change in a periodic wave

in accordance with the flux quantization. The number of oscillations in this voltage
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gives a direct count of the flux quanta passing through the SQUID loop, from which

the total magnetic field can be calculated.
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Chapter 6

Indium on silicon

As mentioned in the introduction, one-dimensional and quasi one-dimensional
metals have been attracting interest for a variety of reasons. Not only do they have
interesting electronic properties which could be useful for optoelectronic and
magnetic devices, but they also present a challenge to theoreticians, as the
expectations of current theory is not always matched by experimental results. In this
chapter two candidate structures, consisting of indium induced reconstructions on Si
(111) and (100) surfaces, are investigated using RAS and STM for signs of quantum

confinement, an essential ingredient for a one-dimensional metal.

6.1 One-Dimensional Metals.,

A conventional three-dimensional metal is described as a nearly free electron gas,
where the lattice atoms cause a periodic variation in the otherwise uniform potential
that the electrons would feel. When a function describing this potential is substituted
into the Schrédinger equation and solved, it results in a generally parabolic
dependence of E, the electron energy with k, the electron propagation wavevector.
The periodic potential has the effect of introducing forbidden energies or band gaps,

and this results in the familiar E vs. k band structure, as shown in figure 6.1.

A key factor here is that although the electrons are strongly interacting their
correlation is presumed to be relatively weak. This results in the widely used Fermi
liquid model. Tt can be shown that Fermi liquid behaviour is truly possible only in
three- and two-dimensional materials, however.! In one-dimensional systems, the
electron correlations become more effective, resulting in collective charge and spin
density oscillations. The experimentally observable properties of such systems should
be significantly different in origin to those of their higher dimensional relatives.
Despite this, many quantum wire systems display properties more closely comparable

with a one dimensional Fermi liquid.?

67



Chaprer 62 Indivem on Silicon

Theoretical descriptions of strongly correlated electrons are daunting, and exact
solutions of these systems are rarely possible except in low energy regimes, where
there is a variety of solvable models. One particularly applicable description is the
Luttinger-Tomonaga model, which has yielded much success. Such systems are
therefore generically called Luttinger liquids® as they display non-Fermi liquid

behaviour,” such as
1. A linear, continuous E vs. k dispersion with no band gaps.

2. Spin-charge separation, where an injected electron seems to split into separate

spin and charge quasiparticles, which then disperse with different velocities.

This is a satisfactory theoretical description of a one-dimensional material, but its
application to real systems has been problematical. The observable quantities do not
always differ too much from those of Fermi liquids and various effects can destroy the
quasi one-dimensionality of candidate systems, such as inadequate confinement or
coupling between neighbouring parallel conductors or the substrate. Strong spin-orbit
coupling can also destroy the effects. In addition, the Peierls distortion, mentioned in
the introduction, can be an impediment to the achievement of one-dimensional
conductivity. Overall, this has made it difficult to directly observe Luttinger liquid
properties and the reconciliation of experimental results and theoretical expectations

still represents a challenge.
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Figure 6.1: Comparison of (a) Fermi and (b) Luttinger liquid dispersions. Notable
differences are the linear dispersion and the absence of band gaps in the Luttinger
liquid.
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A full description of Luttinger liquid behaviour and the challenges in observing it
in real systems is beyond the scope of this work. The focus here is on electron
confinement, a key requirement of a one-dimensional metal. Some materials, such as
carbon nanotubes, achieve this due to the presence of the surface of the structure.
Otherwise, a suitably strong confining potential in a two- or three-dimensional
structure is required. Recent calculations have shown that the effects of the
confinement barriers can be considerable and that the inclusion of accurate potential
barriers in theoretical descriptions may resolve some differences between experiment

and theory.

It has been demonstrated that deposition of indium onto silicon surfaces under
UHYV conditions can cause reconstructions that seem to resemble wires in STM
images,” especially on the Si(111) and Si(001) surfaces. An example of these wire-
like structures is shown in figure 6.2. This wire-like structure however, does not
guarantee either one dimensionality or conductivity. The confinement is therefore
investigated, on the premise that an anisotropic electronic structure, if present, will
result in an anisotropic optical response that the RAS should be able to detect.
Previously, RAS of the Si(111)-5x2-Au system, which also consists of wire-like

structures stretching across the surface, demonstrated a strong optical response.’

Figure 6.2: Preliminary 22nm x 22nm STM of two intersecting domains of indium
wires on the Si(111) surface, obtained during Si(111)-4x1-In experiments. The
domain distribution can be improved for RAS work by appropriate thermal
treatment of the surface. The sample-tip bias was +1.2V, and feature height ~.8A
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6.2 Indium on Si(111)
6.2.1 The Silicon(111) Surface

Silicon atoms have the electronic configuration 1s?2s*2p®3s*3p®. The four
occupied valence orbitals hybridise to form four sp” hybrid orbitals, which gives bulk
silicon a tetrahedral structure, similar to bulk carbon in diamond form. When this
structure terminates in a (111) surface, assuming no other factors at present, it would
appear as in figure 6.3, which also shows a step on the surface. However, the break in
symmetry at the surface will have a consequent effect on bonding causing the surface
atoms to relax somewhat from their expected bulk positions. Also, each top layer Si

atom has a dangling bond that contains one electron and is therefore highly reactive.

Figure 6.3: Unreconstructed Si(111) surface showing tetrahedral structure
and steps.

Under normal circumstances, these bonds would be terminated by an adsorbed
impurity, such as oxygen or hydrogen. During cleaning in UHV conditions, these
atoms desorb and the dangling bond structure is regenerated. It can be shown using
energy considerations that it is very favourable for this surface to reorganise itself into
a more stable configuration. There are two reconstructions that generally result, the
2x1 and the 7x7. The preparation required for the experiments in this chapter results
in the formation of the 7x7, shown in figure 6.4. The 7x7 structure, known as the
Dimer Adatom Stacking Fault (DAS) structure,” is highly complex, and has been

described elsewhere in more dedicated studies. That information is not of great
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relevance here, simply that the presence of adsorbed impurities generally destroys it,
therefore its appearance on a LEED display is an indicator of general surface
cleanliness. In order to generate well ordered single domain reconstructions of

sufficiently large area such cleanliness is crucial.

{a)

Figure 6.4: The Dimer Adatom Stacking fault (DAS) model of the
SI(111)7x7 reconstruction’ and a LEED image showing the 7x7 pattern taken
during RAS experiments. The LEED image did display spot-splitting, but this
is not apparent in this image due to resolution problems with the CCD camera.

6.2.2 Indium-Induced Reconstructions of the Si(111) Surface

Metal atoms can be deposited onto a surface using a variety of methods, for
example wire evaporation, sputtering, etc. In this case, a Knudsen cell evaporator was
used. This generates a flux of atoms or ions, which, if properly directed, will coat the
substrate and may induce surface reconstructions. In the case of indium on the Si(111)

surface, many reconstructions are possible, with dependencies on In coverage and
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substrate temperature before or after deposition. Figure 6.5 is a brief list of some of
the possible reconstructions. They were investigated by Kraft, et al® and more

information may be found there.

(1x1),(N7x¥3),(4x4)
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Indium coverage/monolayers

Figure 6.5: Diagram depicting the various reconstruction of In on
Si(111) for temperatures of 400-550°C.

As the Si(111)-4x1-In system was found by STM to be composed of parallel

wire-like structures,” this was investigated further.

6.2.3 The Si(111)-4x1-In Reconstruction

The 4x1 reconstruction has been the subject of many investigations in recent
years, using LEED,’ ICISS,5 PES,° XRD,'I AES,? STM,S’I2 and HREELS." There is
still confusion over its physical structure, despite the excellent recent STM data'? and
XRD.'' There are two available models which fit most, but not all, of the available
data. The first was proposed by Zotov, Saranin, et al.,'* and is shown in figure 6.6(a).
It consists of parallel In rows, three atoms wide. The central In row is bonded
metallically to the edge row atoms, and the edge row atoms are covalently bonded to
the Si substrate which displays a Pandey type reconstruction.'>'® In between the In
rows there is single zigzag chain of Si atoms, which was added to meet surface Si

coverage requirements. The second was proposed by Bunk, et al,," figure 6.6(b). This
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also consists of a zigzag Si chain, which is covalently bonded to two zigzag In chains,
one on either side of the Si chain. The In chains also bond covalently with the

substrate, which is unreconstructed in this case.

The existing information was insufficient to preferentially select one model, but
two recent studies attempted to shed light on the situation. The first study showed that
the system undergoes a Peierls-like distortion at low temperature,'’ forming an 8x2

reconstruction, which was initially believed to be driven by the formation of a Charge

Density Wave (CDW).

1elltet..
Y

@ Indium atoms ® © © @ Silicon atoms

Figure 6.6: Competing structures for Si(111)-4x1-In: (a) Saranin, et.
al." (b) Bunk, et. al."
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This would seem to favour the Zotov, Saranin model as the purely metallically
bonded indium atoms of the centre row would have a relatively large freedom towards
displacement. The Bunk model could find it more difficult to distort at low

temperatures, as the covalent In-Si bonds should have less freedom to move.

Zotov'? also proposed a modification to Bunks model, removing the edge row In
atoms that are bonded to the Si substrate bonds and replacing them with a single In
row, metallically bonded to the inner In atoms, which, as with Zotov's original model
should more favourably undergo a low temperature Peierls-like distortion. Bunk, et al,
then attempted to explain this distortion in the context of their original model, by way
of a positional distortion along a glide plane that they identified using SXRD.'® This
investigation cast doubt on the CDW theory, as it showed that the distortion does not
form completely over the surface, rather forming domains of the distortion with are
strongly correlated perpendicular to the chains but more loosely correlated parallel to
the chains. This does not improve as the temperature is dropped from 100K to 20K,
but it would be expected to, as the CDW became more dominating. This implies that
the CDW formation was not the primary driving force in this rearrangement, and that
instead it may be simply be a caused by a reduction in free energy due to the surface

restructuring. A recent HREELS study also cast doubt on the CDW theory."”

In addition, electronic structure calculations by Nakamura, et al,lq performed
using the coordinates obtained from the Bunk XRD experiment produce a band
structure that agrees well with the established photoemission data, while the same
calculations performed at the Zotov model do not. This is the most compelling
evidence in favour of Bunks model, and it is now almost taken for granted that this is
the true picture, although more work, especially band structure and energy
calculations, needs to be done to understand the low temperature transition. In order
to further clarify the room temperature structure, STM experiments were performed in

an attempt to obtain physical evidence to back up the band structure calculations.

74



Chaprer 6: Tudinm on Silicon

6.2.4 STM of Si(111)-4x1-In

The STM and STS experiments were performed on pre-cut and polished p type
Silicon in an Omicron Variable Temperature UHV STM with a base pressure of
2x10™"" mbar. The silicon was prepared in the preparation chamber and degassed over
night at ~600°C by resistive heating. After cooling, the samples were flashed to
1240°C by direct current heating several times, followed by a 10 second flash to
1240°C, quenched to ~900°C and allowed to cool slowly to room temp, over
approximately 10 minutes. The sample temperature was checked at all stages using an
optical pyrometer. Pressure was kept below 3x10"° mbar during sample preparation.
The preparation of single height steps was not too important due to the small area
requirements of STM, and multidomain samples can sometimes prove useful by
effectively allowing scans in multiple directions at once, without having to change the
scan direction. The treatment effectiveness and surface cleanliness were examined
using LEED and STM, figure 6.7, which showed the 7x7 reconstruction expected
from clean Si(111). This STM image was obtained using the documented settings for

imaging the 7x7 reconstruction, which were supplied by Omicron.

Figure 6.7: STM image of clean Si(111) surface clearly showing the expected
7x7 reconstruction.

Indium was deposited using a Knudsen cell (K-cell) evaporator. This was attached
to an exposure meter that had been calibrated during previous experiments with the
UHV system. 0.75 monolayers were deposited, as this was expected to be sufficient to
form the 4x1-In reconstruction.® The samples were examined using LEED which
verified the presence of a multi-domain 4x1 reconstruction (e.g. figure 6.15). This
structure persisted for beam energies between 50eV to 100eV, indicating good long

range ordering. The samples were then transferred into the STM. Scanning normally
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began immediately, although it sometimes took approximately 45 minutes for the
distortive effects of thermal drift to reduce to acceptable levels. The software
automatic drift correction was used to stabilise the instrument for repeated scans. The
initial scans produced images similar to figure 6.2, which showed a clear wire
structure with an inner furrow, but no internal structure. This had been seen
previously.” The tip sample bias voltage and current setpoints were adjusted to
optimise the image. Figure 6.8 shows a topographic image taken with a sample bias of
+1.2V with respect to the tip and plane flattened. All subsequently stated tip sample
biases will also refer to the sample bias with respect to the tip. This is a 50nm x 50nm
scan showing long, ordered regions of parallel wire growth. The lower region also
shows arrays of dot like structures. These were found to form at low indium
coverages, afler excessive thermal annealing or after the sample were left unattended
for long periods, ~1 day, by which time the wire like structures had almost
disappeared. The dots are probably due to low density indium coverage decorating the
underlying substrate. As they were not directly relevant to this work they were not

investigated further.

Larger area scans were used to investigate the coverage of the surface and the
domain distribution, although this is not important for the STM work. The silicon
used here had relatively small terraces, averaging approximately 50nm, which limited
wire growth, as they seemed to require terraces above a certain minimum size for
successful nucleation. It was found that the normal flashing and depositions in the
experiment were sufficient to widen the terraces by approximately 20nm. Any

additional flashing cycles on top of these caused too much damage to the surface.
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Figure 6.8: 50nmx50nm STM image of Si(111)-4x1-In wire structures,
obtained at a bias of +1.2V. The insets show (a) a close up region of the
wires, 10nm x10nm, also at +1.2V and (b) and (c) In dot structures at 10nm
x10nm and biases of +1.2V(b) and —1.0V(c), believed to be a low coverage
decoration of the underlying Si, possibly the V31xV31 structure. The
orientational differences are due to drift changes. All biases refer to sample
with respect to tip.

In order to examine the wires' internal structure, smaller, slower scans were
obtained. These can only be obtained after the sample has cooled sufficiently that
thermal drift is very small. Examples are shown in figure 6.9, also a dual mode scan,
at +1.0V and —1.0V, flattened and drift corrected. The empty state image appears (o
show greater electron localisation. The horizontal lines on the image are believed to

be In-Si bonds.

In an attempt to improve clarity, scans were taken in different directions. Figure
6.10 shows a series of wires scanned at 120 degrees to those in figure 6.9. This image
was filtered to reduce noise, and shows more clearly the internal structure of the

wires. This structure strongly resembles the Bunk structure.

77



Clraprer o: Indivm on Silicon

Si(111)
substrate

Figure 6.9: Filled and empty state images (-1.0 and +1.0 volts respectively) of In
wires. Image dimensions are 6.1x5nm. Expected positions of In and Si atoms are
shown as a semitransparent overlay, with a 4x1 unit cell. The unit cell dimensions,
from this image, are ~4A (Ix- direction) and 1.6nm (4x- direction) The edge In atoms
(a) that bond to the Si substrate appear very dim. This may be due to electron density
being pulled into the In-Si substrate bonds.
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Figure 6.10: A flattened and filtered STM image of the In wires(a), which is
compared structurally to the calculated valence charge density map from
Nakamura, et al (b). The distortion in the STM is probably due to slight errors in
the drift correction. Nevertheless, there is a strong similarity between the two
images. The calculations also seem to suggest the slight difference in intensity
between different sides of the wire. (sides (1) and (2) above), with the sides
appearing to have a slightly different charge density. The 4x1 unit cell is again
indicated.

Figure 6.10 also shows a calculated valence charge density map, from the
calculations performed of Nakamura, et al.'"” The structure of this image, and that of
Bunks original ball and stick model, compares very well with the STM data obtained
here for this system. A 4x1 unit cell is shown in both images in figure 6.10 for
illustration. There is a slight distortion, probably due to imperfect drift correction. The
charge density seems to indicate a reduction in density on the Si zigzag, whereas the

apparent Si zigzag in the STM image is quite intense. This may be due to the presence
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of a state at the tunnelling voltage, +1.0V, on the Si rows that is obscured in the
valence charge density image. Despite this discrepancy, the similarity between the

valence calculations the STM images is further strong experimental evidence to

support the Bunk model.

6.2.5 STS of Si(111)-4x1-In

Scanning tunnelling spectroscopy was also performed on the system, using the
same conditions as the STM measurements, in order to look at the electronic structure

of the wires. Figure 6.11 shows spectroscopy from -3.0V to +3.0V.
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Figure 6.11: STS of Si(111)-4x1-In.

This shows three empty states between 0 and +3V, centred at 0.75V, 1.75V and
~2.7V. These peaks are quite well defined and reproducible across the surface. The

filled state features are less distinct, although some features may be apparent at

—0.4V, -1V and -2V.

Figure 6.12 shows the band structure for the surface calculated by Nakamura,
from Bunk’s model. It is difficult to do a direct comparison between E/k band

structure and STS, as E/k plots show resolved energy vs. wavevector information,
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while STS shows Density of States (DOS) vs. E, where the DOS has contributions
from every state at that energy, regardless of wavevector. It is possible nevertheless to
make some general statements of comparison. As the tunnel current depends on the
density of states at a particular energy, the STS may then be loosely compared to a
compacted form of the band structure, with all k states ‘integrated’ with respect to
energy. The greater the number of k states at a given energy, the greater the STS
response at that energy. To a visual inspection then, the flatter the E/k curve the
greater the number of states at that energy and therefore the greater the intensity. In

figure 6.12, the flatter parts of the band structure are highlighted using green lines.

s In(1)
“In(2)
O In(3)
< In(4)

Figure 6.12: Calculated band structure from Nakamura, et al'.

This would appear to indicate that STS intensity spikes should be found at -2.3V,
-1.1V, -0.6V, 0.5V and 1.6V. This is qualitatively in quite good agreement with the
actual STS data. This will be compared to the measured bandstructure (from

Abukawa, et. al.? and Hill, et. al.B) and the RAS later.
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6.2.6 RAS of Si(111)4x1-In

The RAS experiments were performed on Boron-doped p-type vicinal Si(111)
from Wacker Chemical, polished 4° off the [111] direction towards [1 12] under ultra
high vacuum with a base pressure of 4x107"" mbar. Degassing and cleaning conditions
were identical to those of the STM experiments, with additional thermal treatment to
generate a regular array of single height steps following procedures in O’Mahony, et
al.?% Surface cleanliness and step formation was checked using LEED, which showed
a sharp 7x7 spot pattern and energy dependent spot splitting, a characteristic of

stepped surfaces.

A Knudsen cell evaporator was again used to deposit In onto the clean surface
which was held at 400°C. No exposure meter was available, therefore the K-cell was
calibrated using LEED to confirm the presence of the 4x1 structure. Deposition times
were extended in ten second steps until the 4x1 pattern saturated, which happened at

approximately 200 seconds. This then corresponds to approximately 0.75 monolayers.

The In deposition was also followed with single wavelength RAS at 1.9eV. This
wavelength was chosen as it is believed to be a characteristic of In-Si bonding.?' The

result is shown in figure 6.13. Deposition began at 20 seconds.

There is an initial positive increase in RAS which saturates at 110 seconds (a),
followed by a substantial negative peak at ~200 seconds (b). The anisotropy then
decreases slightly up to ~250 seconds (c), and remains constant thereafter.
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Figure 6.13: RAS of In deposition, with the shutter closed afier different
deposition times. The red curve was obtained with indium deposition
continuing after the evolution of the peak at (b). For the blue curve, In
deposition was terminated at (b)
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The sample was cleaned and the deposition was repeated. In this case, the In
deposition was halted at saturation of the negative peak at ~200 seconds. The RAS
initially decreased as previously, but this was followed by an increase in peak height,
which was unexpected (d). Further investigation suggested an explanation for this,

which will be presented later.

RAS of this surface as a function of photon energy is shown in figure 6.14, along
with RAS of the clean surface. The clean surface shows small features at 3.4 and
4.2eV which are bulk related, corresponding to transitions across the direct silicon
bandgap. The slight anisotropy of the stepped surface, which is otherwise isotropic,
allows these features to contribute the RAS signal.®
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Figure 6.14: RAS of Si(111)4x1-In dominated by large feature at 1.9eV (blue
curve). This is believed to be characteristic of In-Si backbonds. RAS of the
clean Si(111) surface is also shown (purple curve)

Figure 6.15: LEED pattern showing single domain 4x1 pattern
on the Si(111) surface.
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RAS of the indium surface shows a large change from the clean surface,
consisting mainly of a feature at 1.9¢V with an amplitude of 1.65%, which is one of
the largest signals detected from well ordered structures on semiconductor surfaces to
date, and almost three times larger than the Si(111)5x2 Au system.’ LEED of this
surface, shown in figure 6.15, confirmed a 4x1 structure. The geometry of the system
was such that the positive RAS direction was along the apparent In chain direction.
This indicated that the feature was due to an optical transition in a state perpendicular
to the chains. Compared to some RAS spectra, the feature is also quite narrow. This
narrowness and the intensity suggest that at least one of the states involved has a

relatively flat dispersion and that the initial state is highly populated.

The exact origin of this feature is unclear. Photoemission spectroscopy from
Abukawa, et al,”” mapped the surface electronic structure and an initial state meeting
the requirements above was found. Figure 6.16 shows surface states below the Ferm
level parallel and perpendicular to the chain direction. They show a completely filled
band, d, ~1.0eV below the Fermi level, whose dispersion is flat perpendicular to the
chains but has a notable dispersion parallel to the chains. This could be the initial state
in the transition, and has been assigned to bonds between the Si dangling sp3 hybrid
bonds and In valence electrons from the edge In rows. Although these band
assignations were based on a surface model which has now been superseded, it
remains in good agreement with the models of Saranin and Bunk, which also predict
Si sp’In bonds and metallic In-In rows. The metallic character of the surface was
also verified by Hill's IPES data,® shown in figure 6.17 which showed Fermi level
crossing parallel to the In chains. The IPES spectra shows an empty state centred at
2eV above the Fermi level, which also has flat dispersion perpendicular to the chains
and could therefore be the final state in the transition, although this state has not been
assigned to a particular surface feature. A transition between these two states would
have an energy of approximately 3eV however, so one of these suppositions is wrong.
As there is no 3eV feature present, it is possible that this transition is symmelry
forbidden, while a transition from state d to some state at approximately 1eV above
the Fermi level is allowed. Alternatively, this could be a transition between some
states at the Fermi level and the 3¢V IPES feature, although neither photoemission of

IPES indicate any intensity at the Fermi level perpendicular to the wires.
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Parallel to chains Perpendicuiar to chains

Figure 6.16: Grey scale display of photoemission data collected from the
Si{111)4x1-In surface parallel and perpendicular to the chain direction.”
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Figure 6.17: IPES spectra of Si(111)4x1-In showing unfilled states parallel
and perpendicular to chains.”
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The STS scemed to show a state at leV above the Fermi level, possibly
supporting the possibility of the state d being involved, but more work is needed
before this can be accepted as definitive. RAS is unable to shed any further light on

this issue, and more detailed calculations will probably be required.

With the feature formed after 180 seconds confirmed as due to Si(111)4x1-In, an
explanation is now suggested for the behaviour of the fixed wavelength RAS in figure
6.13. At (a) the In is still arranged randomly on the surface, or is forming lower
coverage reconstructions that have little or no optical anisotropy. The peak at (b)
indicates formation of the 4x1 structure. The initial reduction in intensity(c) after (b),
despite the continuing indium flux, was due to the formation of (1x1)R30° In islands
over the 4x1 superstructure, which reduce the RAS signal. As the sticking coefficient
for In-In is much less than In-Si,’ once the flux is removed (d) and the sample is still
at 400%C the In islands desorb, exposing the 4x1 structure again, with a corresponding
increase in the RAS signal. The initial slight increase in RAS was found from LEED

patterns to be due to the formation of a (¥31xV31) structure, which forms at lower

coverages (Figure 6.5).

6.3 Indium on Silicon(001)
6.3.1 The Bare Si(001) Surface

The currently accepted model of the singular Si(001) surface used in subsequent
experiments is shown in figure 6.18.%* It consists of parallel rows of Si dimers, where
the dimer orientation is orthogonal to the apparent row direction. The dimers may be
buckled.”> This is referred to as the Si(001)-2x1 reconstruction. This model is
assumed in all subsequent descriptions of the indium reconstructions and is formed
after the surface is heated to remove oxide, hydride and any other unwanted adsorbed

atoins.

For most of the experiments that will be discussed here, vicinal samples were
used, which are polished a few degrees off [001] towards a particular surface direction
to preferentially produce steps of a single orientation. The magnitude of this angle

will be mentioned when the relevant experimental details are discussed.
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Silicon Dimer
Bond

Figure 6.18: Currently accepted Si(100) surface model. The Si dimers are
shown unbuckled.

6.3.2 The Si(001)-4x3-In Surface

The 4x3 reconstruction is formed above 150°C at all but very low coverages
(where a partial 4x3 may form). The reconstruction has been extensively studied but
its structure has still not been conclusively determined. Previously, non-atomic
resolution STM,* ICISS,?” CLPS® and PACY were used to determine certain
characteristics about the system which allowed the suggestion of plausible models.
Further investigation with high resolution STM allowed Zotov, et. al., to suggest a
model.* This, however, seemed to be incompatible with surface XRD measurements
of Bunk, et. al.,“ ! which led them to suggest an alternative. As with the 4x1, debate
continued about the Zotov and Bunk structures. This appears to have been resolved
with the findings that first principles energy calculations™ once again favour the

model of Bunk, et. al. This is shown in figure 6.20.
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Figure 6.20: The Si(001)4x3-In reconstruction proposed by Bunk, et al.

In this case the surface formation energy of the Bunk, et. al. model is
3.8eV/[4x3]unit cell lower than the Saranin/Zotov model and 2.9eV/cell lower than
their amended model. Calculated LDOS for the Bunk model also more closely

resembles the STM data of Zotov, et. al.

6.3.3 STM of Si(001)-4x3-In

The experiments were performed in UHV conditions on Si(001) samples offcut by
4° towards [110] and mounted in the preparation chamber for direct current heating.
All samples were degassed at approximately 600°C (1.2A current) overnight with
system pressure at 3.5 x 10" mbar. The surface was cleaned by flashing to 600°C

followed by cooling to below 150°C. In was deposited from a Knudsen cell
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evaporator at 900°C, which was monitored using an flux meter. During In deposition,
the K-cell was at 900°C and chamber pressure was 7.8 x 10" mbar. The sample was
held at 150°C. After cooling, the samples were transferred into the STM chamber.
STM experiments were then performed on this surface. Figure 6.21 shows two 20nm
x 20nm dual scan images of the same region at biases +1.0V and —1.0V, with closer
range images in figure 6.22. Excessive indium was deposited in these experiments,
resulting in the orthogonal multilayer growth, as opposed to the islanding observed

with Si(111)-4x1-In.

Figure 6.21: Dual scan, 20nm x 20nm, of the Si(001)-4x3-In surface at sample-
tip biases of —1.0 and +2.0V respectively.

Some internal structure on the +2.0V image in figure 6.22 is apparent, which
compares reasonably with the expected In atom positions from Bunks model, figure
6.20. The exact registry of the In atoms is difficult to judge, as there are no portions of

the bare Si(001) surface visible in these images.
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Figure 6.22: Dual scan 5.5nm x 5.5nm STM images, also at —1.0V and +2.0V
showing the repeating unit of the 4x3 structure. Some structure is apparent on
the +2.0V image, which corresponds reasonably to the expected structure from
Bunks model. Expected In atom positions are also indicated.

6.3.4 RAS of Si(001)-4x3-In

Surface treatment and deposition conditions were the same as the STM
experiments. The surface was examined using RAS to verify that it was clean

whenever this was appropriate. A clean surface RA spectrum is shown in figure 6.23.
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Figure 6.23: Two RAS of clean Si(001) 2x1 surface, which were taken

consecutively with about 20 seconds between scans. The offset between spectra

may be due to sample cooling. The blue curve was obtained first.

During the initial run, the deposition of In was followed using fixed wavelength

RAS at 2.0eV, which as before is an energy associated with In-Si bonds.
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Figure 6.24: A fixed energy scan of In deposition. The sample was maintained
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at 150°C during deposition. Deposition began at (a), and the RAS signal

maximised at (b).
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It was impossible to follow the surface changes using LEED during this stage of
the experiment due to the chamber’s geometry. After 720 seconds the deposition was
discontinued and the sample cleaned. The spectrum was used to identify what
deposition time was required for transient features to appear, and is shown in figure
6.24. In deposition began at 80 seconds (a). One such feature was observed after 100
seconds of deposition (b), and therefore after the sample was cleaned 100 seconds of
In was deposited and the surface examined with variable energy RAS. This was
repeated several times to verify its reproducibility and to allow LEED examination. A

representative RA spectrum is shown in figure 6.25.
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Figure 6.25: RAS of Si(001)4x3-In reconstruction.

This reveals a feature at 2.1eV with a magnitude of ~3 x 107, This may be due to
In-Si bonding, for reasons mentioned earlier. The reconstruction was later verified as
4x3 using LEED. Unfortunately, to date there is no photoemission data of any kind
for this surface, so its electronic structure is unknown and it is difficult to draw
conclusions about the features origin. Most work on the system has been structural.

This highlights the need for photoemission and inverse photoemission data on this

systein.
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6.4 Summary

The quantum wire candidate structures Si(111)-4x1-In and $1(001)-4x3-In have
been investigated using STM, STS and RAS to examine the atomic structure of the

systems and to determine how much electron confinement, if any, is present.

Extensive structural studies had been undertaken previously on both systems, but
opinion was divided about the outcome, with two competing structures for each
system. STM studies were performed to help to resolve this issue. STM of Si(111)-
4x1-In demonstrated atomic resolution and a structure that strongly resembles the
model proposed by Bunk, et al. STM of Si(001)-4x3-In was not as clear, but a
structure that also resembles Bunk’s model is apparent. This is strong experimental
evidence for the validity of these models. STS of Si(111)-4x1-In showed energy

levels that seem to correspond with Nakamura’s calculations.

The systems were also investigated with RAS. The Si(001)-4x3-In system has a
reasonable RAS response. Without photoemission or calculations, however, it is
difficult to say any more, highlighting the need for further work on this

reconstruction.

The RAS of Si(111)-4x1-In reconstruction however, is surprisingly large for a
semiconductor-metal system. This is strong evidence that there is quantum
confinement perpendicular to the chains, although it wasn’t possible to determine the
precise origin of the RAS feature with certainty. Abukawa’s photoemission” and
Hill’s IPES?® also demonstrates one-dimensional metallicity, which makes the 4x1 a
very interesting system, because quasi-one-dimensionality and metallicity are not
often found together. The Si(111)5x2-Au system, for example, is metallic but not one
dimensional, and Si(111)-M(3x1), M=Li, Na, K, Ag, are one dimensional but
insulating. This system may be the smallest metallic wire system in existence, and
would appear to be a good test system for quantum wire investigations, and the recent
electronic structure calculations are a strong aid in understanding the results of
whatever subsequent experiments may be performed. Although the integration of
these structures into real devices would be very difficult, similarly sized structures
may ultimately be used as atomic scale interconnects in molecular electronic devices,

particularly with recent and impending lithography advances.
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Chapter 7

Magnetic Behaviour of Metallic Nanoparticles

Following the work on one-dimensional structures, zero dimensional quantum dot
type structures were investigated. They should also display unusual behaviour due to
quantum confinement. Specifically, Iron and Cobalt metallic nanoparticles were
examined for novel magnetic properties. Particles of varying size and size
distributions were used, and both static and dynamic magnetic properties were

examined.

7.1 Magnetism

Magnetism has long been understood as having its origins in a material's electrons
through a combination of spin and angular momentum.! Bulk materials can be
broadly categorised into three types: Paramagnetic, where the individual moments can
align with an applied magnetic field but in the absence of the field there is no
preferential alignment direction; Ferromagnetic, where spins possess parallel
alignment and a preferential direction, normally caused by the application of an
external field at some point in the sample’s history; and Antiferromagnetic, where
neighbouring spins tend to oppose each other and are equal in magnitude, resulting in
a zero net magnetic moment. Ferrimagnetism, a special case of antiferromagnetism,
where the spins are opposed but different in magnitude, results in a non zero tofal

moment.

Concentrating on ferromagnetic materials, under normal circumstances a volume
of a magnetic material will consist of many domains, which are regions containing
atomic moments of parallel alignment. The different domains will not normally be in
alignment with each other, and are dynamic, changing size, shape and alignment to
minimise the energy of the system for a given orientation of the total moment. Many
of the bulk properties are controlled by this behaviour and the interactions at the

boundaries between domains.
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Although this behaviour has been well categorised for bulk maierials, as the
material’s size is reduced unusual effects begin to be observed. The number of
domains diminishes and the energy required to change the orientation of the moment
also reduces. On the nanoscale limit the material or particle may become single
domain as it is no longer energetically favourable to form multiple domains.? The
magnetic moment alignment of the entire material, no longer influenced by the
domain walls, will be determined by the material’s anisotropy. This has two general
origins, spin-orbit coupling, which tends to create easy axes along the crystal axes,
and shape effects, which are long range dipole effects which are heavily influenced by
the material’s shape.” In larger volumes the shape anisotropy is negligible, but in
smaller structures, especially thin films, the shape anisofropy can become more

influential and may even dominate.

These effects combine to create an orientational energy dependency for the
magnetic moment, nermally resulting in one or more low energy directions for the
moment separated by energy barriers. To change the direction of the material’s
moment, a process known as reversal, the system must be given enough energy to
overcome the barrier. This may come from the application of an external field or an

elevation in temperature,

The energy barrier between different moment orientations is approximated by the
following expression, according to the Dormann-Bessais-Fiorani modification of the
Shtrikman- Wohlfarth model:*

I'(Jllj‘/[rfr;"r/ (llerV

E, = E, +naM?’Vcoth - Eq. 7.1
b b0 1% nr kT ]{T q

where £y is the energy barrier in the absence of interactions, m the number of nearest
neighbours, M,, is the intrinsic magnetisation and a; a constant related to the volume
concentration of particles in the sample, and ¥ is the particle volume. This shows that
there is a dependency of the material’s volume, and therefore reduces as a material
becomes smaller. In nanoscale samples, this energy barrier may become so low that
thermal energy is sufficient to cause the moment switch between easy alignments.

This situation, which occurs in single domain particles where the individual atomic
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moments behave collectively as one moment, is known as superparamagnetism, due

to its resemblance to atomic paramagnetism.

The Langevin function, coth(x)-(1/x), is very important in describing the
behaviour of superparamagnetic nanoscale materials and generally relates the
magnitude of the magnetic moment to the system temperature. Due to the small size
of these structures, effects previously considered negligible may become very
important, such as surface roughness or adsorbed impurities.” Especially where
particle sizes reduce to a scale of ten nanometres, it becomes increasingly difficult to
define a magnetic material in conventional terms, as ferromagnetism,
antiferromagnetism, etc., require a certain degree of long range order to become
definable. The borderline between an oxide coating and the metallic core of a
nanoparticle, for example, is very hard to define or describe. The size of even these
very small particles precludes first principles calculations at present so a definitive

description still awails.

7.2 Colloidal Metallic Nanoparticles

Colloidal nanoparticles consist of metal cores (cobalt or iron here) with nanometre
scale diameters, which are surrounded by a stabiliser, which may be a polymer or
some other organic molecule. They are generally prepared using the inverse micelie
technique,® which involves adding a surfactant material to the desired solvent. The
surfactant will then form spherical regions in the solvent, from which the solvent is
excluded, which act as mini chemical reactors. A salt of the required metal is then
added with a reducing agent. Metal clusters then form in the ‘reactors’ until the
reaction is inhibited, by removal of heat, addition or removal of reagents, etc. This can
result in a large size distribution, which is then filtered to product the required size
and distribution. Ordinarily, bare metal particles will form agglomerates to reduce the
surface energy of the system. To prevent this, the stabiliser is added, which is
normally a molecule containing a functional group with an affinity for the particle

material. They also help to minimise oxidation.
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Figure 7.1: Schematic of a metallic nanoparticle. The inset shows the
stabilising molecules adhering to the surface of the particle, although exact
bonding details, which are uncertain in most cases anyway, are not shown.

Nanoparticles exhibit many interesting electronic, optical and magnetic properties.
Due to the small size (cores <~11nm) they fit into the category of single domain,
superparamagnetic samples outlined previously. It is also found that the magnetic
moment of the particles may be enhanced over the bulk due to the larger proportion of
atoms at the surface. It has been shown that the presence of a larger surface area

2. 3 3 7 : 7
results in increased spin and orbital contributions.

The behaviour of these particles can also be modified by external interactions;
either deliberately applied external fields or the mutual interactions of an array of
particles.*” This interaction can range from purely dipolar at long distances to a
combination of dipolar and exchange forces at separations of less than ~Inm.
Exchange force interactions between particles are therefore unusual, as the stabilising

. . 10
molecules normally ensure that the cores separation is ~5nm at least.

The internal structure of the particles is also very important and interesting in
itself. Despite the presence of the stabiliser and care during particle preparation, some
oxidation is inevitable, and while iron and cobalt oxides are antiferromagnetic in bulk
form, nanoparticles of these materials display temperature dependent
ferromagnetic/superparamagnetic behaviour. This is related to the previously stated
requirement to have a certain volume of a material with long range ordering before it
can be assigned to a magnetic category. This opens new possibilities for the creation

of novel magnetic materials.
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Iron and Cobalt particles were examined. The iron particles were obtained in hquid
solutions from the University of Utrecht. The cobalt particles were obtained from

IBM, pre-deposited onto HOPG substrates.

7.3 Cobalt Particles

The cobalt particles used here were produced by C.B. Murray and S. Sun in
IBM’s T.J Watson research centre in Yorktown Heights. They are produced by the
reduction of CoCl, in dioctylether in the presence of oleic acid using
trialkylphosphine as a reducing agent.” Due to the liberation of highly toxic phosphine

gas this procedure must be carried out in a double walled preparation chamber.

This procedure results in the formation of particles with diameters between 2-
11nm and a size distribution with less than 7% standard deviation. Two types of

particles are produced:

1. s-cobalt The particles are initially produced with an oleic acid stabiliser
surrounding the cobalt core, which inhibits oxidation and prevents clumping,.
These are referred to a e-cobalt, as the lattice structure is different to the
normally occurring cobalt phases, being apparently similar to the B phase of

manganesc.

2. hep-cobalt. The e-cobalt particles can also be annealed to 400°C in the
presence of acetone, which strips the oleic acid, converts the lattice to a hep
structure and oxidises approximately 1nm of the cobalt particle. This strongly

inhibits further oxidation of the core.

7.3.1 AFM

As mentioned, the particles used here were obtained already deposited on HOPG
surfaces. They were examined using ambient AFM to determine both the fraction of
the surface that was covered, how the particles were stacked together and the degree
of ordering, as shown for a hcp sample in figure 7.2. The instrument used was a
Nanoscope iii from Digital Instruments with ~10nm diameter tips from Olympus. The

scans were obtained in tapping mode. As the particle diameters were similar in size to
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the tip radius, obtaining clear images was difficult and a lot of parameter variations

were required to optimise them.

Figure 7.2: AFM image (547nm x 744nm) of hcp-cobalt particles on HOPG
substrate, demonstrating surface coverage and hexagonal arrays. Inset shows
70nm x 100nm zoomed image. This may be compared to the TEM in figure
1.6, which is a close range image showing better resolution of the particles.

Although it is difficult to numerically quantify the surface coverage, figure 7.2 is
typical for most of the surface. This is important as sufficient surface coverage is a
requirement for optical measurements to ensure acceptable signal/noise
discrimination. The images also demonstrated excellent hexagonal ordering (inset,
figure 7.2). Figure 7.3 shows a image of an &-Co sample taken on the same

instrument, demonstrating similar ordering,.

Figure 7.3: AFM image (547nm x 744nm) of e-cobalt particles on HOPG
substrate, showing hexagonal ordering.
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7:3.2

XPS

XPS was performed on g-Co particles in an effort to determine the degree of

oxidation of the surface. Although it is not ideal due to poor depth penetration, it was

used b

from t

ecause Co Mdssbauer was not available. Figure 7.4 shows a spectrum obtained

he particles, along with Co and CoO reference peaks. It was not conclusive,

showing only that the particle cobalt peaks are offset from the expected positions of

both cobalt and cobalt oxide. This may be because of unusual bonding at the surface

or interference from the shell.
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Figure 7.4: XPS spectra showing cobalt particles (green), reference cobalt oxide
(red) and elemental cobalt(black) The peaks are shifted by approximately 5eV
from the Co peaks and approximately 3eV from the CoO peaks. They are also
broadened, suggesting a distribution of environments is present. The cobalt
particle spectrum is scaled by a factor of ten, for clarity.

It has been shown that nanoparticles can exhibit shifted photoemission

responses due to relaxation of the surface bonds, which can also generate an electrical

dipole

moment by pushing electron density towards the particle core.'" Detailed

calculations are needed to quantify this shift, however, and that was not possible here.
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7.3.3 SQUID

The magnetic properties of the g-cobalt particles were examined using a
commercial SQUID magnetometer at various temperatures from 5K to 300K, shown

in figure 7.5, which shows two ranges, from —0.5 to +0.5T and —0.1 to +0.1T.

The squid curves demonstrate a clear transition from ferromagnetic behaviour to a
superparamagnetic regime, somewhere between 150 and 200K. This is shown by the
loss of hysteresis between those temperatures. Loss of hysteresis is an effect that

superparamagnetic particles exhibit."?
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Figure 7.5: Variable temperature SQUID measurements on e-Co samples,
showing the sample magnetisation against applied field, demonstrating a

transition from ferromagnetic (from 5K to 150K) to superparamagnetic (above
250K).
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7.3.4 MOKE

The magnetic properties of the s-cobalt particles were also examined optically
using MOKE. Using the setup shown in figure 5.4, the sample was mounted in the
holder and measurements were taken at several points on the surface by focusing the
laser spot on the desired region. Due to the low signal, it was necessary to average
over several measurement cycles. Room temperature measurements, figure 7.6,
revealed superparamagnetic behaviour, in line with expectations. This is qualitatively

similar to the room temperature SQUID measurements from section 7.3.3.
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Figure 7.6: Room temperature MOKE of colloidal cobalt particles on HOPG,
demonstrating superparamagnetic behaviour (loss of hysteresis).

Low temperature MOKE was performed by placing the samples into a cryostat. A
specialised cryostat/electromagnet assembly replaces the sample holder/electromagnet
from figure 5.4. In this experiment, magnetisation curves were very difficult to obtain,
as there seemed to be a faraday rotation in the cryostat window that was larger that the
pariicle response. This may have been due to insufficient magnetic field strength at
the sample position in the cryostat, or an insufficient quantity of particles on the
sample. In the time available to perform the experiments, this problem could not be
overcome. The experiment did demonstrate one advantage of MOKE over SQUID
though, which is its ability to sample different points over a surface. The samples used

had partial coverage of the particles, as determined by AFM in section 7.3.1, and the
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MOKE signal was observed to disappear over the regions of bare HOPG and reappear

over covered regions.

7.3.5 TRMOKE

Time resolved MOKE measurements were also performed, shown in figures 7.7
and 7.8. These show the samples in opposing magnetic fields. There is no discemible
difference between the signals, suggesting that the applied magnetic field was too low
or that there was insufficient material to obtain a detectable response. The features

present are due to the sample's reflectivity changing with temperature.
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Figure 7.7: Time resolved MOKE measurements of Co particles faken in
longitudinal geometry with South-North field. After the initial reflectance spike
there is a gradually diminishing oscillation, later attributed to phonons reflecting
in the substrate.
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Figure 7.8: Time resolved MOKE measurements of Co particles taken in
longitudinal geometry in North-South field. This is identical to figure 7.7,
indicating that the features are due to non-magnetic effects.
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An oscillation was present in the measurements taken on the samples, which had
an unclear origin. It was found, however, that this was also present in the bare HOPG
measurements with similar amplitude and frequency, suggesting that it is non-
magnetic and probably caused by phonons moving from the top to the bottom of the
sample and reflecting from different distances. Despite the lack of success of the
optical measurements, they are still very promising for studying this type of magnetic
behaviour. Improvements in the signal/noise performance of the instruments and the
magnetic field strengths that can be generated should improve the chances of success.
The use of larger particles, which are closer to the border of ferromagnetic behaviour
at room temperature, might also be more successful in the short term, although this

defeats the purpose of generalising the technique for the study of all particle sizes.

7.4 Iron Particles

The iron core samples used in this work were produced by Karen Butter, et. al., in
the University of Utrecht, also using the inverse micelle technique. Iron pentacarbonyl
(Fe(CO)s) is used as the metal source, in a solution of decaline. Decomposition of the
Fe(CO)s is controlled by temperature rather than a reducing agent in this case.
Temperature is applied until the clusters reach a desired size, after which the solution
is allowed to cool. After separation, many samples of varying sizes and distribution
are produced. In this work, particles with a 10.5nm diameter core, and a standard
deviation size distribution of approximately 15%, determined from TEM
measurements, were used. The stabilising molecule in the case is a form of
polyisobutene, code number SAP 285 from Shell Chemicals. This is approximately
10nm long, but is somewhat flexible, The resulting patticles are therefore 30nm in
diameter with 10.5nm cores. Due to the polymer coat which enforces a ~20nm

separation between metal cores, any interactions are again going to be dipolar.
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7.4.1 Maissbauer Spectroscopy

In order to determine the particle core composition, the particles were studied
using Fe’’ Mossbauer spectroscopy, in experiments performed on our behalf by the
Interfaculty Reactor Institute at TU Delft. These spectra are shown in figure 7.9.

Particles of different size were analysed for comparison.

TEM work cairied out in prior to this work in Utrecht indicated that there were
two distinct regions in the metal cores. These were believed to be a elemental iron
core swrrounded by an iron oxide coat. Through the use of curve fitting, however, it
was determined that two forms of iron oxide were present, and that there was no
elemental iron, despite the preparation of the particles under nitrogen and the
protection of the polymer shell. That the particles are still magnetic is very interesting,
as bulk iron oxide is antiferromagnetic due to superexchange.' This is an example of

the unexpected effects that can arise in quantum scale structures.
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Figure 7.9: Mossbauer spectroscopy of 30nm particles at (a)77K and (b)4.2K.
The use of curve fitting determined that two iron oxides were present.

7.4,2 AFM and MFM of Iron Particles.

The iron particles were imaged using a Digital Instruments Nanoscope iii
AFM/MFM under similar conditions to the Co particle experiments, again to

determine coverage and ordering. In order to do this they had to be deposited onto a
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substrate. Thermally oxidised Si(111) was used due to its availability. It was spin
coated with the polymer Formvar, to modify the particle-surface adhesion properties.
By adjusting the rotational speed a smooth, even coverage of Formvar could be
obtained. The particles were then deposited using Michelotto’s method,"" which
involves the slow evaporation of a solution of particles onto an inclined substrate. The
evaporation is controlled by the quantity of solvent vapour in the local atmosphere,
and the particle density on the substrate is controlled by the solution concentration.
The setup is shown diagrammatically in figure 7.10. The optimum angle was found to

be ~10°. This should lead to an even, well dispersed particle distribution.

Glass slides ;
- Si substrate
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Particle
solution on
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Figure 7.10: Method of deposition of iron particles onto a substrate.

These films were also found to be very stable. The AFM images in figure 7.11(a)
was taken after the films were prepared, 7.11(b) and (c) were taken one year after the
films were originally prepared, using an Omicron UHV AFM. Aside from some

aggregation the films are essentially the same as after initial deposition.

Figure 7.11: AFM images of iron nanoparticles.(a)700 x 700nm (b)
500x500nm after 1 year, in UHV (c¢) 100x100nm after 1 year, in UHV.
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This image shows that the particles are forming disordered arrays. This disorder is
probably due to the relatively large size distribution. This sample was also examined
using MFM, which takes topographic and magnetic images."” Both images were taken

in tapping mode.

0 1.51 pm
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Figure 7.12: Topographic and magnetic force gradient image of iron particles
on Formvar coated SiO,. The marked regions are discussed in the text.

Figure 7.12 shows topographic and magnetic force gradient images taken over the
same region of the sample. This demonstrates an unusual effect. If the images are
compared, it can be seen that individual particles are visible on both scans, as can be
seen in regions (a) and (b). However, the particles that are gathered in clusters are
strongly visible on the topographic image only, with only a slight cloudiness and edge
enhancement visible on the magnetic force gradient image, regions (c) and (d). This
image was collected at a liftheight of Snm. Below this height, the van der Waals and
capillary forces that comprise a topographic image were apparent in the magnetic
images, and both were very similar. Above Snm, the cluster effect was still observable

but lateral resolution diminished.

This is interesting as it seems to suggest that the mutual interaction of the particles
can generate a sufficient anisotropy barrier to overcome these particles
superparamagnetic behaviour at room temperature. Due to the spacing between the

cores being a minimum of ~20nm, the interaction must be dipolar. The strongest
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interaction between the tip and the sample occur when the magnetic moments of both
are aligned. In this case, the tip moment was aligned vertically downward. A
vertically magnetised particle would therefore produce the strongest response, and an
in-plane magnetisation the weakest. A group of interacting clusters is more likely to
produce an in-plane magnetisation which would account for this, and this would make
it more difficult for the field of the tip to align the moments. An isolated particle
would be more easily aligned by the tip and should therefore show up as a stronger
interaction. This assumes that the local field is sufficient to overcome the anisotropy
barrier in the particles, and that the tip field strength is sufficient to align the particles,
even an isolated particle. Computer modelling was performed to analyse the validity

of these statements and the model.

7.5  The Dipolar Model

The particles are nominally 10nm iron cores, therefore they should be single
domain, as the minimum domain size is typically of the order of 50nm. They are also
superparamagnetic at room temperature as the anisotropy energy for such a particle
will be lower than for a larger multi-domain sample. Because of this, they were
treated as simple dipoles and the particle’s anisotropy energy was neglected. The
surrounding polymer shell is at least 10nm thick, so the interaction should be dipolar

only,

The initial supposition was that the dipole interaction of the particles when they
are arranged in clusters was strong enough to prevent the particles from aligning with
the tip as it passed over, as long as the tip was above a certain height. Particles with
appreciable nearest neighbour spacing will experience a weaker dipole interaction and
will be more easily aligned by the tip, which should therefore feel a greater force
gradient. The edge effect was probably caused by the in-planc alignment of the
moments in the clusters, which would produce a different interaction with the tip
depending on the how the tip’s magnetisation related to the different magnetisation at
each cluster edge, figure 7.13. The model ignores the effect of van der Waals forces,
which are responsible for topographic AFM interactions, and capillary forces, which

occur due to a layer of adsorbed moisture that can bridge the tip and sample in
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ambient AFM. Both forces only come into effect at tip sample separations of a few
nanometers, although this may vary slightly for different samples, so if the separation

. o . 116
is kept over a few nanometres the assumption is valid.

Figure 7.13: Tip motion over sample, demonstrating a potential origin of the
edge effect seen in the MFM image in figure 7.9.0n one side of the cluster the
tip interacts with a dipole ‘tail’, and on the other side with a dipole ‘head’,

producing a different response on the two sides.

7.5.1 Finite Element Analysis: Two-Dimensional Calculations

The model was first tested using Quickficld 4.0 from Tera Analysis, a fast 2D
finite element analysis package. The model was constructed using the built-in model
editor which allowed the system to be constructed on the correct length scale. An
example of this is shown in figure 7.14. The particles were modelled as an iron core,
as iron oxide particle data was not available, and the polymer shell was treated as a
non-magnetic layer with permeability equal to that of vacuum. A non-magnetic
substrate with permeability between that of iron and vacuum was used to simulate the
Formvar coated silicon substrate. The tip was treated as magnetised iron. It was
determined experimentally by magnetometry'’ that the tip's magnetisation was
400,000 A/m and the coercivity was 37,500 A/m and these values were used in the

simulation.

Cluster sizes of 1 to 5 particles were chosen, as this seemed to typify the range of
sizes found in figure 7.12. The choice of tip size was somewhat arbitrary, a balance
between having a conveniently solvable system while maintaining accuracy. Different

tip sizes were tested. It was found that smaller tips interacted too locally with the
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system, but once the tip was above a certain size the response became more long
range and showed little variation. A size at the lower limit of this size range was

chosen, approximately 200nm by 70nm, figure 7.14.

Although the iron cores of the particles were superparamagnetic at the
measurement temperature, Quickfield does not allow a material to be specifically
described as superparamagnetic, therefore an approximation of this effect is required.

A superparamagnetic material has zero coercivity and a magnetisation that never

saturates, as shown in figure 7.15.
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Figure 7.14: The chkf’eld model editor. The inset shows the paltlcles and tip in
greater detail.
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Figure 7.15: Magnetisation curve of a superparamagnetic material.
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In Quickfield’s solver description, the magnetisation of a material is controlled by
its coercivity, and if a material is given zero coercivity it is treated as a non-magnetic
metal, therefore in order to simulate superparamagnetism, the particles were given a
large coercivity. This at first seems counter intuitive, but it does simulate the non-
saturating magnetisation, which is probably the most important aspect of
superparamagnetism for this model. Both high and low coercivity systems were

simulated to verify this.

The force gradient was calculated at each point by placing the tip at a distance of

+z from the equilibrium position and using the following expression:

aFZ:FZl—F22 Eq 792
oz  Z,-Z7, o

Equilibrium
Position

00000

Figure 7.16: Tip positions at which force measurements were made.

where F7 is the z component of the force felt by the tip and Z is the height above the
sample. To perform its calculations, Quickfield calculated the vector magnetic

potential, from which B and H can be calculated. The force is then calculated from

i

+

Jlita- B)+ (s )~ (it - B Eq.7.3

o | —

where 7 is a unit vector normal to the surface of the volume being integrated. The tip

was moved in steps across the surface and data collected at each point.
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Results

An image of the model used is shown in figure 7.14. It consists of a mixed set of

particles, consisting of three single particles and clusters of particles ranging is size

from two to five particles. These sit on top of a substrate, which has a thin layer on

top to simulate the effect of the polymer. The tip was generated and its magnetisation

was set to the measured value. The force at heights ranging from 4 to 11nm was

measured as the tip was moved over the particles. This is shown in figures 7.17 and

7.18 for the low and high sample coercivities respectively.
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Figure 7.17: Tip sample force curves taken with low sample
coercivity (700A/m). The inset shows the expected response from
figure 7.12. The bars on the force curve x-axis indicate the particle
positions.
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Figure 7.18: Tip sample force curves taken with high sample
coercivity (70,000 A/m). The bars on the x-axis indicate the particle
positions.

114

a b




Chaprer 7: Magnetic Behaviowr of Metallic Nanoparticles

From these plots the force derivative can be estimated, at various equilibrium
heights and oscillation amplitudes. Some relevant examples are shown in figures 7.19

and 7.20.
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Figure 7.19: Force gradients taken from figure 7.16 (low coercivity).
The purple and blue lines represent the gradients between 8 to 11nm
and 5 to 8nm respectively. The bars on the x-axis indicate the particle

positions.
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Figure 7.20: Force gradients taken from figure 7.17 (high coercivity).
The purple and blue lines represent the gradients between 8 to 11nm
and 5 to 8nm respectively. The bars on the x-axis indicate the particle
positions.
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Figures 7.19 and 7.20 most closely resemble the expected profile between & 1o
5nm, with a toss of resolution between 8 and 11nm. The high sample coercivity data
in 7.19 has the closest similarity to the measured data, as do the curves corresponding
to closer tip-particle separations. It is possible to make some generalisations based on

these plots:

(1) The edge effects seen around the clusters were apparent in this model, and

were best observed at closer tip-sample separations.

(ii) The distance dependence effects were noticeable except at close range, where
the program was not able to simulate the effects of van der Waals forces and the

capillary forces that arise due to moisture bridging the tip-sample gap

(iii) A larger force gradient over the single or isolated particles with respect to that

over the clusters of particles, which would be expected from 8.1, was not seen.

(iv)  The calculated forces and consequently force gradients are orders of
magnitude larger than expected, with typical experimental values in the sub-nano-

16
Newton range.

Many variations on this idea were tried, such as varying material parameters,
substrate parameters, tip size, etc. While these had an effect on the magnitude and
shape of the curves they were unable to make the interaction greater over a single
particle. The closest agreement came at small tip oscillation amplitudes. The principle
of this model is therefore probably correct, but some extension to it is needed to give
more quantitative agreement. Possible omissions were the inability of Quickfield to
accurately simulate a superparamagnetic material or possibly the two dimensional
character of the model. In order to investigate this, custom software had to be written,

as Quickfield would not allow it.

7.5.3 The Three-Dimensional Model Extension.

In order to investigate the new model and to more accurately represent the system
it was necessary to write a simulation from the ground up, and the C++ programming

language was chosen, using the Borland C++ Builder IDE. The code is shown in
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Appendix 2. Because of its use of Borland's proprietary vel libraries, which are an
abstraction layer to simplify access to the windows API and allow visual development
of the user interface, it will not compile with another complier without modification.
The model is simpler than the Quickfield version, in that the particles are treated as
simple point dipoles, and the tip as an array of dipoles with fixed spacing in the form
of a rounded pyramid. The program was created in consultation with Dr Coen Swiiste

of TU Eindhoven, and performs its calculations in the following way

1 The tip dipoles are initialised to a fixed value m. and orientated vertically
downwards. These values are presumed to be constant during the experiment, and

the program does not attempt to alter them.

2 The particles are initialised at x, y and z coordinates to a state of m-plane
magnetisation in a certain arbitrary direction, i.e. n.=0, m,=0 and m,=m, where ni;
represents the magnetisation in the 7 direction. The particle may also be initialised
into a completely random orientation with x, y and z freedom, but it was
determined that this had no effect on the program output and the in-plane
configuration was chosen for convenience. It was also observed that the particles

obtain an in-plane orientation in the absence of the tip.

3 The H-field that the tip would generate at cach of the x, y and z coordinates

assigned to the particles is calculated from the following equations:

3(”% dx+mdy +m_dz )dx —m_r’ Eq. 7.4
x }'5
3n_dx +m _dy+m dz )dy —m_r*
=( i - K ! Eq. 7.5
3 ,
3(mrd,1' +m dy +m,dz )(lz —m_+’
H, =" i : Eq. 7.6
P
4 The H field components calculated in step 3 are used to generate the sample
magnetisation in accordance with the Langevin function
H kT
M=M, coth(ﬁ— ~|— Fq.7.7
kT MHH
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where g is the particle dipole moment, k is the boltzman constant and 7' the

temperature.

5 The H field that these moments exert on each other is calculated for each
particle by summing the individual vector contributions together. This is added to

the existing field caused by the tip.

6 The sample magnetisation is recalculated with the new H field values. The

magnetic energy of the system is calculated from

E=H M Eq.7.8
7 Steps 5 and 6 are repeated and the energy is compared to that of the previous
calculation. These steps are iterated until the energy variation decreases to a
predefined limit.
8 The force is then calculated from

F o= ”"”;2 Eq.7.9

Hr

where m; and m; are dipole moments. This is performed at two heights and the

force gradient calculated as previously. The calculation stage then exits.

The output of the calculations is drawn to the screen. A screenshot is shown in
figure 7.21. An explanation of the geometry is given in Appendix B. On the vertical
image the start and finish positions of rectangular scan may be defined using mouse
clicks. The program begins at the initial point, and calculates the force gradient by
calculating the force at two heights, determined by the user, and using equation 7.1.
This step is repeated at intervals across the rectangle and the output is directed to a

text file which may be plotted using, for example, Matlab.
The simulation allows the user to vary the following parameters:

(i) ‘The number of particles in the cluster, ranging from a single particle to a 10 by

10 cluster, with independent control of the x and y number of particles.
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(i)  The spacing between particles can also be varied, again with independent

control of x and y spacing.

(iii)  In addition to using a regular array of particles, a user defined map may be
used to generate irregular arrays, which is a more accurate reflection of the image

shown in figure 7.12.

(iv)  The tip magnetisation, the saturation magnetisation and dipole moment of the

particles and the temperature can be varied.

These parameters were varied, is some cases using information obtained from

experimental sources, and the results compared to the MFM measurements.

'ii5i]l}{l{b)i].;!i:gl[:ii{:.l:'. frorm
] e elemer

\ Particles

Figure 7.21: Screen shot of 3D calculation program. Regions a, b and ¢ represent
3D, plan and side views respectively. The tip is omitted from the plan view and
represented as a dot for clarity. Various calculated quantities can be seen in the

status bar.,
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7.5.4 Results

The user defined map approach was used initially, for reasons stated above. An
arrangement of a 2x2 cluster, a single particle and a 1x2 cluster was chosen, as it
should show the contrast between single particles and 1- and 2-d clusters. The lift
height was set to Snm with an oscillation amplitude of +1nm, yielding an equilibrium
position of Snm. The quantity z, the magnetic dipole moment was taken from Park,
et. al.,'® to be 6.15x10"°, where magnetic hysteresis measurements were fitted to the
Langevin function to estimate g for two interacting iron particles. Although the
Maéssbauer study suggested that the particles in this case were iron oxide, not iron, it
is the closest indicator to a possible value. It seems in general that g may be four or
five orders of magnitude greater than the atomic value.'” The tip magnetisation was
set to 400,000A/m. This agrees reasonably with magnetisations used in calculations of
other ferromagnetic materials.”” The temperature was set to 298K for the purposes of
the Langevin function. The tip shape was rounded with a radius approximating 25nm,
which matched the tip specifications. The particle saturation magnetisation was then
varied and force gradient images were obtained. The particle anisotropy, which takes
the form of a constant applied magnetic field of random orientation for each particle,

was set to zero, for reasons that will be explained in the discussion.

Figure 7.22 shows the results of these simulations. The force gradients were of the
order of 10°N/m. As the particle’s saturation magnetisation is varied from 1x10°A/m
to 1x10°A/m the isolated particles response becomes prominent in the images as the
particles in the clusters start to interact more strongly and become more difficult to
align. At weaker values all particles can be aligned with equal ease and the clusters
are therefore more responsive due to their higher particie density. These images are
quantitatively similar to the MFM images, although the resolution is noticeably less.
There is also a ‘noise” in the images, which appears to be caused by a slight instability
in the calculation of the energy minimum as M, for the particle becomes appreciably
greater than M, for the tip. Closer investigation of this effect seemed to show that the
noise was not random, as several repeat calculations revealed that it was really a
selection of recurring values. It may be that as the particle M; increases beyond that of

the tip several low energy orientations become possible and the program has difficulty
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picking the correct one. The underlying trend of the image is still clearly visible

though.
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Figure 7.22: Simulations of the interaction of an MFM tip and a sample of
particles. My for the tip is 4x10° A/m. The images represent particle M; of (a)
Ix10°A/m, (b) 1x10’A/m (c)Ix10°A/m, and (d)1x10’A/m. This shows the
increasing prominence of the single particle, although the instrument resolution
is hampered by ‘noise’. The particle positions are indicated by dots.
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To enhance these features, some images were smoothed by averaging for each
point over all nearest neighbours. The results of this are shown for figure 7.22(c) and
7.22(d), in figures 7.23(a) and (b) respectively. Although smoothing is never really
desirable as there is some information loss, in this case, in conjunction with 7.22 (a)
and (b), the increasing prominence of the single particle with increasing Ms can be

more clearly seen.

A slight edge effect is also visible around the edges of the clusters, consistent with

expectations, although this is again swamped by the noise at higher particle M.

(a)
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Figure 7.23: Processed images from figure 7.22. (a) and (b) are smoothed
versions of 7.22(c) and (d) respectively. (a) shows the interactions over the
cluster and isolated particle becoming comparable while (b) shows the single
particle response. (c) is a differentiated copy of 7.22(b), showing a changing
gradient over the cluster edges, running diagonally, consistent with an ‘edge
effect’ of the type mentioned in the text.
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This can be seen more clearly by differentiating figure 7.22(b). The result is
shown in figure 7.23(c), which demonstrates a gradient change over the cluster edges,
running diagonally top left to bottom right. which would be consistent with the

presence of an ‘edge effect’. This cannot be seen anywhere else on the image.

To determine the effect on instrument resolution, the tip radius was reduced to
10nm, although this is an impractical value for commercial tips at present. There was
more lateral contrast in these images, shown in figure 7.24, This compares more
favourably with the resolution of the MFM image in figure 7.12, and is unexpected
given the tip specifications. This might suggest that the tip struck the surface, causing

the formation of a sharper apex.

70 :
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'307120 nm 100
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Figure 7.24: Images simulating a 10nm diameter tip. Tip M is again 4x10°A/m
with particle M; (a) 1x10” A/m, which corresponds to figure 7.23(a) and (b)
1x10° A/m, a smoother image corresponding to 7.23(b). Images show slightly
enhanced resolution in comparison to those taken with the 25nm radius tip.
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7.5.5 Discussion

Although this model is relatively simple the calculated images bear a close
resemblance to the magnetic force gradient images. The model has some large
limitations, however. It makes some arbitrary assumptions about the particle
properties and those that need to be considered or neglected. There is no consideration
of the internal structure of the particle. Although this is very important in determining
the exact behaviour of a particle and the origin of the unusual properties, the MFM
responds to dipolar forces which are relatively long range and is incapable in its
current form of imaging internal structure. This in itself does not justify the absence
of internal effect considerations, but the single domain superparamagnetic character
and the presence of the polymer shell, which limits inter-particle interactions to
dipolar, probably does. A comparison with the annealed cobalt particles would have
been interesting, as direct particle to particle contact would be possible, which might
have allowed exchange interactions to play a role. Due to the unavailability of tips

with sufficiently small radius however, it wasn’t possible.

The anisotropy field was set to zero in the calculations presented here. In
principle, the Langevin function is only valid under conditions of low anisotropy.
Calculations were initially carried out with fields of 1 to 10A/m. It was found that this
variation had little effect on the generated images, and higher anisotropy seemed to
increase the program instability. Setting the anisotropy to zero also had no effect on
the generated images, but slightly reduced the instability. For that reason, images
generated with zero anisotropy are presented here. It was noted that increasing the
anisotropy tended to reduce the tips ability to align the isolated particle, making the
images in 7.22(d), 7.23(b) and 7.24(b) more difficult to obtain. This would be
expected, as increasing the anisotropy reduces the superparamagnetic behaviour of the
particies. In addition, it would be expected that if the external field is larger than the
anisotropy field, which, if the tip can align a superparamagnetic particle, it should be,
then it may be assumed, at least for particles close to the tip, that the internal
anisotropy has little significance. In reality, of course, the system is dynamic, and
superparamagnetism itself is a time dependant quality and it is possible that the
anisotropy would affect its response. This model is static however, so this

consideration can be neglected.
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The final impression is that the model used is very simple, while the system being
modelled is so complex that consensus on a complete theoretical model, backed up by
first principles calculations, does not yet exist. Despite this the model does give very
good agreement with figure 7.12. This is perhaps the best justification for the
assumptions used, and is possible due to the long range effects of the MFM and the

polymer shell around the particles.

7.6 Summary

This chapter has demonstrated the application of a variety of instruments to Iron
and Cobalt colloidal nanoparticle systems. AFM studies demonstrated that size
distributions of the particles had an influence on the way they stacked together, with a

smaller size distribution resulting in ordered arrangements.

Missbauer spectroscopy of Iron particles indicated that they were composed of
two different iron oxides and that no elemental iron was present, contrary to
expectations. As iron oxide is normally antiferromagnetic, it is interesting that these
particles are magnetic. XPS of cobalt particles suggested that the surface cobalt is
neither pure cobalt nor cobalt oxide. This may be due to an unusual bonding

configuration between the surface cobalt, the oxide coating and the polymer shell.

Magnetisation measurements performed using a SQUID magnetometer
demonstrated that the Cobalt particles were superparamagnetic at room temperature
and that the blocking temperature occurs somewhere between 150K and 200K.
Optical magnetic measurements were unsuccessful, possibly because there wasn’t
enough material present to generate a measurable signal. The optical measurements
did not seem to be sensitive enough to discriminate signal from background noise, but
this will probably improve in the future. Dual AFM/MFM studies demonstrated an
unusual effect in particle films, with a stronger response over isolated particles rather
that clusters. It was speculated that this may be due to a pinning of the cluster
particles’ magnetic moments in the plane of the clusters. Simulations carried out using
a dipolar model seemed to confirm this, as long as the particles saturation
magnetisation, M, was sufficiently large, approximately 1 x 10°A/m. This is

somewhat large compared to typical values, but not unreasonable.
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Chapfter 8

Conclusions

8.1 General Review

Low dimensional structures are playing an increasing role in materials science
research and the electronics industry, as they can display novel optical, magnetic, and

electrical properties.

This work has concentrated on the optical and magnetic properties of quantum
wires and dots. The principle aim was to conduct this examination using a variety of

optical techniques, backed up by other complimentary techniques.

The controlled deposition of indium onto Si(111) and Si(100) surfaces produces
apparent wire type structures, which are only a few atoms wide, making them ideal
quantum wire candidate systems. Uncertainty about the physical structure of the wires
prompted an STM investigation, and the one-dimensional character was probed using

RAS.

Tron and cobalt nanoparticles were also studied with a variety of techniques.
Principally, the aim was to investigate if optical magnetometry techniques could be
used to study the magnetic layers of superparamagnetic articles. These were backed
up by other, non-optical measurements such as MFM and SQUID. The MFM

measurements were suppotted by dipolar model calculations.

8.2 Indium on Silicon

Indium on silicon was studied using RAS and STM. The RAS was constructed
locally, with a design following that of Lou, et. al.,' and optimised for compactness.
Most components were off the shelf, such as mirrors and the PEM. The
monochromator was also selected as one of the most compact available. Both
photomultiplier tube and photodiode techniques were investigated as detectors, the

pm tube being selected due to electronic problems with the photodiode amplifier. The
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instrument was used to investigate electron confinement in the wires. The physical

structure was investigated using STM.

The study of the Si(111)-4x1-In surface helped to shed light on some unanswered
questions about the reconstruction, Seemingly contradictory experimental data had led
to the emergence of two conflicting models for the surface atomic configuration. The
STM demonstrated a considerable structural resemblance to a calculated charge
density image’ for Bunk’s hypothesised model of the surface, adding weight to its
validity as the correct model. Aside from Bunk's own SXRD work®, this is the first
direct observation of this structure to date. The RAS study gave a strong indication of
clectron confinement along the apparent In chains, showing strong anisotropy at
1.9eV. Photoemission and inverse photoemission studies from Abukawa, et. al.,’ and

Hill, et. a].,5 indicate states that may be involved in this transition.

RAS and STM were also applied to the Si(100}-4x3-In system. The STM images
again seemed to show chains and provided support for Bunk’s proposed model of the
system.6 The system had a weaker RAS response than Si(111)-4x1-In, with a

magnitude of ~3 x 107 at approximately 2.1eV.

In general, Si(111)-4x1-In has proved to be a very interesting and much studied
system. Recently, G. Le Lay,’ et. al., performed low temperature photoemission,
which seemed to suggest a Fermi to Luttinger liquid transformation. Had time and
resources permitted, it would have been interesting to apply the RAS to the low
temperature system to investigate what effects the apparent transition to a truly one
dimensional system would have on the optical response, and at what temperature this

OCCUrs.

8.3 Magnetic Nanoparticles

Cobalt nanoparticles with well controlled regularity and size distributions were
obtained on HOPG substrates from IBM, and iron particles of various sizes and size
distributions were obtained from the University of Utrecht in a decaline solution.
SQUID measurements demonstrated the transition from ferromagnetic (o

superparamagnetic behaviour, but in the time permitting, they were only applied to a
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single sample of cobalt particles. The optical magnetometry techniques unfortunately
did not prove as successful at measuring the magnetic nanoparticles as was hoped.
While the techniques are still both useful and powerful they were not suited to these
systems in their present forms. Perhaps stronger magnetic fields or more sensitive
signal detection and isolation will in the future allow better application to

superparamagnetic systems.

The AFM/MFM combinations revealed an unusual effect on a nanoparticle
sample. There was a stronger response from isolated particles, and for regions where
the AFM image shows particle clusters the response was much smaller, with only a
slight response around the edges of the clusters. It was hypothesised that particle
interactions within the clusters might be pinning the cluster magnetic moments in-
plane, allowing the tip to align the isolated particles only. This was investigated using
a dipolar model. The model was investigated with limited success using two-
dimensional finite element analysis. A fully three-dimensional model was

implemented in C++, which proved more successful in validating the proposed model.

8.4 The Future

There has been a lot of work on low dimensional systems in recent years, but there
is still a lot that is not understood, and technological advances provide an impetus for

this research to continue.

Quantum wire materials will be needed if molecular electronic devices are to be
realised. Real one-dimensional metals are difficult to find, and the evidence of
quantum confinement found here, in addition to the work by Le Lay and colleagues,
suggest that the Si(111)-4x1-In systems are excellent candidates for further research
into the behaviour of one-dimensional metals. Although it is unlikely that they could
be used for practical applications, they are nevertheless valuable as test systems,
increasing the knowledge and understanding of such systems that will be required

when nanotechnology reaches maturity.

Quasi zero-dimensional particles are more abundant and easier to produce,
although they can be more difficult to deal with theoretically due to their size. The
MFM study showed that particle interactions could be crucial in determining the

behaviour of a particle array. Measurements conducted on samples with different
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particle sizes, varied spacing and particle density would help to characterise this

behaviour,

There 1s, therefore, much work, both experimental and theoretical, remaining to be
done on nanoparticle systems. Experiments such as those detailed in this work
demonstrate the behaviour and propertics, but successful integration into
nanoelectronic or spintronic devices will require further investigation and
understanding of nanoparticle properties, and how to contro! these properties by
varying particle size and composition, which is not a trivial procedure. They will
then need to be integrated with nanowire materials to form a functioning device.
Improving production techniques for producing different particle shapes, particles
composed of alloys and those with dissimilar metal coatings, and wires, will ensure

continued interest in this field.
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Appendix A

Components Suppliers and Parts

Lock-in Amplifier
EG&G 5210

EG&G Ltd.

Sorbus House
Mulberry Business Park
Wokingham

Berks.

RG41 2GY

United Kingdom

Low Strain Bakeable Viewport
PVP-275

EPI Europe

147 Chorley New Road
Horwich

Bolton

BL6 5QE

Greater Manchester
UK

Monochromator
Digikrom CM110

Elliot Scientific Ltd.

Gladstone Place

36-38 Upper Marlborough Road
St. Albans

Herts

AL1 3US

UK

Photodetectors
R955 photomultipler tube and S1227-66BQ photodiodes

Hamamatsu Photonics
Lough Point

2 Gladbeck Way
Windmill Hill

Enfield

Middlesex

EN2 7JA

UK
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Mirrors
25.4 mm diameter, focal lengths 150, 200, 250 and 500 mm

Coherent Ealing Europe Ltd.
Greyciane Road

Watford

WD2 4PW

UK

Lamp
L.2194-02 with C4262-01 power supply, E2419 Housing and C4251 High Voltage

Starter

Hamamatsu Photonics
Lough Point

2 Gladbeck Way
Windmill Hill

Enfield

Middlesex

EN2 7JA

UK

Polarisers
Model PBS10M Glan Taylor polarisers

Halbo Optics

83 Haltwhistle Road
South Woodham Ferrers
Chelmsford

CM3 5ZA

UK

PhotoElastic Modulator
Hinds PEM 90 with FS 50 optical head.

The Roditi International Corp. Ltd.
Carrington House,

130 Regent Strect

London W1R 6BR

UNITED KINGDOM

Quickfield

Tera Analysis Ltd
Knasterhovve) 21,

DK-5700 Svendborg, Denmark
Phone: +45 6354 0080

Fax: +45 6254 2331
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Appendix B
C++ Code for MFM Simulations.

Code to simulate the MFM tip-sample interaction was written using Borland C++
Builder 4.0 Professional Edition, This appendix shows only the code relevant to the
simulation, as the full code for graphics, Ul etc. is quite large and not necessary to
understand the program. The GUI was created using the Rapid Application
Development environment provided in C++ Builder and the code is dependent on its
vel libraries. The source code will therefore not compile with other C++ compilers.

The diagram in figure 9.1 gives an indication of the quantities used in the
program. In practise, each tip element block is represented by a point in the program,
separated from adjacent points by the dimensions ddx, ddy and ddx. These separations
are varied to simulate a rounded tip, changing when the number of points along a side
of the tip is equal to the quantity waist. The height between the bottom of the tip and
plane through the centre of the particles is represented by /, while w and o represent

the x and y separation between particles.

layer: number of

dipole layers Dipole centres

ndip: total \\?
number of dipole

elements in tip

d: particle y
separation

dparticle x-separation

waist: number of dipole elements
where tip rounding begins

Figure 9.1: An indication of the geometry used in the program and the variables
used to control certain key features.
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}

_fasteall TForm1::TForm1(TComponent* Owner)

: TForm(Owner)
layer=14; h=15; w=0; ddx=8;ddy=8;ddz=4
L=50; a=30;b=30; d=0;

if((fp=fopen("contic.mim","r"))!=NULL)
{
fread(strl, sizeof strl, 1, fp);
filecounter=atoi(strl);

fclose(fp);

}

else

{filecounter=0;}

/Mitial Conditions

FormI->tipmag=1EG;
Form1->maxmag=1EG;
Form1->mu=6.15E-19;
Form1->mur=(1/(4*M_PI));
Form1->T=298;
Form|1->flatness=0;
Form1->Waist=4;
Form1-=amplitude=2;
Form1->Hani=20;
for(int 1=0;i<6;i++)
{ for(int j=0;j<10;j++)
{ Form1->usermap[i][j]=map[i][j];
}
f
if(cont==0){for (j=0;j<nsyl;j++){
for (1=0;i<nsx1;i++)

{
Particle[i][j]=new TParticle ;

}

}

for (i=0;i<nn;i++)

{
Tipelement[i]= new TTip;
}

cont++;}

cltop=RGB(0,0,0);
cltip=RGB(233,252,3);
clspinup=RGB(0,255,0);
clspindown=RGB(255,0,0);
anisotropy();

drawscene();

void _ fastcall TForm1::drawscene ()
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{ cleardevice(),
nitSpins();
Init_Tip();

Fill Hdip Tip();
Set Random();
E=1.0E12; teller=0;

do

{
EO=E; teller++;
Calc M(0);
E=Calc_E();
sprintf(str," ltcration "ud", teller);
StatusBar1->Panels->Items[0]->Text=str;
sprintf(str,"-nerey “oe”, E);

StatusBarl->Panels->Items[ | ]->Text=str;
Ediffabs=(E0-E);
if(Ediffabs<(0.0) Ediffabs=-Ediffabs;
if (E<0.0) Eabs=-E;
} while (((Ediffabs>Form1->criteria*Eabs) && (teller<1000)));
Force();
DrawSpins(nsx,nsy);
drawtip();
drawvertical(w-ddx/2, d-ddy/2, 0.0, w-ddx/2, d-dy/2, 0.0, vertoffsetx,
vertoffsety, 1),

}

void _ fasteall TForm1::cleardevice()

{ Imagel->Canvas->Brush->Color=RGB(150,150,150);
Imagel->Canvas->Pen->Color=RGB(191,191,191);
Imagel->Canvas->Rectangle(0,0,

GetSystemMetrics(SM_CXFULLSCREEN),
GetSystemMetrics(SM_CYFULLSCREEN)
)i
Imagel->Canvas->Pen->Color=RGB(0,0,0);
}

void _ fasteall TForm1::InitSpins()
{
for (j=0;j<ax;j++)
{ for (i=0;i<ay;i++)
{if(map[j][i]==1)
{Particle[j][i]->x=((-0.5*(10)+i)*a);
Particle(j][i]->y=((-0.5%(4)+))*b);}

}

void _ fasteall TForm1::Init Tip()
{ intijkhl,c=0;
float x,y,z,n;
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ndip=-1;
z=h;
n=Form1->Waist;
for (i=Form1->flatness;i<=layer;i++)
{ if (i<n)c=i; else c=n;
hl=i+c;
for (j=0;j<=h1;j++)
{ for (k=0;k<=hl;k++)
{
x=((-0.5*%(h1-1)+j-1)*ddx)+w;
y=((-0.5*(h1-1)+k-1)*ddy)+d;
ndip++;
Tipelement[ndip]->x=x;
Tipelement[ndip]->y=y;
Tipelement[ndip]->z=z;
Tipelement[ndip]->mz=Form | ->tipmag;
if((k==0)&&(j==0))&&(i==layer))tipdim=ndip;

}
}
z+=ddz,
}
}
h
void  fasteall TForm1::Fill_ Hdip Tip()
{
int 1,),k;
float hx,hy,hz,Hx,Hy,Hz,x,y;
{ for (k=0;k<ay;k++)
{
for (i=0;i<ax;i++)
{ x=Particle[i][k]->x;

y=Particle[i][k]->y;

Hx=0.0; Hy=0.0, Hz=0.0;

for (j=1;j<=ndip;j++)

{

H cale(x,y,0.0,
Tipelement[j]->x, Tipelement[j]->y, Tipelement[j]->z,
0.0,0.0,Tipelement[j]->mz,hx,hy,hz);

Hx+=hx; Hy+=hy; Hz+=hz;

}
Particle[i][k]->hsx=Hx+Particle[i][k]->xani;
Particle[i][k]->hsy=Hy+Particle[i][k]->yani;
Particle[i][k]->hsz=Hz+Particle[i][k]->zani;
}

h
}
}

void _ fastcall TForm1::Set Randomy()
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{

int i,j;

float fi,fk;

for (i=0;i<ax;i++)

{ for j=0;<ay;++)
{fi=2.0*M_PI*random(1000)/1000.0;
fk=2.0*M_PI*random(1000)/1000.0;
Particle[i][j]->msx=cos(fi)*cos(tk)*Form1->maxmag;
Particle[i][j]->msy=sin(fi)*cos(fk)*Form1->maxmag;
Particle[1][j]->msz=sin(fk)*Form1->maxmag;
Particle[i][j]->ms=Form1->maxmag;

}
}
}
void _ fasteall TForm1::DrawSpins(int nsx, int nsy)
{
for (int j=0; j<ax;j++)
{for (int i1=0; i<ay; i++)
{if(map(j](i]=1)
{DrawArrow(Particle[j][i]->x,Particle[j][i]->y,
Particle[j][i]->msx, Particle[j][i]->msy,-Particle[j][i]->msz,
Particle[j][i]->ms);
}
}
i
}
void  fasteall TForm1::DrawArrow(int x, int y, float ex, float ey, float ez, float ])
{

float x1,yl,x4,y4,z1,z4,t1,12;

float e,cf,sf,sfz,cfed,sfsd,sfcd,cfsd,;
e=sqrt(ex*ex+ey*eytez*ez);

cf=ex/e;

sf=eyl/e,

sfz=ez/e;

I=(I/Form1->maxmag)*20;

if (1>20)1=20;

t1=(1*cf/2.0);

t2=(1*sf/2.0);

cfed=cf*cd; sfsd=sf*sd; sfcd=sf*cd; cfsd=cf*sd;
x1=x+tl; yl=y+t2; z1=(1*sf2/2.0);

x4=(x-t1),

y4=(y-t2);

z4=(-(1*sfz/2.0));

1=0.25%];

Imagel->Canvas->Pen->Width=3;
Imagel->Canvas->Pen->Color=RGB(0,0,0);
drawobject(x,y,0,x,y,0,mainoffsetx,mainoffsety,0);
drawvertical(x,y,0,x,y,0,vertoffsetx,vertoffsety,0 );
drawhorizontal(x,y,0,x,y,0,horizoffsetx,horizoffsety,0 );
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if (z4>=z1){Imagel->Canvas->Pen->Color=clspinup;
Imagel->Canvas->Pen->Width=1; }

else {Imagel->Canvas->Pen->Color=clspindown;

Imagel->Canvas->Pen>Width=1;}

drawobject(x1,y1,z1,x4,y4,z4, mainoffsetx,mainoffsety,1);

drawvertical(x1,y1,z1,x4,y4,z4,vertoffsetx,vertoffsety,1);

drawhorizontal(x1,y1,z1,x4,y4,z4 horizoffsetx,horizoffsety,1);

}

void TForm1::anisotropy()
{int 1,);
float fi, fk;
for (i=0;i<ax;i++)
{
for (j=0;j<ay;j++)
if(map[i][j]==1)
{fi=2.0*M PI*random(1000)/1000.0;
fk=2.0*M_PI*random(1000)/1000.0;
Particle[i][j]->xani= cos(fi)*cos(fk)*Form1->Hani;
Particle[i][j]->yani= cos(fi)*cos(fk)* Form1->Hani;
Particle[i][j]->zani= cos(fi)*cos(fk)* Forml->Hani;

}
}
}
void _ fastcall TForm1::Calc_M(int ¢)
{

int h,i,j,k;
float x,y,hx,hy,hz,mx; //,my,mz
float Hx,Hy,Hz,Hxx,Hyy,Hzz,H,
H=Hx=Hy=Hz=0;
for (k=0;k<ay;k++)

{for (i=0;i<ax;i++)

{if (map[i][k]==1)
{Hx=Particle[i][k]->hsx;//hdipx[i][k];
Hy=Particle[i][k]->hsy;//hdipy[i][k];
Hz=Particle[i][k]->hsz;//hdipz[i][k];
x=Particle[i][k]->x; y=Particle[i][k]->y;
for (j=0;j<ay;j++)

{for (h=0;h<ax;h++) if ((h!=1)||(j'=k))
{
if(map[h][j]==1)

{

H cale(Particle[i][k]->x,Particle[i][k]->y,0.0,
Particle[h][j]->x,Particle[h][j]->Y,0.0,
Particle[h][j]->msX,
Particle[h][j]->msy,
Particle[h][j]->msz,
hx,hy,hz);

Hx+=hx; Hy+=hy; Hz+=hz;
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}

}

Particle[i][k]->hsx=Hx;

Particle[i][k]->hsy=Hy;

Particle[i](k]->hsz=Hz;

if (e==0)
{Hxx= Hx+Particle[i][k]->xani;
Hyy= Hy+Particle[i][k]->yani;
Hzz= Hz+Particle[i][k]->zani;
H=sqrt(Hxx*Hxx+Hyy*Hyy+Hzz*Hzz),
Particle[i][k]->hs=H;
yx=(Form1->mu*(H))/(kboltz*Form1->T);
Particle[i][k]->msx=Form1->maxmag*Langevin(yx)
*(Hxx/(sqrt(H*H-Hzz*Hzz))),
Particle[i][k]->msy=FormI->maxmag*Langevin(yx)
*(Hyy/(sqrt(H*H-Hzz*Hzz)));
Particle[1][k]->msz=Form1->maxmag*Langevin(yx)
*(Hzz/H);
Particle[i][k]->ms=sqrt(Particle[i][k]->msx*Particle[i][k]->msx+

Particle[i][k]->msy*Particle[i][k]->msy+
Particle[i][k]->msz*Particle[i][k]->msz);

}
}
}
}

}
float _ fastcall TForm1::Calc_E()
{
inti,j;
double E=0.0;
Calc_M(1);

for (j=0;j<=ay;j++)
{for (i=0;i<=ax;i++)
{if(map[i][j]==1)
{E-=(Particle[i1][j]->msx*Particle[1][j]->hsx+
Particle[i][j]->msy*Particle[i][j]-=hsy+
Particle[i][j]->msz+Particle[i][j]->hsz)/1€70;}

}
}
return E;

}

void _ fastcall TForm1::H calc(float x, float y, float z, float x0, float y0, float z0,
float mx, float my, float mz, float &Hx, float &Hy, float &Hz)
{float dx,dz,dy,12,r5,t;
dx=(x-x0)*1E-9; dy=(y-y0)*1E-9; dz=(z-z0)*1E-9;
r2=dx*dx+dy*dy+dz*dz; r5=r2*12*sqrt(r2);
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t=3.0*(mx*dx+my*dy+mz*dz);
Hx=((t*dx-mx*12)/t5);
Hy=((t*dy-my*r2)/r5);
Hz=((t*dz-mz*1r2)/r5);

H

float _ fastcall TForm1::Langevin(float y)
{ float p,e2y;
double y2=y*y;
if (y<0.5) {p=y*(0.3333333333+y2%(-0.02222222222+y2*(0.002116402116
+y2*(-0.0002116402116+y2*0.00002137779916)))); }
else
if (y<20.0) {e2y=exp(-2.0*y); p=(1.0+e2y)/(1.0-e2y)-1.0/y;}
else
{p=1.0-1.0/y;}
return p;
}
double  fastcall TForm1::Force()
{ double sqr2,mm,ml,v,vt,r3,12,rl,r, =0, F=0;
13= (5e-9)*(5e-9)*(5e-9);
v=(4/3)*M_PI*13;
vi=ddx*ddy*ddz*1e-27;
inti,j,k;
for(k=0;k<=ndip;k++)
{  for (i=0;i<ax;i++)
{ for (=0;j<ay;j++)
if(map[i][j]==1)
{r2=((((Particle[i][j]->x)-(Tipelement[k]->x))* | E-9)
*(((Particle[i1][j]-=x)-(Tipelement[k]->x))* 1 E-9)
+ (((Particle[i][j]->y)-(Tipelement[k]->y))* 1 E-9)
*(((Particle[i][j]->y)-(Tipelement[k]->y))* | E-9)
+(((Particle[i][j]->z)-(Tipelement[k]->z))*1E-9)
*(((Particle[i][j]->2z)-(Tipelement[k]->z))* 1 E-9));
mm=((Particle[i][j]->msx*v)*(Tipelement[k]->mx*vt)
+ (Particle[i][j]->msy*v)*(Tipelement[k]->my*vt)
+ (Particle[i][j]->msz*v)*(tipmag*vt));
if ((Form1->mur*r2)!=0)f=mm/((1e-7)*r2),
r1= (((Particle[i][j]->z)-(Tipelement[k]->z))* 1 E-9);
sqr2=sqrt( r2);
if (sqr2!=0){r=rl/ sqr2;
F+=(f*r);}
}

}

}
sprintf(str,"l-orce "ul", F);
StatusBar1->Panels->Items[2]->Text=str;
return F;
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Appendix C

Simple Matlab Scripts for Data Smoothing and

Differentiation

Image differentiation.

This script differentiates an force gradient surface of the type produced by the
MFM simulation program. It does this by obtaining x and y vectors, tangential to the
surface at an point p, and finding the slope of the resultant. 55 x 25 is the standard
data matrix size produced by the program.

z3=zeros (55, 25) ;
R=0;
for n=2:54
for m=2:24
R = (z2(n+1,m)-z2(n-1,m)+z2(n,m+1)-2z2 (n, m-
1))/2.8284;
z3(n,m) = R;
end
end
surf (z3, 'facecolor', 'interp', 'edgecolor', 'none')

Image Smoothing.

This smoothes an image by averaging over the height of each nearest neighbours.

z2=zeros (55, 25) ;
t=0;
av=0;
for n=2:54
for m=2:24
£t=0;
for i=n-1:n+1
for k=m-1:m+1
t=t+21(1,k);
end
end
av=t/9;
z2 (n,m) =av;
end
end
Bl=%2;
surf (z2, 'facecolor', 'interp', 'edgecolor', 'none')
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Appendix D: LabVIEW Program for RAS Instrument

Control

This appendix demonstrates the LabVIEW software written to control the RAS
spectrometer. The program shown here sels parameters for the lock-in amplifier,
monochromator and PEM controller, reads AC and DC signals from the lock-in and

represents the AC, DC and RAS on screen.

The main program is contained inside a sequence loop, which ensures correct
sequential execution. All variables and datatypes outside the loop are program settings

or data access terminals.

'Set energy range' determines the initial and final energies that are scanned, and
step is the magnitude of each incremental step between them. 'Monochromator', 'PEM'
and 'Lockin’ are integers representing the serial ports that the devices are attached to.
'AC infout’, 'DC infout' and 'RAS infout' return the respective numerical values of
these quantities as the instrument is scanning. They are useful for diagnosing

problems and are otherwise not used

Frame 0/7

This frame generates an array of values, beginning at the initial photon encrgy the
monochromator is set to, and incrementing in values of the selected step size until it
reaches the final value. This will alter be converted into Angstroms and used to

control the monochromator.

142



it for RS Inseviment Conrrol

Ippemdic 1D Lab) T proera

-

PoooOMO00O00000

o
— —pd
;J— D )
b i
mﬁf [é I
ﬂ r—— - —_ -
e

Or1es b

DOD0000 oo 0007l

Frame 1/7

The 'Real/Imaginary' global variable is used to switch the lock-in amplifier into /

or 2f mode (see Chapter 4), thereby selecting between the real and imaginary parts of

the RAS response.

..o
.
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Frame 2/7

This frame sets the monochromator to the starting energy, and waits for a certain

delay time, in this case 1.5 seconds, before moving to the next frame. This gives the

instrument sufficient settling time at the new energy.
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Frame 3/7.

This sets retardation of the PEM. Depending on the vaule of the 'Real/Imaginary’
global, this will be set to 0.486 or 0.584, for real or imaginary operation respectively.

The empty frames of the case structure are also shown. It is used in this case to ensure

correct execution order, in a similar way to a sequence loop.
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[Set energy 1ange copsf
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Frame 4/7

This frame determines of a window correction is required, from the value of the
'Corrected/Uncorrected’ global variable. If a correction is required, a previously saved
correction file, whose path is determined by the 'File locations' variable, is loaded. If

not, an identically sized array with each element set to zero is used, as the program

always expects to perform a correction.
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Frame 5/7

This frame presents the user with a dialog box, confirming that the scan can begin.

This gives time for any last minute experimental adjustments
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Frame 6/7

This frame contains the main data gathering section of the program. It is contained

in a sequence structure within a while loop, which executes as long as the current

photon energy is less that the final energy value.

The frames of this sequence structure will be shown individually and explained.
Frame 0/5 sets the PM tube voltage, and therefore its gain, to a value determined by

the 'Photomultiplier Voltage' variable.

Frame 6/7, SubFrame 1/5

This sets the PEM's wavelength of peak retardation. On the first loop increment,

this has already been set and this frame will have no effect.
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Frame 6/7, SubFrame 2/5

This sets the monochromator photon energy. As with frame 2/5, on the first

iteration this has no effect.
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Frame 6/7, SubFrame 3/5

This sends the 'mag' command to the lock-in amplifier, which reads the magnitude

of the AC signal and sends it to a sequence local for later use.

Frame 6/7, SubFrame 4/5

This sends the 'acd1' command to the lock-in, which reads the DC voltage at the

first analogue to digital converter (ADC). This is again sent to a sequence local.
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Frame 6/7, SubFrame 5/5

This frame takes the 'AC' and 'DC' values from the sequence locals, subtracts the
correction, which will again be zero if no correction is required, and divides the 'AC'
by the 'DC' to obtain the 'RAS value. The 'AC', 'DC' and 'RAS' values are graphed on
screen against photon energy in the graphical outputs 'AC signal', 'DC signal' and

'RAS signal' respectively.
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Frame 7/7

This frame asks the user to save the collected data as an ASCII file.
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Monochromator Sub VI

The 'monochromator' sub VI is a driver that controls communication between the
computer and the monochromator. It is encased within a case structure. The ‘False’
case contains a more general routing for communicating with the monochromator
which is not shown. It cannot be accessed during the programs normal use and is

intended for diagnosing problems only.

Frame 1
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Frame 4
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New Comm

This sub vi controls communication with the lock-in amplifier. Some portions of

the code are taken from EG&G's original driver, with modifications.

[port numbe]
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New Write

New write sends strings to the serial port. Any bits remaining at the port are read
first, then the string is written. The case labelled “True” is not shown, as it contains
only a direct connection for the error structures. This is required to ensure that the

program doesn’t crash if there is the problem with the port.
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tppendiv Dz LabVIEW program for RS Tiaserwment € ournrol

Frame 2

_ e
i
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New Read

New Read reads back a string from the serial port. Again the “True™ case is

omitted.
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