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Abstract

The structural and magnetic properties of ultrathin Fe/Ni(111)/W(110) films are
investigated using LEED, two Auger electron spectroscopy techniques and magneto-optic
Kerr magnetometry. A 2 ML Ni(111) buffer layer is used to grow fcc Fe(111) filmsto a
thickness of 3 monolayers. The Ni substrate allows good wetting and lattice matching of
the Fe without significant interfacial diffusion. Above 3 ML a continuous structural
transition from fcc to bee is observed.

An electron energy analyser for use with a spin polarised low energy electron
diffraction (SPLEED) electron spin analyser was designed and built. The energy analyser
is used to study the growth mode and structure of ultrathin Fe/Ni(111)YW(110) films using
angle resolved auger emission spectroscopy (ARAES). A method is developed to fit
computer simulations to the ARAES data to determine the growth mode of ultrathin films.

Preliminary magnetic measurements of the fcc phase below 4 ML indicate

that the Fe films are ferromagnetic with a8 magnetic moment perpendicular to the surface
at coverages of 0.25 to 2.0 ML. At 2.5 ML a spin reorientation transition appears to occur
and both perpendicular and in plane magnetic moments are observed. At 3.0 ML the
magnetic moment is in the plane of the film.
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Chapter 1

Introduction

Section 1.1
Intreduction to Ultrathin Magnetic Films and Structures

The growth of ultrathin magnetic films and structures provides an unique scientific
and technological opportunity to study and engineer materials with novel and diverse
magnetic properties. By carefully controlling ultrathin film growth, magnetic
characteristics such as the direction of the magnetisation and the nature of the magnetic
coupling may be modified. This is of great scientific and technological interest because
materials may be engineered to exhibit desired magnetic properties such as perpendicular
magnetisation and giant magnetoresistance.'

From a scientific perspective, ultrathin films provide the opportunity to carefully
control individual parameters in a magnetic system. This is possible because magnetic
interactions occur over both macroscopic and microscopic length scales. Ultrathin films
are in a regime where both macroscopic and microscopic interactions may be controlled.
The classic example of this is the phenomenon of perpendicular anisotropy, or the
tendency of magnetic moments to align perpendicular to the surface of a magnetic
material. The macroscopic demagnetising interaction favours alignment in the plane of the
surface. On a microscopic scale, magnetocrystalline anisotropies at the surface often
favour perpendicular alignment. For bulk materials the demagnetising interaction
dominates and the moments align in plane. However, in an ultrathin film the relative
importance of these terms changes and for very thin films the magnetic moments often
align perpendicular to the plane.

Materials with perpendicular magnetisation are important from a technological
point of view because they have a strong magneto-optic response and play an important




role in magneto-optic information storage technology. To increase the magneto-optic
response of these materials, layered structures are made by growing magnetic films which
alternate between magnetic and non-magnetic layers. If the layer spacing is carefully
chosen each magnetic layer will have a perpendicular magnetisation and contribute to the
magneto-optic response.

Another phenomenon of ultrathin film magnetism which is of considerable
scientific and technological interest is giant magnetoresistance or GMR. Materials which
display GMR are also layered structures, with alternating layers of magnetic and non-
magnetic (or antiferromagnetic) material. In these structures the magnetic layers are
coupled antiferromagnetically across the interleaving material. The nature of this coupling
can be precisely engineered by controlling the thickness of the non-magnetic (or anti-
ferromagnetic) material. An important consequence of the alternating magnetisation is that
the spin polarised conduction electrons from one magnetic layer are scattered by a spin
dependant energy barrier at the interface of the next magnetic layer. This results in a large
resistance. If the antiferromagnetic coupling is destroyed by applying a magnetic field
which aligns the layers, the energy barrier is removed and the resistance drops to that of a
typical metal. GMR materials are of considerable technological interest, particularly as
magnetic sensors for information storage and other applications.

Another very exciting field of ultrathin film magnetism is the engineering of
magnetic materials with crystal structures different than that found in the bulk. For
example Fe, which assumes the body centred cubic (bcc) structure at room temperature,
can be grown as very thin films with the face centred cubic (fcc) structure. The fcc Fe has
very different magnetic properties than bce Fe, providing remarkable insight into the
strong relationship between magnetism and structure.

A common theme in all the examples given above is that the magnetic properties of
a system can be studied and controlled by modifying the structure. Therefore, any serious
investigation of ultrathin film magnetism must begin with a comprehensive structural



study. In the early years of ultrathin film magnetism research, the emphasis was on finding
novel magnetic systems often at the expense of careful structural characterisation.
However as the field has matured greater emphasis has been placed on the importance of
structure in ultrathin magnetism.

Section 1.2

Ultrathin Fe/Ni(111)/W(110) Films

This thesis is concerned with the study of ultrathin Fe films grown on a
Ni(111)/W(110) substrate. This system is of particular interest because the Fe initially
grows with a fcc structure which is not the normal crystal structure for Fe. As the
thickness of the Fe film increases, the structure is expected to revert to bee. The effect of
this structural transition on the magnetic properties of the film is of interest. Also, the
magnetocrystalline anisotropy of the Fe(111) surface favours a perpendicular
magnetisation whereas the Ni(111) surface anisotropy favours an in plane magnetisation.
Therefore Fe(111)/Ni(111) system should be a good candidate for a spin reorientation
transition. This will be discussed in greater detail in the following sections of this chapter.

Others have studied fcc Fe(111) films grown on Cu(111) substrates.>* Although
the system has interesting magnetic properties, the structure of the films is complicated by
poor growth conditions on Cu(111). In this study a 2 ML (monolayer) Ni ‘buffer’ film
grown on a W(110) surface is used as a substrate. Although the W(110) surface is bec, the
Ni film assumes a fcc structure after the completion of one atomic layer. The Ni(111)
substrate was chosen because Ni offers much better growth conditions than Cu. This is
discussed in detail in chapters 3 and 4.
Section 1.3
Introduction to Ultrathin Film Magnetism

The most fundamental definition of a magnetic material is a substance which

contains magnetic moments which tend to align. For example, in a bar magnet, most of the
magnetic moments align along the north-south axis, adding to give a net magnetisation. A



bar magnet is an example of a ferromagnet, so named because iron is the prototypical
ferromagnet. In an antiferromagnet, the moments align in alternating directions, first
north, then south, then north, then south and so on. In an antiferromagnet the moments
cancel exch other out and there is zero net magnetisation.

These magnetic moments arise from the electrons in the material. Electrons are
charged particles, and whenever a charged particle travels in an orbit (or more precisely
has orbital angular momentum), a magnetic field is generated. To complicate matters, the
electron also has an intrinsic angular momentum (the electron spin) which generates a
magnetic field.

In insulators all of the electrons are locked into atomic orbitals and in these
materials the nature of the magnetism is atomic. The net angular momentum of the atom is
defined by how the electrons fill the orbitals in the ground state. In the atomic model, the
exchange interaction encourages electrons in partially filled orbitals to align their spin in
the same direction because this minimises the overlap of the electron wave functions and
thus the electrostatic energy of the system. Addition of the spin and orbital contributions
gives the magnetic moment of the atom.

Metallic Magnetism

In transition metal ferromagnets such as Fe, Co and Ni the picture is more
complicated and the nature of the magnetism is not as well understood. In these materials
it is the conduction (or itinerant) electrons which are responsible for the magnetism.* The
conduction electrons are free to travel throughout the metal and are responsible for the

conduction of electricity.

Instead of filling atomic orbitals, the conduction electrons (or free electrons) fill
energy bands. Energy bands are regions in energy and momentum space and are somewhat
analogous to atomic orbitals which are regions in energy and angular momentum space.
The energy bands consist of closely spaced quantum states which allow for near

continuous change in the energy and momentum of the electrons.



In the free electron model, setting all the electron spins in one direction resultsin a
significant increase in the kinetic energy. Each momentum state may contain two electroas
of opposite spin. If the spin of one electron is flipped it must occupy another state (a result
of the exclusion principle) and the only available states have a greater kinetic energy. Only
if the energy gained through the exchange interaction is greater than the energy lost to
kinetic energy will the system be ferromagnetic. This does not occur at metallic electron
densities and in almost all metals the electrons spins cancel to give a zero net
magnetisation.

The band structure in metallic magnets like Fe is complicated by atomic-like
energy bands and it is these bands that are responsible for the magnetism. The magnetic
electrons are in the d bands, so named because they are described as linear combinations
of d atomic orbitals. The d band electrons ‘hop’ from atom to atom, being itinerant and
atomic at the same time. An important atomic-like property of the d bands is that they are
narrow and the energy states are very closely spaced (this is a result of the breaking of
translational symmetry, the extreme limit being an ensemble of identical atomic states).

The close spacing in energy states means that the exchange energy can be reduced
by aligning spins without a significant increase in kinetic energy. The result is a magnetic
polarisation of the d band electrons. This polarisation is normally described as a splitting
of the d band into a majority band (parallel to the polarisation) and minority bands
(antiparallel to the polarisation). It is this band splitting which is responsible for the giant
magnetoresistance phenomenon discussed in section 1.1.

In transition metal antiferromagnets the exchange interaction favours an
antiparallel alignment of spins. An antiferromagnetic exchange coupling arises from the
oscillatory nature of the electron wave function in space. This is accomplished over several

atoms in a spin wave as in Cr.



What determines ferromagnetic or antiferromagnetic behaviour is the precise
nature of the d bands. Therefore the magnetism is highly dependent upon the atomic
species and the position of the atoms in the lattice.

Electron probes are the ideal tool to study the magnetic properties of transition
metal magnets. For example, the polarisation of the conduction electrons can be directly
measured to give the magnetisation of the material. The interaction of low energy
electrons with the material is dependent upon the magnetisation and can be used to probe
the magnetic band structure. A number of magnetically sensitive electron probes will be
discussed in chapter 2.

Magnetic Interactions

In any magnetic system there are four important factors which are involved in the
magnetism; the exchange interaction, entropy, the dipole interaction and the
magnetocrystalline interaction. Each of these contributes to the total free energy of the
magnetic system and therefore the equilibrium magnetic state is a function of all four
factors.

The exchange interaction may be thought of as the driving force behind magnetic
ordering.® This is a short range, isotropic quantum mechanical interaction which causes
the magnetic moments to align in a ferromagnet. The strength of the exchange interaction
is to a good approximation proportional to the number of near neighbours that a magnetic
moment has. This has important consequences for magnetic moments at surfaces or in thin
films because they have a reduced number of near neighbours.

Entropy is an abstract concept of statistical mechanics which reflects the tendency
of matter to seek a state of disorder. This tendency increases with temperature and
eventually destroys the magnetism by encouraging the moments to randomly align. It is
the relative strength of the exchange and entropy terms which defines the transition
temperature at which the magnetism is destroyed. This temperature is called the Curie
temperature for ferromagnets and the Neel temperature for antiferromagnets.® Above this



temperature the entropy dominated paramagnetic phase of random magnetic moment
orientation occurs.

The dipole interaction describes the electromagnetic interaction between individual
magnetic moments and the magnetic field generated by all the other moments in the
material.® This is a long range interaction, indeed it is the same interaction that aligns a
compass needle in the geomagnetic field. The dipole interaction is often called the
demagnetising interaction because it encourages the individual moments to align in the
opposite direction of the other moments, reducing the total magnetisation.

The dipole interaction also leads to what is called the shape anisotropy. This refers
to the fact that the dipole interaction is sensitive to the macroscopic shape of the magnet.
As discussed in section 1.1 the dipole interaction energy is minimised when the magnetic
moments align themselves parallel to the surface of a magnet. This explains for example
why magnets are manufactured in the shape of a bar and not a sphere. In thin magnetic
films the shape anisotropy plays an important role in defining the magnetic properties
because the surface is a significant portion of the total magnetic system.

The final important magnetic interaction is the magnetocrystalline interaction.’
This is an interaction between the magnetic moments and the crystal lattice, which causes
the moments to align along certain crystalline directions. This is the result of spin orbit
coupling, an electromagnetic interaction between electron spin and electron angular
momentum mediated by the presence of the charged atomic cores. For itinerant magnets
like Fe and Ni this interaction may be thought of in terms of the spatial relationship
between the d bands and the crystalline lattice.

Together the shape anisotropy and the magnetocrystalline anisotropy determine the
easy axis of magnetisation of the material, the direction along which the magnetisation will
align in the absence of any externally applied magnetic fields. This represents a minimum
in the sum of the shape and magnetocrystalline anisotropy free energy terms.



Magnetic Interactions at Surfaces

In a ferromagnet, the direction of the magnetisation is determined by the relative
strengths of the demagnetising and magnetocrystalline anisotropy free energies. Near a
surface both the demagnetising and magnetocrystalline anisotropies are very different than
in the bulk.

The demagnetising shape anisotropy is very sensitive to the presence of the
surface because on the vacuum side of the surface there is no magnetic material. The
vacuum has a near zero magnetic permeability compared to the material. This means that
it costs much more energy to propagate magnetic fields in the vacuum than in the
magnetic material. As a result of this, the magnetic moments at the surface tend to point
along the surface to minimise the field penetration into the vacuum.

The magnetocrystalline anisotropy is significantly larger at the surface as a result of
the broken translational symmetry which occurs when the crystal is terminated at the
vacuum. This change in the anisotropy is usually expressed as a surface anisotropy term
which reflects the overall change in the anisotropy near the surface. In many materials, the
surface anisotropy term favours an easy axis of magnetisation which is perpendicular to
the surface. However, at surfaces which are the termination of a bulk material the
demagnetising anisotropy energy is much larger and forces the magnetic moments into the
surface plane.

Magnetic Interactions in Ultrathin Films

At several atomic layers thickness or less an ultrathin film is two dimensional as far
as the conduction electrons are concerned. Mermin and Wagner have shown that a two
dimensional isotropic (or Heisenberg) magnet does not order at finite temperatures.®
However, if anisotropy is introduced to the system, magnetism is expected (and indeed is
observed) above 0 K. Therefore magnetocrystalline and shape anisotropies are essential to
the existence of ultrathin film magnetism.



Magnetic interactions in ultrathin films are mediated by the same factors as bulk
and surface magnetism, except that the relative importance of the terms can be
significantly different. A magnetic thin film can be thought of as a system with two
surfaces, one of which is terminated by the vacuum and another which is terminated by the
substrate material. Therefore surface effects are very important. The demagnetising
anisotropy energy is greatly reduced in an ultrathin film because it is a function of the
square of the total magnetisation of the material. The surface anisotropy term is significant
in ultrathin films because the fraction of the film which is at or near the surface is large.

At very low film thicknesses, the easy axis of magnetisation of an ultrathin film
may be perpendicular to the surface of the film. If a perpendicular easy axis is assumed,
the anisotropy energies may be expressed as: *'°

K, =K, +2dﬁ-2uw )

Where Keg is called the effective perpendicular anisotropy energy but is actually the
difference in energy between the perpendicular and in plane orientations of the
magnetisation. The convention is that positive Keg signifies perpendicular anisotropy so
the shape demagnetisation term 2nM? is negative. M is the total magnetisation of the
system and K, represents the bulk contribution to the anisotropy energy. K, is the surface
contribution, and d is the thickness of the film.

The bulk and surface anisotropy terms may be positive or negative depending upon
the material, the structure of the film and the crystalline orientation of the surface. The
factor of two in the surface anisotropy term reflects the fact that there are two surfaces in
an ultrathin film. This, however should not be taken too seriously because there is no
reason to expect that the anisotropy at the vacuum interface is the same as the anisotropy
at the substrate interface.

From equation (1) it is apparent that a sufficiently thin film with a positive surface
anisotropy term may have a perpendicular easy axis of magnetisation if the demagnetising

and bulk anisotropy terms are overcome. Equation (1) also suggests that there may be a
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critical film thickness at which K becomes negative and the easy axis rotates into the
plane of the film. This phenomenon is called a spin reorientation transition and is a subject
of current interest in the research community.'®

The thickness at which Ker becomes zero is also of particular interest because
according to the Mermin Wagner theorem, the magnetisation should go to zero because
there is no anisotropy. However, there will always be other ‘higher order’ anisotropy
effects present in the films which are likely to stabilise the magnetism. Therefore, the study
of films near the reorientation thickness will allow for the study of these higher order
effects.

Another important factor which determines the magnetic properties of ultrathin
films is structure. If the film growth is pseudomorphic it may have a structure that is
different than in the bulk. The example already given is Fe which can be grown as a fcc
film under certain conditions. Calculations predict ferromagnetic, antiferromagnetic and
zero magnetic coupling for fcc Fe, depending upon the lattice spacing.'"'? Experiment has
confirmed these predictions for fcc Fe grown on Cu(100) and Co(100) where
ferromagnetic, non-magnetic and antiferromagnetic behaviour has been observed (to be
precise, the ferromagnetic phases have a face centred tetragonal structure).!*'® The most
important parameter which governs the magnetic coupling is the spacing between the
atoms in the crystal. In most ultrathin film systems the atomic spacing changes as a
function of thickness so a thickness dependence of magnetic coupling is expected.

The magnetocrystalline anisotropy for ultrathin films can be very different than that
for the bulk material, either because the film has assumed a different crystal structure or
the same structure but with different atomic spacing. Changes to the magnetocrystalline
anisotropy caused by changes in atomic spacing (or strain) are referred to as the
magnetoelastic anisotropy.” The magnetoelastic anisotropy is of particular interest in the
study of ultrathin magnetic films because the strain can be a strong function of film
thickness.
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In an ultrathin film the interfaces between the vacuum and the substrate play
important roles in determining the magnetic properties. At both the vacuum and the
substrate, the electron band structure changes dramatically. At the vacuum the bands must
terminate and therefore have much different spatial properties at the surface than in the
bulk. This is the origin of the surface anisotropy term K, in equation (1). Because the
surface is a profound uniaxial anisotropy in the crystal structure, it is manifested as a
uniaxial magnetocrystalline anisotropy which often favours a perpendicular magnetisation.

The presence of the substrate may also have important consequences for the
magnetocrystalline anisotropy and the magnetic coupling. At the interface between two
metals, the conduction electrons move freely from one substance to the other. This means
that the conduction bands at the interface must be continuous and this leads to band
hybridisation. For materials such as Fe, this hybridisation can be very important because
the nature of the magnetism is dependent upon the d bands. If hybridisation occurs
between the d bands and the non-magnetic bands of the substrate the magnetism at the
interface may be destroyed.

Another important consequence of the interfaces on the band structure is that the
two dimensional nature of the ultrathin films tends to make the d bands more ‘atomic-like’
because crystalline translational symmetry is broken at the surfaces. The result is narrower
bands which support a larger magnetisation than the bulk value.!

Section 1.4

The Fe/Ni(111)/W(110) Ultrathin Film

The magnetic properties of Fe/Ni(111)/W(110) films should be very interesting
because many of the phenomena discussed in the previous section should be present in this
system. Studies of the similar Fe/Cu(111) system indicate that at low coverages the Fe
assumes the fcc structure of the substrate.'® Because the Cu(111) and Ni(111) surfaces
are very similar, the same is expected in the Fe/Ni(111) system.
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The Fe/Ni(111) system is also a prime candidate for a spin reorientation
transformation. This is because the Fe(111) surface is expected to have relatively weak
positive surface anisotopy term.’ Therefore if a reorientation transformation occurs it will
likely take place at a low Fe film thickness where the structure of the film is best
characterised. An interesting complication is that ultrathin Ni(111) films are known to
have a negative surface anisotropy term.” Therefore the nature of the surface anisotropy
of the Fe(111)/Ni(111) interface could be one of weak total anisotropy, ideal for the study
of higher order anisotropy effects.
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Chapter Two

The Design, Construction and Operation of an Electron Energy Analyser
for Spin Polarised Electron Spectroscopy

Section 2.1
Introduction to Electron Energy Analysis

This chapter of the thesis contains a description of the design and construction of a
spherical deflector electron energy analyser (SDA) and associated electron optics. The
SDA was coupled to an existing electron spin polarisation analyser to create a state of the
art instrument for the structural and magnetic study of surfaces and thin films.

In this chapter the fundamental principles of electron energy analysis will be
introduced. This is followed by a brief description of the spin analyser and the
experimental motivation for the addition of a SDA. Finally design of the SDA will then be
presented.

Electron Energy Analysis

When a metallic or semiconductor surface is illuminated with a beam of radiation a
large number of electrons are emitted into the vacuum. A wealth of information about the
surface is contained in the kinetic energy distribution of these electrons. A number of
experimental techniques have been developed to measure this energy distribution.'®

One of the most common methods of measuring the electron kinetic energy
distribution is a band pass kinetic energy filter coupled with an electron counter.?® A
schematic representation of a typical experimental set-up is shown in figure 2-1. A beam
of radiation strikes the surface of a sample and electrons are emitted. Some of these
electrons are collected in a band pass kinetic energy filter. Only electrons with kinetic
energy within a specified range (or band) may pass through the filter, all other electrons
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are rejected. After the filter, the counter determines how many electrons per second pass
through the filter.

The following idealised experiment will describe a typical measurement using a
band pass filter electron energy analyser. A metallic surface is illuminated with a 500 eV
electron beam and the apparatus illustrated in figure 2-1 is used to study the emitted
electrons. The energy resolution of the filter is set at 5 eV (Er=5 eV). The selection energy
(Es) is ramped from 0 to 550 eV in 5 eV steps. At each Es value the electrons are counted
for one second.

Figure 2-2 shows an idealised plot of the number of electrons counted in one
second as a function of the selection energy Es. This data shows the intensity of the
emitted electrons as a function of kinetic energy and is usually referred to as an electron
energy spectrum.

In figure 2-2 several features have been schematically included in the kinetic
energy spectrum to highlight important phenomena. The large peak at 500 eV is caused by
the elastic scattering of the incident 500 eV electron beam. Immediately below the elastic
peak is the signature of a plasmon excitation. Here incident 500 eV electrons have lost
energy by creating electron oscillations in the metal. The energy of these oscillations is
quantised, and thus only fixed values of energy loss are observed. Also represented are
Auger electrons which are emitted from atoms which have been excited with radiation (ie
the beam of 500 eV electrons). Each element in the periodic table emits a distinct
spectrum of Auger electrons and Auger electron spectroscopy is a powerful tool for
determining the elemental composition of a surface.

The large background structure which grows at lower energies is the secondary
electron spectrum. The 500 eV electrons collide with the resident electrons as they pass
through the material. The resident electrons may gain substantial amounts of energy from
these collisions and go on to collide with other resident electrons, which in turn gain

energy. This process is called a secondary electron cascade, in which one incident 500 eV
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electron can impart kinetic energy to thousands of resident electrons, many of which are
¢jected from the material.

The secondary electrons carry magnetic information about the sample material. If
the material is magnetised, the resident electrons will have a non-zero spin polarisation.
This spin polarisation is preserved (and sometimes enhanced) during the ejection process.
Thus the magnetic properties of a material czn be studied by measuring the spin
polarisation of the secondary electrons.?'

The sharp cut off in secondary electrons at low energy represents the minimum
amount of kinetic energy that an electron must have to escape from the material. This
minimum energy is called the work function and is a highly dependent on the structure and
composition of the atoms at the surface. Work function measurements are also an
important tool of surface science.'®
Electron Kinetic Energy Analysis Techniques

Over the past one hundred years many different techniques of electron energy
analysis have been developed. Because the electron is a charged particle, most of these
techniques involve the deflection of a beam of electrons by electric and/or magnetic fields
where the degree of deflection is a function of the electron kinetic energy. These
techniques are too numerous and varied to be reviewed it this work. The reader is directed
to the comprehensive review of Roy and Carette.?

Electrostatic Electron Kinetic Energy Analysis

In the electron kinetic energy range of several meV to several keV the most
common methods of high resolution energy analysis employ electric fields which reflect or
deflect the electron beam.? Electrostatic analysers are popular because they are of simple
design, using electric fields which are simple to generate and to model. Because no
magnetic fields are required, electrostatic energy analysis is the only method used when
spin polarised beams of electrons are studied.
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Two important principles apply to all electrostatic analysers:? The energy
resolution increases linearly with the pass kinetic energy. This leads to the principle of
‘pre-retardation’, by which the energy resolution may be improved by reducing the kinetic
energy of the electrons before energy analysis. Also, the energy resolution decreases as the
physical size of the analyser is increased. This is because the resolution is dependent upon
the spatial dispersion of the electron beam.

Section 2.2
The Experimental Apparatus Before The Addition of Energy Analysis

When the author arrived in January of 1992 the experimental apparatus was
contained within a spherical ultra-high vacuum (UHV) chamber. The chamber was
equipped with a commercial combination rear-view LEED (low energy electron
diffraction)/retarding grid electron energy analyser.”

A polished single crystal of tungsten serves as the sample. The sample crystal is
mounted on a manipulator arm which allows for linear translations in three directions as
well as two angular degrees of freedom, rocking and azimuthal. The tungsten crystal may
be annealed and cleaned by electron bombardment heating from a filament mounted behind
the crystal in the sample holder.?*

Thin films of magnetic materials such as iron, cobalt and nickel may be deposited
on the tungsten sample crystal using one of three electron bombardment evaporation
sources.?* The structural properties of these thin films may be studied using LEED and
Auger electron spectroscopy. These techniques will be discussed elsewhere in this thesis.

The magnetic properties of the thin films were studied using the electron spin
analyser. This instrument, described in detail by Sawler and Venus, measures the spin
polarisation of a low energy (20 eV to 200 eV) electron beam after scattering from the
sample film.? The magnetisation of the sample may be changed by creating a magnetic
field with two sets of Helmholtz coils mounted on the sample holder.
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The original spin analyser was used to study the intensity and spin polarisation of
electrons specularly diffracted from the sample crystal. These measurements will be
referred to as SPLEED (spin polarised low energy electron diffraction) experiments. In
these measurements a beam of electrons with zero spin polarisation is directed at the
surface and the diffracted beam is analysed. During the scattering process the specular
beam becomes spin polarised by two distinct processes, spin orbit coupling and, if the
surface is magnetic, the exchange interaction. Two SPLEED measurements were made:
the rotation curves, and magnetic switching.

In a magnetic switching experiment, magnetic field pulses, alternating in direction
are applied to the sample. Between pulses, in zero field, the polarisation of the specular
beam is measured. If the magnetic pulses are sufficient to flip the direction of the
magnetic moments, the magnetic contribution to the spin polarisation of the specular beam
will reverse while the spin orbit contribution will remain the same. This magnetic
switching is the signature of a magnetic surface and may be used to determine the
magnetic properties of thin films.?

The rotation curve is a sensitive probe of both the structure and magnetic
properties of the surface. When low energy electrons (20 to 200 eV) interact with a
surface they typically undergo several scattering processes before they are re-emitted into
the vacuum. When this occurs at a crystalline surface, the intensity and spin polarisation of
the specular beam is a strong function of the spatial relationship between the electron
beam and the surface net. The sample is rotated about the surface normal and the intensity
and spin polarisation of the specular beam is measured. Important information about the
structural and magnetic properties can be extracted form the intensity and spin polarisation
data.?”’

Limitations of the Existing System

The original spin analyser was designed to determine the spin polarisation of

electrons elasticity scattered from the sample crystal using retarding grids at the electron
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detectors. The retarding grid system is ideal for measuring the spin polarisation of
elastically scattered electrons because, as illustrated in figure 2-2, no electrons are
expected with kinetic energies above the elastic peak. Although the retarding grid system
could be modified to measure the electrons below the elastic peak, this would be difficult
to implement and would not result in an instrument with good energy resolution. The
ability to measure the spin polarisation of electrons as a function of kinetic energy would
greatly improve the capability of the instrument and is the major motivation for the
addition of an energy analyser.

The electron spin analyser can only measure two of the three components of the
electron spin polarisation: the two components of transverse polarisation.? The spin
analyser is unable to measure the third, longitudinal component. Magnetic switching and
rotation curve experiments were therefore unable to probe the third longitudinal
component of spin polarisation. The desire to measure the complete spin polarisation of
the electron beam was a motivation for the addition of an energy analyser.

Section 2.3
The Addition of a 90° Deflector Energy Analyser

A common way to select the energy of an electron beam is to deflect the beam
using a pair of electrodes. To facilitate the measurement of the complete spin polarisation
of the electron beam a 90° deflection is required as illustrated in figure 2-3. In this figure
the electrons emitted at the sample crystal are gathered by an electron lens, transported to
a 90° deflector, and then transported to the spin analyser.

The spin polarisation of the electron beam as it emerges from the sample is shown
at the left of figure 2-3. After the 90° deflection, the original component of longitudinal
polarisation (P) is changed to a transverse polarisation and may be measured. One of the
original components of the transverse polarisation remains transverse (Pr) after the
deflection and also can be measured. The other component of the transverse polarisation

(P1p) has been converted to a longitudinal polarisation. To measure this third component



20

the polarimeter and analyser must be rotated by p = 90° about the initial momentum of the
scattered electron beam as illustrated at the top of figure 2-3. Therefore a complete
determination of the spin polarisation of the electron beam can be made in two
measurements.
The 90° SDA Analyser

Several analyser types may be used to deflect an electron beam through 90°. These
include the cylindrical mirror analyser (CMA), the cylindrical deflector analyser (CDA)
and the spherical deflector analyser (SDA).2

The electron optical properties of the energy analyser are important design criteria
because as illustrated in figure 2-3, the output of the energy analyser is coupled to the spin
analyser. The SDA has the appropriate electron optical properties because it has three
dimensional focusing in the Gaussian approximation.® This means that the SDA can be
easily coupled to electrostatic lenses which also have three dimensional focusing.
The SDA is also the most space efficient 90° analyser, offering the best energy resolution
in the limited space available in the vacuum chamber.
Experimental Design Criteria

Before the 90° deflector analyser could be designed, a survey of possible
experimental applications was made to define a set of design criteria for the instrument.
The important design criteria are energy and momentum resolution and the range of
electron kinetic energies over which the instrument can operate.

Four major experimental applications were identified:
Qriginal SPLEED Experiments:

The addition of the energy analyser should enhance the ability to perform SPLEED
experiments. These experiments require the analysis of electrons with kinetic energies
between 30 and 200 eV with an energy resolution of 2.0 eV fwhm.?



p 21

Spin Analyser | _ - B
ﬂ'f = Energy
‘z ‘ J Analyser
Aperture Deflector
P,
P“’ Deflector
P
Electron Spin
Polarisation

Electron Gun Aperture

Sample
Crystal

Figure 2-3
Showing the electron optics after the addition
of the energy analyser and the three components
of electron spin polarisation discussed in the text.
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These measurements require the analysis of electrons with kinetic energies between
the work function (several eV) and 150 eV with an energy resolution of 0.5 eV fwhm at
the low energyOend to 2 eV at the high energy end.

Auger Electron Measurements

These measurements require the analysis of electrons with kinetic energies between
30 and 1000 eV with an energy resolution of 2 eV fwhm at the low energy end to 5 eV
fwhm at the high energy end.

in Polarised Electron Energy Loss Experimen

These measurements require the analysis of electrons with kinetic energies of
about 50 eV with an energy resolution of 0.7 eV fwhm.

In all cases an angular resolution of +2° is appropriate.

The SDA Analyser and Associated Electron Optics

To fulfil the above requirements the following system was designed:

(1) An electron optical input lens which collects electrons from the sample and transports
them to an electrostatic energy analyser.
(2) An electrostatic electron energy analyser which has two primary functions:

(i) To select the kinetic energy of electrons passed to the electron spin

analyser.

(ii) To deflect the electron beam 90°.
(3) An electron optical exit lens which focuses the energy selected electrons from the
energy analyser to the spin analyser.

The lens/analyser system is shown in figure 2-3 along with a schematic
representation of a typical electron trajectory. A beam of electrons strikes the sample and
electrons are scattered and emitted from the surface. These electrons are gathered by the
entrance lens and focused to a point at the intermediate aperture. The einzel lens focuses
the point source of electrons at the intermediate aperture to a parallel beam at the energy
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analyser. The energy analyser selects the energy of the electrons and focuses the beam to a
point at the exit aperture. Finally the exit lens transports the beam to the spin analyser.

To fully understand the principles behind the design it is prudent to begin with the
optical properties of the SDA analyser and work outwards, first towards the sample and
then towards the spin analyser.

The 90° SDA Electron Energy Analyser
The SDA used in this design is a 90° quarter hemisphere and consists of inner and

outer spherical electrodes separated by a gap, through which the electrons pass. A
schematic of the SDA electrodes is shown in figure 2-4.

The operation of the SDA is based on the equation of motion of a particle in a 1/r
potential.*® The general equation of motion is either an ellipse or a parabola with one
focus at r = 0. When an electron is injected into the region between the inner and outer
electrodes it assumes an orbit which is a function of the initial position and momentum of
the electron. The potentials placed on the inner and outer electrodes V;, and V.., may be
chosen such that electrons which enter tangentially in the gap at a radius Ro with kinetic
energy K, assume a circular orbit. These electrons will emerge 90° away and exit
tangentially at a radius Ro. All other electrons will assume elliptical or parabolic orbits.
Energy selection is achieved by placing a small aperture at Ry at the exit of the SDA. This
will only allow electrons within the small energy range K, +AK to pass.

The 90° SDA may be thought of as an electrostatic lens with very severe chromatic
aberration. For electrons with K, kinetic energy the SDA behaves like a lens with one
focal point at the exit and the other focal point at infinity in front of the entrance.
Therefore a parallel beam of electrons will be focused to a point at the exit as shown in

figure 2-3.
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Figure 2-4
Schematic drawing of the SDA showing electrode voltages,
radii, and electron optical parameters discussed in the text.
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The energy resolving properties of the 90° SDA may be derived from the lens
equations, shown truncated after second order.”

)

Qo = == + — @)

Where ai, and o, are the angular divergences from a tangential orbit at the entrance and
exit of the analyser and Yi, and Y, are the entrance and exit radial divergence from R, the
pass radius. All of these parameters are illustrated in figure 2-4. AK is the deviation in
electron kinetic energy from K, .

If an exit aperture of radius r is assumed, the full width at half maximum energy
resolution (fwhm) may be calculated using equations (1) and (2):

AKsn = C-Ko 3)
r I(Y'n)z

=Qia +— + — | — 4

c=a R 2\Reo @

The full calculation is given in Appendix 1.

Equations (3) and (4) suggest two important design principles for achieving a small
AKevien. Equation (3) suggests the kinetic energy of the electrons should be reduced as
much as possible before energy analysis. This is the pre-retardation principle. Equation (4)
suggests that the pass radius Ro should be as large as possible.

The optical properties of the SDA may also be deduced from equations (1) and
(2). In the Gaussian approximation (to first order, with AK = 0) the lens equations are:

You .,
= =Oe 5)
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From (5) it is apparent that a parallel beam at the entrance (i, = 0) will be focused at a
point at the exit aperture with an angular divergence of given by equation (6).

The 90° SDA requires a parallel beam as input. This is provided by an einzel lens
shown in figure 2-3. An einzel lens focuses the electron beam but does not change the
electron kinetic energy. The electron lens is operated with one focal point F, at the
intermediate aperture, and the second focal point at infinity. The lens equations of the
einzel lens are similar to that of the SDA and in the Gaussian approximation are given by:

You .

- % ™
-Yi

Oles = = | @®)

Where the Y and a parameters are similar to those defined in figure 2-4.
Recalling that the input of the analyser is the output of the einzel lens, equations
(3) and (4) may be written as.

[Ya, 1(__%-1’1)’
AK:m-(Fl +R0+2 R Ko )

Where Y;, and ai, refer to the input parameters of the einzel lens. Equation (9) shows that
AKswtm Will be small when the electron beam at the entrance to the einzel lens is defined by
an aperture which restricts Yi.

Because the einzel-SDA system acts like a lens with two finite foci, it is convenient
to think of the two as a unit, with an entrance and exit aperture. Equations (5) through (8)
can be combined to define the overall lens equations for the einzel/SDA system:

Yoz| Ro
= 10
Yin Fi (10)

Where Miis the linear magnification and:

M=
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Where M, is the angular magnification.

For optimum energy resolution, the pass radius of the energy analyser must be as
large as possible. In the practical design the available space in the vacuum chamber limited
the radius to two inches. Once this parameter was set, the entrance and exit apertures of
the einzel-lens system were set at one sixteenth of an inch.

The einzel lens is a three element lens suggested by Harting and Read (A/D = 0.5
and G/D =0.1).>' The first and third electrodes are set at the same potential and the
second electrode is set at twice this potential, resulting in a focal length of 3.7 inches.

This gives an energy resolution of

AKewm = (0.048 + 1.710La? JKo (12)
Where a;, refers to the einzel lens input parameter.

The magnifications are given by:

M=0.54 (13)
M,=1385 (14)

It is important to note from equation (12) that an angular divergence of 3° at the
entrance of the einzel lens results in a 10% increase in AKgwem. This suggests that a suitable
upper limit for the angular divergence at the einzel-SDA entrance is:

Qn S3° (15)
The Four Element Entrance Lens

To analyse electrons with energies between 0 and 1000 eV, a electrostatic lens
must be employed to accelerate the electrons from the emission kinetic energy at the
sample to pass kinetic energy at the einzel-SDA. The need for acceleration is most acute
during the analysis of high energy Auger electrons (1000 eV). If a;, = 0 in equation (12) a
pass kinetic energy of about 100 eV is required to achieve an energy resolution of 5 eV
fwhm. The input lens should therefore be capable of an acceleration ratio of 1/10. For the
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measurement of low energy secondary electrons (5 to 10 eV) an increase in the kinetic
energy is needed to avoid deflection from magnetic fields. An acceleration ratio of 8/1 is
suitable for this application.

When operating over this wide range of acceleration ratios the position of the two
foci must remain constant at the sample and at the entrance to the einzel-SDA. The
magnification of the lens should be controllable to ensure that the angular divergence of
the beam is not greater than 3° at the einzel-SDA entrance.

The four element entrance lens shown in figure 2-3 has three degrees of freedom
(three potential ratios). One degree of freedom is used to set the acceleration ratio, the
second to fix the focal points. The third degree of freedom may be used to control the
magnification.

Martinez et al have published a number of four element lens designs based on
calculations using a charge density method.*> In these calculations the focal points and
one magnification (linear or angular) are kept constant. Operating parameters are found
for a range of acceleration ratios for which the Gaussian approximation is valid.

The Martinez lens ‘design 5’ was chosen. This is the same lens design that was
used in the original spin analyser, and therefore is well understood. Martinez provides
operating parameters for acceleration ratios (V/V;) between 1/7.7 and 7.7/1, with the
linear magnification fixed at 1. The angular magnification may be found using the
Helmholz-Lagrange relation: **

Vi
M-M, = J; (16)

Where V), and V; are the electric potentials on the first and fourth lens elements.

Although Martinez et a/ do not present operating parameters for acceleration
ratios above 1/7.7, the lens has been successfully operated at ratios of 1/8.5 and 20. The
operating parameters were obtained using the ray tracing package SIMION.>*
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Another function of the input lens is to define the electron beam at the einzel-SDA
entrance. Much of this definition is done by an entrance aperture (see figure 2-3) which
allows for an angular divergence of 1.8° at the lens entrance. From equations (16) the
angular divergence at the einzel-SDA entrance is:

ALl
Olox = 1.8 \/: an

Combining equations (12) and (17), the energy resolution may be expressed as:
AKftn = (0.048 + 0.0017#%) - Ko (18)
4

Now that the parameters of the energy resolving portion of the system have been
defined, it will be shown that this design satisfies a majority of the design criteria:
Original SPLEED Experiments:

If the 30 to 200 eV electrons are analysed at a pass kinetic energy of 40 eV,
energy resolutions between 1.9 and 2.2 eV fwhm are expected. These fivhm values are
suitable for SPLEED applications.

n Electron M m

For the analysis of 5 eV electrons at a pass kinetic energy of 10 eV, an energy
resolution of 0.5 eV fwhm is expected. For the analysis of 150 eV electrons at pass
kinetic energy of 30 eV an energy resolution of 1.5 eV fwhm is expected. These fwhm
values are suitable for secondary electron measurements.

Auger Electron Measurements

For the analysis of 30 eV electrons at a pass kinetic energy of 30 eV an energy
resolution of 1.5 eV fwhm is expected. For the analysis of 1000 eV electrons at pass
energy of 100 eV an energy resolution of 6.5 eV fwhm is expected. At the low energy
limit the fwvhm goal is met. At the high energy limit 6.5 eV is larger than the target of 5 eV
fwhm, but is not unacceptable.
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50 eV electrons would be analysed at a pass kinetic energy of 10 eV with an
acceptable energy resolution of 0.53 eV fwhm.
The Four Element Exit Lens

When the electron beam exits the SDA, it must be transported efficiently to the
spin analyser and meet input criteria defined by Sawler and Venus:Z The electrons must
have a kinetic energy of 104.5 + 2.0 eV with respect to the analyser crystal. The pass
kinetic energy at the exit of the analyser is between 10 and 200 eV and so the lens must
operate at acceleration ratios between about 1/2 and 10. The angular divergence of the
electron beam should be no greater than 2.0° at the analyser crystal. The lateral size of the
electron beam at the spin analyser crystal must be small enough (0.125 inch diameter) to
avoid aperture effects at the four channeltron entrances.

The Martinez four element lens ‘design 5° was chosen because it had performed
well in the original spin analyser. As well, using the same design for both the entrance and
exit lenses greatly simplifies the operation of the instrument. The lens is shown in figure 2-
3.

The angular magpnification of the exit lens may be expressed as:

M2
Ol = am.\/; (19)

Equation (19) may be combined with equations (17) and (14)

L crg s [X (20)
Q,, =18 .y3--185- v

Where oo is the divergence at the spin analyser crystal, V, and V are the potentials on
the entrance lens and V', and V', are the potentials on the exit lens. As V. = V’; and V',

is always 104.5 eV, equation (20) may be written as:
a’, =0326.vVi ¢1))
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Where o’w is given in degrees for V) in eV. &' is less than 2° for V; less than about 40
eV. For V), greater than 40 eV the angular criterion may be met by reducing the radius of
the entrance lens aperture from the current 0.0625 inch radius. This would reduce the
electron throughput of the instrument.

Overall, the polarimeter is working in a more than satisfactory manner at V, values
between 30 and 100 eV. Therefore in the near future an angular acceptance of 1.8° at the
entrance lens will be used.

The exit lens is operated with a linear magnification of 1 which means that in the
Gaussian approximation the radius of electron beam will be 1/16 inch at both the SDA exit
aperture and the spin analyser crystal. This is the same radius used by Sawler and Venus in
the original spin analyser design.

Deflectors

Deflectors must be incorporated into the electron optics to compensate for
misalignment of the electron beam by stray magnetic fields. The general rule calls for a
quadrupole deflector before each internal aperture: A deflector in the entrance lens for the
intermediate aperture, a deflector in the einzel lens for the SDA exit aperture, and a
deflector in the exit lens for the spin analyser entrance aperture. The location of these
deflectors is shown in figure 2-3. The deflector in the einzel lens it is not currently used.
The deflector in the entrance lens appears to provide sufficient compensation for stray

magnetic fields.

Section 2.4

The Physical Realisation of the Instrument

The addition of an energy analyser to an existing ultra high vacuum (UHV)
instrument imposes severe restrictions on the physical dimensions of the analyser and the
materials used in construction. The operation of the instrument will involve low energy
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electrons which are easily deflected by geomagnetic fields, therefore magnetic shielding of
the energy analyser must be considered.
The Physical Environment

The original spin analyser was housed in a spherical UHV chamber. To
accommodate for the addition of an energy analyser, a UHV tee section was purchased.
The spherical chamber and tee are shown in figure 2-5. The tee is mounted on a
differentially pumped rotatable flange and is free to rotate about the vertical axis.

The sample crystal is located at the centre of the spherical chamber. The electron
gun is contained in a LEED/Auger apparatus located on a eight inch flange at the left of
the sample. Evaporation sources for depositing magnetic material and a magneto optic
Kerr effect (MOKE) apparatus are mounted on various 45° ports (not shown).

The SDA analyser is mounted on the eight inch flange at the top of the tee section.
The einzel lens and the entrance lens are attached to the SDA and hang down into the
spherical chamber. The spin analyser is mounted on an eight inch flange at the left end of
the horizontal tee section. The exit lens is attached to the spin analyser. The exit lens is not
attached to the SDA.

The important design limitations imposed by the chamber are apparent in figure 2-
5. The distance from the sample to the centre of the tee intersection and the distance from
the centre of the tee intersection to the spin analyser crystal define the focal and physical
lengths of the lenses. Finally, the inside diameter of the tee, limits the diameters of the
lenses and more importantly the space available for the SDA and associated magnetic
shielding.

Design Details

A design project of this size requires the careful consideration of hundreds of
components, the description of which is not appropriate for this thesis. In this section the
important details of the design will be discussed and several technical drawings will be
presented.
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Figure 2-5
Showing the energy analyser in the UHV chamber.
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90° SDA:

The principal physical dimensions of the SDA are a 2.0 inch pass radius, a 2.25
inch outer electrode radius and a 1.75 inch inner electrode radius. A cut away view of the
SDA is shown in figure 2-6, and all the important components are labeled. The electrodes
were machined from blocks of aluminum. The gap between the electrodes is maintained by
aluminum side and face plates. The plates are fastened to the electrodes with stainless steel
screws and electrical isolation is maintained with ceramic washers The gap between plate
and the electrode is maintained with sapphire balls. The face plates have apertures for the
entrance and exit of electrons.

A ‘lips’ and ‘tongue’ arrangement is employed at the exit of the SDA to try to
eliminate rapid changes in the potential where the 1/r potential of the SDA is terminated at
the exit face plate. This rapid change can degrade the electron optical and energy resolving
properties of the SDA. To make this transition more gradual the fringing corrections
suggest by Jost were implemented.*

The gap between the inner and outer electrodes at the exit is terminated by
electrodes at three potentials. If G is the distance between the electrodes, the outer (inner)
G/6 of the gap is terminated with a lip electrode at the outer (inner) electrode potential. A
‘tongue’ electrode protrudes in from the exit face plate to fill G/6 of the space between the
lip electrodes. The exit aperture is at the centre of the tongue, and the hole in the exit face
plate is beveled to avoid electrons scattering as they pass through the hole. The entrance
aperture of the SDA was designed to be as large as possible to accommodate the parallel
beam from the einzel lens so the Jost corrections could not be applied to the input side.

A vertical channel is bored through the outer electrode, along the axis of the input
electrons. An electron detector is mounted at the end of the channel. This ‘straight
through’ mode was added for diagnostic purposes, allowing the user to ensure that the
input optics are operating properly before the energy analysis is performed. The straight
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Figure 2-6
Drawing of the assembled energy analyser showing:
(a) Outer spherical electrode, (b) Inner spherical electrode,
(c) Straight through passage., (d) Base plate, (e) Entrance
plate, (f) Einzel lens, (Q) Exit plate, (h) Exit Lens, (i) Exit aperture
tongue and lips.
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through mode has also be used to perform energy versus intensity LEED studies (I-V
curves).

The SDA is mounted on a base plate which hangs rigidly from an eight inch UHV
flange. As shown in figure 2-6 the base plate also serves as a mount for the einzel lens.
The base plate is electrically isolated from the entrance plate with sapphire balls.

The Einzel Lens

A three element einzel lens with a 0.5 inch inside diameter, and a 3.6 inch object
focal length was constructed. A drawing of the einzel lens is presented in figure 2-7. The
image focal length is infinite and the physical length of the lens from the intermediate focal
point to the entrance of the SDA is 5.6 inches.

The lens consists of 4 cylindrical sections or ‘blanks’ and an electrostatic
quadrupole deflector. The bottom blank is the first electron optical element of the lens, the
centre blank the second optical element. The top blank along with the deflector and the
drift tube blank compose the third optical element.

The blanks and deflector quadrants are fastened together with threaded rod and
electrical isolation is maintained by ceramic washers and spacers. Because the ceramic
spacers may be charged by stray electrons a tongue and groove design is employed at the
interface between blanks to ensure that stray electric fields will not perturb the electron
beam.

The top blank of the entrance lens fastens to the bottom blank of the einzel lens
and the two blanks are at the same electric potential. The intermediate aperture is attached
to the einzel lens at the interface of the two lenses.

The Entrance Lens
A four element lens with a 1.25 inch inside diameter, and 3.8 inch object and image

focal lengths is connected to the bottom of the einzel lens. The physical length of the lens
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Drawing of the einzel lens showing the lens
blanks and the location of the intermediate aperture
and quadrupole deflector.
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from the entrance aperture to the intermediate aperture is 5.6 inches. A drawing of the
entrance lens is shown in figure 2-8.

The lens consists of 5 blanks and 1 quadrupole deflector. The bottom three blanks
are the first three elements of the lens. The fourth element consists of the deflector and
top blank. The lens is fastened together with threaded rod and ceramic washers and
spacers. A tongue and groove interface between blanks is also used.

The bottom lens blank is tapered and is fitted with the entrance aperture. The
entrance aperture is 2.0 inches above the sample crystal. For a 1/16 inch radius aperture an
angular acceptance of + 1.8° is expected.

SDA Mounting Flange

The einzel-SDA and entrance lens are suspended by a tripod from a specially
designed eight inch mounting flange. The flange has eight high voltage BNC connectors
and two 10-pin electrical connectors. All electrical connections for the einzel-SDA and
entrance lens are made through this flange.

The Exit Lens

The exit lens is attached to the spin analyser and has a 1.1 inch inside diameter and
a 3.3 inch object and image focal lengths. Figure 2-9 shows a drawing of the exit lens. The
lens consists of 4 blanks and 1 quadrupole deflector. The first three blanks from the
bottom are the first three lens elements. The final blank and the deflector constitute the
fourth lens element.

When the instrument is assembled in the tee, the entrance to the lens is separated
from the SDA exit aperture by a 1/16 inch gap. At this interface the electron beam may
have as little as 5 eV kinetic energy. Such a beam is very easily perturbed so the entrance
of the lens is large and flared to avoid the penetration of stray electric fields into the gap.

The lens is attached to the spin analyser using the original stainless steel lens
adapter (labeled ‘spin analyser entrance aperture’ in figure 2-9). The exit lens is very
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Drawing of the entrance lens showing the lens
blanks and the location of the entrance aperture

and quadrupole deflector.
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Figure 2-9

Drawing of the exit lens showing the lens blanks

and the location of the energy analyser exit aperture,
quadrupole deflector, spin anadlyser entrance aperture
and the spin analyser crystal.
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similar to the lens used in the original design so the existing electrical connections at the
spin analyser mounting flange are used.

The lens is fastened together with threaded rod and ceramic washers and spacers.
A tongue and groove interface between blanks is used, except for the deflector because at
this point the electron beam will always have an kinetic energy of 104.5 eV and is not
easily perturbed by stray electric fields.

El n_Opti mpatibl

In an ultra high vacuum environment great care must be taken to avoid
contamination by choosing the appropriate construction materials. The materials must be
robust at elevated temperatures as part of the UHV pumping process involves heating of
the entire chamber to 150° C for several hours. Magnetic materials must be avoided
because low energy electrons are easily deflected by stray magnetic fields.

All of the conducting electrodes are aluminum, a strong, light weight, UHV
compatible and non-magnetic metal which is easy to machine. Unfortunately aluminum
surfaces quickly oxidise, creating electrode surfaces with uneven electric potentials. To
eliminate this problem, all aluminum surfaces which are exposed to the electron beam are
coated with graphite, in the form of the commercially available aerosol Aerodag.*

All fasteners used in construction are stainless steel or copper. Some stainless steel
may be magnetic so before installation all stainless steel fasteners were surveyed with a
Hall probe (magnetic detector) to ensure that they were not (or only slightly) magnetic.
All insulators used were ceramic, and Macor *’ machinable ceramic was used for custom
parts. Electrical connections were made with bare tantalum and tungsten wire, as well as
copper wire insulated with a UHV compatible varnish.

Magnetic Shielding

To analyse low energy electrons the SDA must be shielded from the geomagnetic
field. An upper tolerance for the magnetic field can be estimated by defining a maximum
allowable magnetic deflection. The low energy electron path length through the einzel
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drift tube and the SDA has a path length of 5.4 inches. It is reasonable to expect that a
magnetic deflection of one aperture radius (0.062 inches) could be corrected with
deflectors without and serious degradation of the energy resolution or electron optics.
This deflection sets a limit of about 10 milligauss, a factor of 50 reduction in the
magnitude of the geomagnetic field

Originally, the geomagnetic field was nulled by surrounding the entire UHV
chamber with three sets of square Helmholz coils. This is effective at nulling fields at the
centre of the chamber but physical limits on the maximum size of the coils causes the
nulling effect to drop off rapidly away from the centre of the chamber.

To achieve the 10 milligauss target, the portion of the tee which contains the
electron optics was lined with mu-metal, an iron alloy with a very high magnetic
permeability.>* The energy of the geomagnetic field is minimised by concentrating field
lines into regions of high permeability, and magnetic shielding is achieved by ‘conducting’
field lines around a region by surrounding it with mu-metal.

Tubes 5.75 inches OD were rolled out of Conetic AA mu-metal*® (0.01 inch
thick). The tubes are two ply, and were spot welded to prevent unraveling. A hole was cut
in the vertical tube and one end of the horizontal tube was tapered so that the tubes mated
properly at the tee intersection. Extra material was included at the intersection to ensure
complete shielding. A mu-metal cap was made for the top of the vertical tube. The vertical
tube extends into the spherical chamber to within 5.4 inches of the sample crystal.

In situ Hall probe measurements made before the analyser was installed showed
that the magnetic field in the crucial tee intersection region was 10 milligauss or less.

These measurements were made with the Helmholz coils on.
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Section 2.5
Operation of the Energy/Spin Analyser

Although the operation of the SDA is relatively simple, great confusion may occur
when the novice (and sometimes the experienced) attempts to set the SDA potentials. This
usually occurs when the user confuses the potential and kinetic energies of the electrons.
In this work the kinetic energy of the electron will always be represented with a capital K.

The operating principles of the instrument are best illustrated with electron kinetic
and potential energy diagrams. Figure 2-10 shows the kinetic energy of the electrons as
they pass through the three principal electrostatic potentials of the instrument: The sample
potential (SAMPLE), the einzel-SDA potential (PASS), and the spin analyser potential
(La).

The example shown in figure 2-10 is a pre-retardation mode in which the kinetic
energy of 170 eV Auger electrons is reduced to 50 eV before energy analysis. The
entrance lens must reduce the electron kinetic energy by 150 eV. This done by setting the
einzel-SDA potential at -120 V with respect to the sample.

After the 50 eV electrons emerge from the SDA they must be accelerated to a
kinetic energy of 104.5 eV at the spin analyser. This done by accelerating the electrons
54.5 eV by setting the potential at the spin analyser at +54.5 V with respect to the SDA.
Modes of Energy Analysis

To obtain an electron kinetic energy spectrum it must be possible to scan through a
range of kinetic energies with the analyser. In their comprehensive review article, Roy and
Tremblay identify two fundamental modes of operation; constant acceleration and

constant relative resolution.?
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Figure 2-10
Electron kinetic and potential energy diagram showing the three
principle energies discussed in the text.
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The vonstant Acceleration or Constant Resolution Mode

In this mode of operation the accelerating potential between the sample and the
SDA is kept constant. The selection energy of the SDA is varied by changing the potential
difference across the spherical electrodes. This technique is most appropriate when there is
no input electron optics and the entrance aperture of the SDA simply views the sample. If
there are entrance and exit optics (as in this design) this mode is difficult to implement
because the varied kinetic energy of the input and output beams introduces complicated
focusing problems. As suggested by the title, the energy resolution of the SDA in this
mode remains constant as the potential difference across the spherical electrodes is
scanned.

The Constant Relative Resolution Mode

In this mode the potential difference across the SDA electrodes is kept constant
and the accelerating potential between the sample and the SDA is varied. The kinetic
energy of the passed electrons remains constant (it is defined by the potential difference
across the SDA electrodes.

In this instrument the constant relative resolution mode is used exclusively because
in this mode it is easier to achieve good focusing of the input lens during an energy scan.
This mode is best described by referring again to the example in figure 2-10 which shows
the system retarding 170 eV electrons to a pass kinetic energy of 50 eV. To perform an
energy scan between 150 and 190 eV the potential at the einzel-SDA is varied between -
100 and -140 V. When -100 V is applied at the SDA, 150 eV electrons will have 50 eV
kinetic energy at the SDA. When -140 V is applied at the SDA 190 eV electrons will have
50 eV kinetic energy at the SDA.

Because the electrons always emerge from the SDA with S0 eV kinetic energy, the
potential difference between the SDA and the spin analyser remains fixed during the scan.
Data taken using the above settings is discussed near the end of this chapter.



A Detailed Description of the Operation of the Instrument

The electronics which supplies the many potentials required to operate the
instrument was designed and built by Marek Kiela in consultation with the author and
David Venus. Because this instrument was built in stages the electronics is of varied
design, the newer components having both manual and computer control modes and the
older components having only manual control.

Figure 2-11 shows all of the electric potentials used in the instrument. This is a
more detailed representation of the same pre-retardation mode shown in figure 2-10. In
the figure various potentials are connected to others with arrows. This indicates that the
potential at the head of the arrow is referred to the potential at the tail of the arrow. The
following are the principal potentials:

LE: 1 i

Under most circumstances, the sample is held at ground. This defines the initial
kinetic energy of the electrons. The aperture and first element of the entrance lens are also
normally set at SAMPLE.

P;: The Retarding Potential

P, is a negative voltage which is usually applied via a connection to the Spectaleed
LEED power supply. P, may be manually or computer controlled. As indicated in figure 2-
11, PASS and all other potentials except P; and P; float on P,.
When the Spectaleed LEED power supply is used P, can be set between 0 and -1000 V.
PASS: The Selection Energy:

This is the potential which defines the kinetic energy of the electrons which enter
the einzel-SDA. PASS is referred to P, and may be manually or computer controlled.
Under normal operating conditions P, is used as a retarding reference potential. In figure
2-11Pyis set at - 170 V so that when PASS is set at + 50 V the pass kinetic energy is 50
eV.



47

A Electic

Emnneertgk; t T P = 368 Potential
(V) P, =408 v
A
P,= 210
P, =303
T
170 o 7. - 1. SAMPLE 8]

104.5 Ps= 50 — ... A -65.5

L,=54.5
- PASS= 126
AV=25.5 Offset=-1.59
P
o ...t -— .. -170
Figure 2-11

Electron kinetic and potential energy diagram showing all
potentials used in the energy analyser. All electric potentials
at the head of an arrow are with respect to the potential at
the tail of the arrow. The example given is the same as that in

figure 2-10.
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The first and third elements of the einzel lens, the base plate, the entrance and exit
face piates, the side plates and the first element of the exit lens are all set at PASS. The
PASS potential can vary between 0 and 1000 V.

: The Spin An En

This defines the electron kinetic energy at the spin analyser (which always is set at
104.5 eV). L4 is referred to PASS. L, may only be manually controlled in the range + 100
V.

There are numerous intermediate potentials which will also be defined:
P, and P;

These two potentials constitute the second and third lens element of the input four
element lens. They are referred to ground and may be manually or computer controlled
between + 1000 V.

P, through P;:

Currently P, is not used. It was designed to be connected to the fourth element of
the entrance and the first element of the einzel lens. In this mode, the three element lens
could be used as an accelerating lens. P; is the potential set on the second element of the
input three element lens. Ps and P; set on the second and third lens elements of the exit
lens. Potentials P4 through to P, are all referred to PASS and may be manually or
computer controlled. They may be set between 0 and 1000 V.

Currently there are two sets of quadrupole deflector potentials: D, and D,
connected to the quadrupole deflector in the entrance lens and D; and D, connected to the
quadrupole deflector in the exit lens.

Setting the SDA Potentials

The SDA consists of two spherical electrodes set at different electrostatic
potentials: Vi, on the inner electrode and V. on the outer electrode. These two degrees of
freedom define the electron optical properties of the SDA. The pass kinetic energy Ko,
and the pass radius R, are related by: 2
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_ €-(Va - Vo) -Ria- Row
2-Ro- (Rox - R (¢3))

Where Ri, (Row) is the radius of the inner (outer) electrode and e is the charge on the
electron. For ease of design the pass radius is set at the mean radius:
Roz + Rin

Ro= — 22
> (22)
From equations (21) and (22) and the physical dimensions of the SDA give in section 2-4:
Via = Vou = AP = (0.5079) - K, (23)
The analyser controller provides two potentials:
Via = PASS + % + Par (24)
Ve = PASS - -AZ—P + Par (25)

Where Pog is an offset potential which is used to set the potential at Ro. The potential
between the gap is not a linear function of the radial position. The potential at Ry is given
by Po:

+ Porr (26)

Po = Via - (Via- Vou). (l- 2-Ran ) Rout

Ria+ Rt/ Rout-Rin

Po is the electric potential at the pass radius and is therefore the SDA potential.
The electron beam enters the SDA at the pass kinetic energy Ky, defined by the PASS
potential. To avoid acceleration upon entry of the SDA, Py is used to set the potential Py
at PASS. For our SDA :
Pog = -0.03175-P, vY)

It is important to note that in figure 2-11 and on the energy analyser power supply
AP = 2eAV, as the electronics provide + AV to the inner and outer electrodes.

Section 2.6
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Testing and Characterisation of the Instrument

To ensure that the instrument meets the experimental criteria defined in section 2.2
a series of test measurements were made. These measurements are representative of the
modes of operation of the instrument and will serve as a guide for future users.

The energy resolution of the instrument will not be discussed for the representative
measurements. Rather a comprehensive characterisation of the resolution as a function of
pass kinetic energy will be presented at the end of this chapter.

SPLEED Experiments

Shortly after the instrument was completed the author performed SPLEED
magnetic switching and rotation curve experiments. More recently, graduate student
Stephen Cool has used the instrument to study clean and Ni covered W(110) surfaces with
rotation curves. Cool has obtained a series of rotation curves at energies between 30 and
100 eV. The quality of the data is high, with the contrast in intensity and polarisation
showing significant improvement over the original instrument. This improvement is
attributed to the superior energy and momentum resolving capabilities of the SDA.

An example of Cool’s work is given in figure 2-12. This is a rotation curve of the
clean W sample using 30 eV incident electrons and a pass kinetic energy of 100 eV. The
sample crystal is rotated about the surface normal, and 0° in the figure corresponds to the
W<011> surface direction being in the scattering plane. The measurements at the top of
the figure were made with the rotating flange in the same configuration as shown in figure
2-1. In this configuration the component of transverse spin polarisation normal to the
scattering plane (Pry) is measured along with the longitudinal spin polarisation (P,) which
Cool labels P, and Py respectively. The spin polarisation data is represented by the error
bars resulting from counting statistics, with the lines given by explicit symmetrization or
antisymmetrization of the data about the origin. These lines demonstrate that the measured
polarisation has the expected rotation (anti)symmetry.? The thin solid line is the measured
intensity of the specular beam. The measurements at the bottom of the figure were made
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30 eV SPLEED rotation curve on clean W(110).

Scattering angle = 45.2° +/- 0.2°. Analyzer=90.
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Intensity and spin polarisation data obtained from a 40 eV
SPLEED rotation curve on a W(1 10) surface.
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with the analyser rotated by 90°, so that the third polarisation component is now detected.
All three components of spin polarisation could not have been measured with the original
instrument. Note that the scattering angle has changed by 2° so that the components P,
measured in the top and bottom panels are not equivalent, although they are similar. The
change in scattering angle was required for proper alignment of the spin polarimeter, and
indicates that either the analyser apertures are no precisely aligned, or that the axis of
rotation of the analyser is not precisely along the specularly scattered beam. Work is
currently underway to correct this.
n Electron Measuremen

A series of secondary electron magnetometry measurements were made on Fe
films grown on a W(100) substrate. This system was chosen because the magnetic
properties had already been characterised in this laboratory using SPLEED techniques and
were well understood.® Figure 2-13 shows the spin polarisation of 30 eV secondary
electrons emitted from a 6 monolayer (ML) Fe film. The sample was illuminated with a
beam of 200 eV electrons. Magnetic field pulses were applied parallel to the surface along
the <110> direction. Between pulses, in zero magnetic field the transverse (along the
<110> direction) components of spin polarisation were measured. The data shows that the
Fe film is magnetic and that a 2.3 Oe magnetic field is required to reverse the direction of
magnetisation.

in Polarised Electron En rimen

These measurements are a long term goal of the project. To date a spin polarised
electron source, (essential to making these measurements) has not been available to test
this mode. To ensure that the instrument is capable of obtaining electron energy loss
spectra W plasmons were studied . The complete development of spin polarised electron

energy loss experiments is left as a future project.
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Figure 2-13
Secondary electron spin polarisation of 30 eV electrons emitted
from a 6 monolayer Fe film. The substrate is W(100). The polarisation
is plotted as a function of magnetic field pulse.
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Figure 2-14 shows an electron energy loss spectra for the clean W (110) surface. A
primary beam energy of 140 eV is used and the pass kinetic energy is 50 eV. The primary
peak is seen at the far right, beginning to rise at about -4 eV. Two strong plasmons peaks
are seen at -10.2 and -22.6 eV. These are identified as energy losses to surface and volume
plasmons respectively in agreement with the work of Scheibner and Tharp.*

Auger Electron Measurements

Figure 2-15 shows two measurements of the series of W Auger electrons between
150 and 190 eV. The top spectrum is a measurement made with the instrument and the
bottom spectrum is the same measurement made with a commercial retarding grid system.
The data is presented in the customary differential mode. The Auger emission was induced
with a beam of 2000 eV electrons and instrument parameters used to make this
measurement were discussed earlier in this chapter.

Figure 2-16 shows a measurement of the 848 eV Ni Auger electron peak. The data
was taken by illuminating a 3 ML film of Ni on W(110) with a beam of 2000 eV electrons.
The energy analysis was done at a pass kinetic energy of 100 eV. The data is presented as
electron intensity versus kinetic energy with the Auger peak at 5.9 + 0.4 % of the
background signal. This spectrum was taken in preparation for measuring the 848 eV
Auger electron intensity as a function of emission angle. Angle resolved Auger emission
spectroscopy is a powerful probe of the structure of the Ni film and will be discussed in
great detail in the next chapter.

The Energy Resolution of the Instrument
In section 2.3 the energy resolution of the instrument was predicted to be:

AKsutm = (0.048 + o.oon-J%) . Ko (28)
4

Where K, is the pass kinetic energy. The potentials V, and V, are a little more
complicated to interpret. During the normal operation of the analyser:
Vl = IP] I (29)
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Electron energy loss spectrum for 140 eV electrons mcnden'r
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Figure 2-15
Auger electron spectra of a W(110) surface. The top plot
shows data obtained with the SDA energy analyser. The
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Figure 2-16
Secondary electron spectrum of 3 monolayers.of Ni
deposited on a W(110) substrate. The 848 eV Ni Auger
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V.=PASS (30)

More precisely V, is the electric potential required to accelerate the electron from rest to
the entrance kinetic energy and V., is the electric potential required to accelerate the
electron from rest to the pass kinetic energy.

The energy resolution of the instrument was determined two ways, measuring the
width of the elastic peak and the work function. In both of these measurements a natural
energy width must be removed from the data to extract the energy resolution.

Elastic P

When a beam of electrons interacts with a surface many of the electrons are
reflected back into the vacuum with no change in kinetic energy. These electrons create a
large elastic peak in the electron spectrum at the incident energy as shown in figure 2-2.
The width of the peak is defined by the temperature of the filament of the electron gun. A
typical elastic peak obtained by the instrument is shown in figure 2-17. To extract a peak
position and full width at half maximum, a Gaussian distribution may be fit to the data.

If both the thermal spread of the electrons and the energy resolution are Gaussian
and independent, the measured width of the elastic peak AKees is given by:

AK,. = AK] + AK] €3]

Where AKris the thermal width and AK, is the resolution of the analyser. AKr should be
independent of the pass kinetic energy and AK, should be proportional to Ko. A plot of
the square of AKne versus the square of Ko should be a straight line with an intercept
given by the square of AKr.

Measurements for pass kinetic energies between 10 to 100 eV are shown at the
top of figure 2-18. In this figure, the square of AKae. is shown as a function of the
square of Ko. The data at lower pass energies (circles) was obtained with an incident
electron energy of 50 eV and the data at higher pass energies (squares) was obtained with
an incident electron energy of 100 eV. Data was taken at these two energies to avoid large

acceleration ratios.
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Figure 2-17
Electron kinetic energy spectrum showing the elastic scattering peak
from 50 eV electons incident on a W(110) surface. The instument
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data and the line is a Gaussian fit to the data.
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A linear regression was performed on the data and the following energy resolution

and thermal broadening was obtained:
AKfwhm
= 0.021 £ 0.001
Ko (32)
AKr = 0.8 +02 eV (33)
The Work Function

The work function of a material is the kinetic energy required for an electron to
pass through the surface, and emerge into the vacuum. A typical work function
measurement obtained with the instrument is shown in figure 2-19, where it is clear that
electrons with less than about 2.0 eV cannot escape from the surface The work function is
dependant on the material, the crystalline orientation of the surface and the orientation of
the electron momentum of the electron with respect to the surface.

To determine the energy resolution of the instrument, the width of the work
function cut off was measured as a function of pass energy. To extract the FWHM it was
assumed that the data is a step function resolved by a Gaussian. The electron intensity as a
function of the pass kinetic energy is given by:

I(K) = j’ | (K - K) (34)
Where I(K), is the electron intensity at pass energy K, & is the width of the Gaussian and

Kwo is the work function. If the energy axis is transformed such that K. is at the origin,
equation (34) may be written as in terms of the well known erf function:

I(K) = 1-«{%) 35)

The FWHM energy resolution is extracted from the work function by finding K at
I(K=0.56) and I(K=0). From tabulated values of the erf function 1(0.5) = 0.31 and ()=
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0.16 . Figure 2-19 shows the two K values at 0.50 and 6. The FWHM is then extracted
using the fact that for a Gaussian:

AK o = 2360 36)

The mean of the two AK measurements was taken as the FWHM value. For the data the
deviation form a Gaussian can be measured as:

AK (i (0) = AK g, (050)
AR

= 0.02 + 0.01 €¥))

and:
AK . (6) - K, (050) = -0.02 + 0.04 eV (38)

Equations (37) and (38) suggest that the work function is well represented by the model
with small scatter in the two AKwm Values extracted from the data.

A plot of the mean fwhm value as a function of the pass kinetic energy is given at
the bottom of figure 2-18. The data represented by circles was taken with an accelerating
potential of -10 V on the sample crystal, and the data represented with squares was taken
with an accelerating potential of -30 V. Fitting to a straight line gives:

——— = 0.018 £ 0.001 (39)
Ko
AKr = 04 +£02 eV (40)

Discussion of the Energy Resolution

The first important feature of both the elastic and work function measurements is
that the fwhm resolution is significantly smaller than that suggested by equation (28). In
the derivation of equation (28), a triangular resolution function was assumed (the FWHM
was taken as one half the base width of the triangle). Both figure 2-17 and the work
function measurements strongly suggest that the resolution function is more like a
Gaussian than a triangle. A Gaussian is more rectangular in shape and has a narrower
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fwhm. This is likely the origin of the disagreement between the model and the
measurements.

The elastic peak and work function fwhm parameters are close, but not within
experimental uncertainty of each other. It is important to remember that the two
measurements are very different in nature. In the work function measurement, electrons
are emitted from the surface in all directions and the entrance aperture is used to define a
beam of electrons for analysis. In the elastic measurement, a very well defined beam of
electrons must be aligned with the entrance aperture and passed through the lens. This
involves fine adjustment of the sample location and scattering angle and entrance lens
deflectors. An initial geometrical or magnetic misalignment of the beam could be
compensated with the deflectors. This might result in an beam which passes both input
apertures, but is not parallel upon entering the SDA.

In equation (4) the fwhm parameter is linear in a, , the angular deviation from a
parallel beam at the SDA entrance. To account for the 0.003 difference between the fwhm
parameters, a systematic 0.2° increase in the angular deviation of the elastic beam would
be required. For example a misalignment of the beam between 0 and 0.4 during the elastic
measurements would result in an increase of 0.003 in the fwhm parameter and an
experimental uncertainty of 0.001. This gives a likely explanation for the difference in the
fwhm measurements.

The thermal energy width at the electron gun filament is estimated to be about
0.75 eV, this agrees with the measured value for elastic data given by equation (33). For
work function measurements, the intrinsic energy width given in equation (40) is much too
large to be a room temperature energy width and is likely due to surface contamination on
the W(110) crystal.
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Conclusion

In general the instrument has shown that it meets all of the important design
criteria. The energy resolution of the instrument is better than that originally estimated. At
this point it was concluded that the instrument was sufficiently characterised to proceed
with original experimental applications.



Chapter 3
The Growth and Structural Characterisation of Ultrathin

Fe/Ni(111)/W(110) Films

Section 3.1

The Growth and Structure of Ultrathin Films

The most important task in an ultrathin film experiment is the characterisation of
the structure and composition of the film. This may be done using a number of standard
techniques which have been developed over the past 50 years. The optimum ultrathin film
probe should only be sensitive to the film and the film interface and not sensitive to the
bulk of the substrate. Low energy electrons have this property and are involved in most
surface analysis techniques.

Low energy electrons are eminently suitable for the study of ultra thin films
because they are sensitive to the structure of the surface. Electrons with kinetic energies
around 100 eV have an attenuation length of 5 A (~2 atomic layers in most metallic
films). This means that most of the information carried in these electrons originates from
the two top layers of the film.

Electrons of about 100 eV also have a de Broglie wavelength of about 1 A, which

is about the same distance as the separation between atoms in the film. When the
wavelength of radiation is on the order of the lattice spacing in a crystalline solid,
diffraction occurs and the resulting diffraction patterns and intensities give important
structural information. LEED (low energy electron diffraction) is a well developed and
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sophisticated surface characterisation technique.*’ LEED analysis plays an important role
in this thesis.

Other electron diffraction probes such as MEED and RHEED (‘Medium’ and
‘reflection high’ energy electron diffraction) are structural characterisation techniques
which use higher energy electrons and are particularly suited for studying the growth of
ultrathin films. These techniques were not used in this thesis.

Auger electron spectroscopy (AES) is another low energy electron probe which is
perfectly suited for the study of ultrathin films. Auger electrons are emitted from atoms
which have been excited with radiation (an electron or x-ray beam usually). Auger
electrons are emitted at precise energies defined by three atomic energy levels and
therefore each atom has a distinct Auger spectrum.

AES is particularly useful because the information is element specific so the
composition of the surface may be analysed. Auger electrons have energies between about
30 and 1000 eV which corresponds to attenuation lengths between about 4 and 20 A (~2
to 10 atomic layers). Therefore AES is a surface sensitive probe. AES was used
extensively in this study and will be discussed in detail in chapters 3 and 4.

Other surface sensitive probes which use electrons include various electron
microscopy techniques, work function measurements, photoemission and secondary
electron spectroscopy. A good introduction to these techniques is presented by Modinos. '
Engineering the Crystalline Structure of Ultrathin Films

In many ultrathin films the crystalline structure of the film is determined by the
structure of the substrate. This provides a unique opportunity to engineer materials with
novel structures. This engineering is most successful with metals because metallic atoms
tend to form very weak directional bonds in solids and therefore are more likely to adopt
alternate crystal structures.

A classic example of this structural engineering is the growth of face centred cubic
(fcc) Fe films on a Cu substrate. At room temperature Fe has a body centred cubic (bec)
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crystal structure and undergoes a martensitic transition to a fcc structure above 1180 K.
However, when ultrathin films of Fe are deposited on a fcc Cu substrate the Fe assumes a
fce or fee-like structure for the first 3-20 layers at temperatures as low as 80 K. At
greater thickness the film reverts to the bulk bce structure. The thickness at which this
occurs is highly dependent upon the cut of the Cu substrate crystal and the growth
temperature.'® Fcc Fe grows on the Cu substrate for several reasons, the most important
being that the Fe and Cu atoms are both metals and are almost exactly the same size.

The term epitaxy is used to describe the growth of thin films and in particular the
arrangement of the film atoms with respect to the substrate atoms (epitaxy means
‘arrangement on’). There are several classes of epitaxy which are important in ultrathin
metal films. One epitaxy which almost always occurs for very thin metallic films is
pseudomorphism (pseuodmorph meaning ‘false form’). Pseudomorphic films assume the
crystal structure of the substrate and typically complete one to several atomic layers before
strain forces the film to revert to the bulk structure. Examples of this are Fe and Ni grown
on a bcc W(110) substrate. Ni completes one pseudomorphic bec layer before reverting to
a strained fcc structure. After several more layers the Ni reverts to the bulk fcc structure.
Fe is bee in the bulk with a smaller crystal spacing than W. The first two layers of Fe on
W(110) are pseudomorphic followed by a continuous contraction of the crystal spacing to
the bulk Fe bec structure.®®

Another important aspect of epitaxy is the preferred orientational relationships
which may occur between the film crystal lattice and the substrate crystal lattice.* In the
case of Ni on W(110), the fec Ni structure grows on the bcc W substrate in a well defined
manner with the Ni fcc<011> lattice direction aligning with the W bcc<001> lattice
direction. When Fe is grown on fcc(111) substrates similar orientational relationships
occur once the Fe has reverted to the bec structure. These relationships will be discussed

in great detail in chapter 4.
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Ultrathin Film Growth Modes

When atoms are adsorbed onto a flat crystalline substrate (with negligible diffusion
into the substrate) three possible film growth modes are expected:* Layer-by-layer or
Frank-van der Merwe (FM) growth occurs when the first atomic layer is completely
finished before the second layer begins to grow; the second layer is completely finished
before the third layer begins to grow and so on. Volmer-Weber (VW) , or island growth
occurs when the atoms form three dimensional structures on the substrate. Stranski-
Krastanov (SK) growth is an intermediate mode in which the growth begins as layer-by-
layer, and after several atomic layers, island growth occurs.

Perfect FM growth is very rare because both entropy and random deposition
favour three dimensional growth. FM growth is initiated by good wetting of the film on
the substrate. After the completion of the first layer, near perfect FM growth would be
expected if the growth face is the crystalline face with the lowest free energy.

For many metallic film/substrate systems SK is the most common growth mode.
This mode occurs when the free energy of the film/substrate interface favours wetting, but
away from the interface three dimensional growth occurs.

In the study of ultra-thin magnetic films, near layer-by-layer growth is desirable
because this allows for precise determination of the film thickness and structure, both of
these parameters being very important in defining the magnetic properties.

The free energy condition for the initiation of layer-by-layer growth is given by: **
(or-c,)+to;+6.<0 1)

Where o is the surface free energy density of the film, o, is the surface free energy density
of the substrate, o; is the surface free energy density of the film/substrate interface, and o,
is the strain free energy density.

Ultra-Thin Film Growth of Fe on Ni(111) and Cu(111): A Comparison

This work is concerned with the study of ultrathin fcc Fe(111) films. Others have
studied the magnetic and structural properties of fcc Fe(111) grown on a Cu(111)
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substrate. Unfortunately, Cu has proven to be a poor choice of substrate for the growth of
fcc Fe(111) as the Fe/Cu(111) system is plagued by strong interdiffusion between the Fe
and Cu as well as three dimensional island growth. '

In Chapter 4 the motivation for studying the Fe/Ni(111)YW(110) system is
discussed in the general context of magnetic and structural properties. In this section the
nature of the Fe/Ni interface will be described in terms of surface free energies. Equation
(1) will be evaluated using parameters for a fcc Fe film on both Ni(111) and Cu(111)
substrates to show that the Fe/Ni(111) system is the better choice for fcc Fe growth.

In equation (1) the term ( o¢ -G, ) is a measure of how much diffusion and/or three
dimensional growth is expected at the film/substrate interface. If o¢ < G, the film atoms are
favoured to form the surface. If 6¢ > g, the substrate atoms are favoured to form the
surface and the film atoms will either diffuse into the substrate or form three dimensional
structures to maximise the substrate surface area. For Fe on Ni(111) and Cu(111): ¥
(Ot ~C. Jreni = -212 erg/cm’®
( ¢ =G Jrocu = 436 erg/cm?®
Therefore Ni is the better substrate with respect to this term. These values were calculated
using experimentally measured polycrystalline surface energy densities. Energy densities
for specific crystal orientations will differ, but the overall trend should be the same.

It is interesting to note that Ni is also a better choice of material for making
layered ‘superlattice’ films where the deposited material alternates between Fe and Ni or
Cu. For good superlattice growth orand o, should have similar values. If 6, is much larger
than or the substrate atoms (now also film atoms in alternate layers) would form three
dimensional structures to try to minimise the surface free energy. Bauer and van der

Merwe define the surface energy mismatch parameter: *

r, =209 =% @
G, +0,
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and suggest that for I's < 0.5 good superlattice growth should be expected. Using values
provided by Bauer and van der Merwe:

(I Jreni =0.217

(I's Jrecu=0.412

Again, Ni is the better material with respect to this term.

The sign of the interface surface energy density o; can be deduced by considering
the heat of mixing for a solution of Fe and Ni. The heat of mixing for bulk solutions is:*
AHge.ni = -6 kJ/mol
AHfec, = 60 kJ/mol

An endothermic heat of mixing is unfavourable for good monolayer growth
because it favours a minimisation of the Fe/Cu interface by islanding.*® Thus for Fe/Cu, o;
is expected to be positive. Conversely the exothermic AHr..x; should favour a
maximisation of the Fe/Ni interface and thus good monolayer growth should occur,
probably at the expense of some interdiffusion of Fe into the Ni substrate.

From bulk lattice parameters, the strain energy o, for the Fe/Ni system should be
larger than that of the Fe/Cu system. For Fe/Cu the fcc Fe nearest neighbour distance is
2.0% larger than the bulk Ni nearest neighbour distance and 0.3% smaller than the bulk
Cu nearest neighbour distance. However, in the Ni(111)}W(110) buffer the Ni film is
inhomogeneously strained. This and the fact that the fcc phase of Fe is not the equilibrium
phase at room temperature make the interpretation of the strain energy difficult.

From the above analysis is reasonable to conclude that Ni(111) is good candidate
for the growth of near layer-by-layer fcc Fe(111) films. The only perceived problem being
the exothermic heat of mixing for Ni and Fe which may lead to some diffusion of the Fe

into the Ni substrate.
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Section 3.2
Introduction to Auger Electron Spectroscopy for Ultrathin Film

Structural Characterisation

This rest of this chapter is devoted to the development of two Auger electron
spectroscopy techniques for the structural characterisation of ultra-thin films. The first
technique uses Auger electron attenuation to determine the growth mode of ultrathin Fe
films deposited on the Ni(111)/W(110) substrate. The second technique was made
possible by the addition of the energy analyser and was implemented by the author.
Auger Electron Spectroscopy

Auger Electron Spectroscopy (AES) is an atomic spectroscopy concerned with the
emission of orbital electrons from atoms in an excited state.* Radiation such as x-rays or
an electron beam leaves the atom in a doubly excited state (two electrons are involved).
This is followed by a radiationless transition to an ionised state and a free electron state.
Because discrete atomic orbitals are involved, each element has a distinct Auger electron
spectrum.

Auger electrons are a very powerful surface science tool because they provide
element specific information about the surface. Occurring at energies between 30 and
2000 eV, Auger electrons also interact strongly with atoms at the surface, providing
important structural information. In this chapter two AES structural probes will be

discussed: AES intensity versus deposition time measurements, and angle resolved AES.
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Section 3.3

AES Intensity Versus Deposition Time Measurements

This is a method of film growth analysis which is concerned with the change in
attenuation of Auger electrons as the film is deposited.* The technique was first used in
this laboratory by Trevor Jones, who employed rigourous statistical analysis to interpret
the data.*

Auger spectra are taken as a function of deposition time as the film is grown.
These spectra are measured using a commercial retarding grid Auger electron
spectrometer. The spectrometer has a built in electron gun which supplies a 2000 eV
electron beam to induce Auger emission. The electron beam evaporator used to perform
the deposition has an integral flux monitor which assures a constant deposition rate.?

Auger spectra are taken at regular time intervals during the deposition. Figure 3-1
shows the intensity of 48 eV and 61 eV Auger electrons as a function of time. In this
example Fe is being deposited on a Ni(111)/W(110) substrate. As the thickness of the Fe
film increases, the Fe Auger signal increases and the Ni signal decreases.
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Figure 3-1
Auger electron intensity versus deposition data for the
growth of Fe on a Ni(111)/W(110) substrate. Shown are the
Fe 48 eV and Ni 61 eV Auger intensities. The linear
segments are fitted to the data using the statistical
analysis technique described in the text.
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Film Growth Mode Analysi
In figure 3-1 the Ni Auger electron signal is attenuated by the Fe overlayer. The

film growth mode may be determined by considering the nature of the attenuation curve. If

the growth mode is perfect FM, the attenuation of the substrate by the first layer will be a

linear function of the coverage:

%:¢Q+(l-¢)r 0<ésl 3)

Where A(9) is the W Auger intensity at ¢, the fraction of the substrate which is covered
with the film material. A, is the Auger intensity at zero coverage and Q is attenuation of
the W Auger intensity by one atomic layer of material.

For the second and subsequent layers the attenuation is given by:
i(t"—“)=n"-'[¢nn+(1-¢,)] 0<é, sl @)

0
Where n refers to the layer. Equation (4) suggests that the W attenuation should be a
linear function of deposition time during layer growth, with discontinuous changes in slope
at the completion of the layers. The ratio of slopes for the n and (n+1) linear segments is

given by:
M, -d

Where Q may be expressed in terms of the thickness of the monolayer d, and the
attenuation length A.

The signature of perfect FM growth is attenuation data which consists of equally
spaced linear segments, where the ratios of the slopes of the successive segments are equal
and are given by equation (5).

Extracting Auger Electron Intensities From the Data

Jones studied the growth of Fe on a W substrate by analysing the attenuation of W

Auger electrons at energies between 150 and 170 eV.* This technique is not suitable for
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the study of the Fe/Ni(111)/W(110) system because the 2 ML Ni buffer already attenuates
the W signal by a factor of 0.3. Therefore the slope of the first, second and third segment
lines will be about 0.3, 0.2 and 0.1 of that measured by Jones (these estimates are based
on attenuation of Auger electrons by Ni). These smaller slopes would be more difficult to
resolve so an alternative method was devised.

Ni has an Auger electron at 61 eV and Fe has an Auger electron at 48 eV. The
attenuation of the Ni Auger intensity and the build up of the Fe Auger intensity were both
used to determine the growth mode of the Fe film. Figure 3-2 shows the Auger spectra for
a Fe film grown on the Ni buffer at a 4.8 min deposition time. Also shown are the Auger
spectra for the bare Ni buffer and for a 12 minute Fe film grown on the Ni buffer.

Although the Fe and Ni Auger peaks overlap, the respective signals can be
extracted by using a least-squares fitting routine. The Auger spectra are fit to a linear
combination of the bare Ni buffer spectrum and the 12 minute Fe spectrum. The following
quantity was minimised for each deposition spectra.

0 [1, (K) - (o (K) + B, 1K) )]
x'=z[ ®)-( 9+ ® )] ©

K=3$ 1*)

Where Liu(K) is an Auger spectrum taken during the deposition study, I;(K) and
Ir(K) are the basis function spectra for the Ni buffer and the 12 minute Fe Film, o is the
uncertainty in the data, and « and P are the fitting coefficients.The Ni and Fe Auger
intensity coefficients (a and ) are shown in figure 3-1 as a function of Fe deposition time.
The sum a + B was not constrained and is also shown in figure 3-1.
Determination of the Growth Mode

After the Auger intensities have been determined, the data are examined
statistically to determine the growth mode. The data are subject to a least squares fitting
procedure to several models. For attenuation data between 0 and 3 ML, two changes in
slope (breakpoints) are expected at 1 and 2 ML. The models used in the fitting are; two
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Figure 3-2
Auger electron spectra taken with a retarding grid electron
energy analyser. The data are presented in the derivative mode
and have been displaced on the vertical axis for clarity of
presentation. Shown are spectra used to perform the Auger electron
analysis discussed in the text.
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linear segments, three linear segments and a decaying exponential. The free parameters in
the linear fits are the slopes and intercepts of the lines and the position(s) of the
breakpoint(s). For the decaying exponential the free parameters are the amplitude and
decay constant.

The goodness of fit of these models was compared in a rigorous manner to decide
which best describes the data. Because each model has a different number of degrees of
freedom, great care must be taken in evaluating the goodness of fit.

The statistical ‘f-test’ is a method by which the goodness of fit for models with
different degrees of freedom may be compared.®

£ Xz(Va)— Xz("b). Vbr
()  VaTVe TP

Where x%(vy) and x%(v,) are the chi-squared values for models ‘a’ and ‘b’. v, and v, are

the degrees of freedom associated with the models. In general;

va=N-C, ®)

where N is the number of data points and C, is the number of parameters in the model. For

< Va @)

the two linear segment, three linear segment and exponential fit respectively:
C2=5,C3=7,Cep=2

The ‘f-test’ answers the following question: Given a model with v, degrees of
freedom, is the goodness of fit improved if a model with fewer degrees of freedom (v ) is
used? Tabulated values of f are consulted to answer this question to within a degree of
statistical certainty (i.e. to within 95% confidence the goodness of fit is improved etc.).

Two and three linear segments were fit to both sets of data and in both cases the
three segment model was found to better describe the data with a confidence greater than
99%. A decaying exponential was also fit to the Ni data and the three segment model was
found to better describe the data, again with a confidence greater than 99%.
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The linear segments obtained in the fit are shown in figure 3-1, and the breakpoints
are evident at the intersections of the linear segments. Both fitting procedures give similar
breakpoint positions. For the Fe curve, breakpoints were found at T, = 4.2 min. and T> =
8.0 min. and for the Ni curve T, = 4.3 min. and T, = 7.7 min. The agreement between the
analysis of the Fe and Ni curve and the fact that a + B = 1 suggests that the linear
combination model is reasonable.

This method was also used to determine the growth mode of Ni and Fe on
W(110). These results are presented in the following chapter along with a discussion of
the growth mode of the Fe/Ni(111)/W(110) films.

Section 3.4
Angle Resolved Auger Electron Spectroscopy (ARAES)

In this section, angle resolved Auger electron spectroscopy (ARAES) will be
introduced as a structure sensitive AES. This is followed by a description of how the
energy analyser is used to make ARAES measurements. Finally the interpretation of the
ARAES data using a computer simulation program will be discussed. A complete ARAES
study of the fcc to bec structural transition in the Fe/Ni(111)/W(110) system will be
presented in the next chapter.

Auger Electron Forward Focusing

In general Auger electron emission is directionally isotropic. However, if the
Auger emitting atom is embedded in a crystalline lattice, the Auger electrons are focused
along directions defined by the neighbouring atoms. This is a result of the scattering of the
electrons by the positive atomic cores. The focusing effect is strongest when only one
neighbouring atom is involved in the scattering process as multiple scattering tends to
defocus the electrons.

If the emitting atoms are near the surface of a crystalline material, the scattering

results in a forward focusing of the Auger electrons along directions defined by the crystal
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structure. A measurement of the Auger electron intensity as a function of angle gives
important information about the structure and composition of the surface.®

Figure 3-3 shows an Auger emitting atom embedded in the second atomic layer of
bee(110) and fec(111) surfaces. The direction normal to the plane of the page
corresponds to the bcc<001> and fcc<011> directions respectively. For the bee film
Auger intensity enhancement is expected at +45°, +63° etc. For the fcc film the
enhancement is expected at -19°,35°, 74°, -55°, -70° etc.
Structural Determination Using ARAES

As suggested in figure 3-3, the surface structure can be deduced from the ARAES
peak positions. Figure 3-4 shows two typical ARAES measurements obtained with the
energy analyser (the details of this measurement are described later in this section). The
data is presented as Auger intensity as a function of emission angle. The data identified as
Fe(110)/W(110) was obtained from a 2.5 ML Fe film deposited on W(110) using 702 eV
Fe Auger electrons. The large peak at 45° suggests that the Fe film is bcc, in agreement
with the observations of others.*®

The data identified as Ni(111)/W(110) was obtained from a 2.0 ML Ni film
deposited on W(110) using 848 eV Ni Auger electrons. The peaks at 35° and 55° suggests
that the Ni film is multi-domained fcc, in agreement with the LEED pattern of the film and
the observations of others.** The peaks at about 20° in both ARAES measurements are
likely a combination of multiple scattering and diffraction effects which will be discussed
later. In the Ni data there is also likely a contribution at 19° from regions of the film which
have 3 ML coverage (see figure 3-3).
Growth Mode Determination Using ARAES

ARAES can also provide important quantitative information about the growth
mode of a thin film. A perfectly flat 1 monolayer film of material ‘f* on substrate ‘s’ should
not have any ARAES focusing peaks for the ‘P Auger electrons. If focusing peaks are

seen, they indicate that some ‘f* atoms are below other atoms. This could occur for
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Figure 3-3
Schematic representation of ARAES focusing conditions
at fcc(111) and bec(110) surfaces. The top diagram shows
the three layers A,B,C which constitute fcc stacking. The bottom
diagram shows three layers of bcc stacking. The fcc<011>
and bcc<001> directions are perpendicular to the plane
of the page.
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three reasons: ‘f* is forming three dimensional islands on °s’, ‘s’ is not flat and has defects
into which ‘f* atoms have fallen and then are covered by subsequent deposition or, ‘f* and
‘s’ are intermixing to form an alloy.

The size of the ARAES effect is proportional to the number of covered ‘a’ atoms
and this information may be extracted by comparing the data to computer simulations.>*
This technique will be discussed in greater detail later in this chapter.

Experimental Limitations of ARAES

ARAES is ideally suited for the study of films grown on a foreign substrate up to a
thickness of 2 or 3 ML. For thicker films the ARAES data will still contain qualitative
structural information in the peak positions but quantitative analysis of the growth mode is
difficult because of the multiple scattering of the Auger electrons.

Figure 3-3 also shows focusing along chains of multiple atoms. Here, the first atom
focuses the electrons but the subsequent atoms have a defocusing effect. The general
result of this defocusing is that films thicker than about 3 ML show less ARAES structure
than thinner films.*® This is because electrons originating from deeper than 4 ML have
been severely defocused, contributing more to the isotropic background than to the
focusing peaks. The precise nature of this defocusing is complicated, being a strong
function of the Auger electron energy and the atomic separation along the chains.*

Other multiple scattering effects and electron diffraction further complicate the
ARAES structure, particularly for low energy Auger electrons.*® Therefore ARAES
measurements are usually performed with electrons with energies above about 400 eV.
The ARAES Measurement

ARAES data is collected by illuminating the sample with a 2000 eV beam of
electrons to stimulate the emission of Auger electrons. The Auger electrons are analysed
by the energy analyser and the spin analyser was used as an electron counter. The

experimental arrangement is shown in figure 3-5. The angle between the incoming and
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Figure 3-5
Shown is a schematic representation of the ARAES measurement.
The angles associated with the incoming beam (©,, ) and the
outgoing beam (@, ) are shown,
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detected electrons is fixed at 90° and the Auger electron intensity is measured as a
function of the polar angle © by rocking the sample. The input lens of the electron energy
analyser has a total angular acceptance of 3.6°. To ensure good angular resolution the
Auger intensity was measured at 2.5° intervals for 10°<s © < 80°.

Energy analysis is done at a pass kinetic energy of 100 eV with an energy
resolution of about 2 eV. A typical energy spectrum for a 4 ML Fe film is shown in figure
3-6 with the Fe Auger electron peak at about 702 eV. Because we are only interested in
the height of the Auger peak with respect to the secondary electron background it is not
necessary to acquire an entire energy spectrum at each ©. Instead, the electrons are
counted at three energies (E, , E; and E3). The signals E, and E, are used to extrapolate a
background value at E;. This background extrapolation is shown in figure 3-6 as the solid
line through the data.

The Auger signal is extracted by subtracting the extrapolated background from the
number of counts measured at E;. This value (C,.g in figure 3-6) is then normalised to the
beam current by dividing by the number of counts at E;. Background extrapolation is
important because quantitative analysis of ARAES data is only possible if all non-Auger
effects are removed from the data.

The experimental data C,,, is in the form of Auger intensity normalised to the
secondary electron background, which is a strong function of the emission angle ©. The
angular dependence of the background intensity (C; at E;) is given in figure 3-7(a). The
data comes from a number of ARAES experiments and is arbitrarily normalised. Over each
experiment the 2000 eV electron intensity was kept constant to within a few percent. The
solid line is the function B(®) a sixth order polynomial fit to the data.

This figure has the expected drop in intensity at higher angles but also has a broad
peak at about 30°. The origin of this peak is not completely understood and may be the
result of two geometrical effects. At low angles it is possible that the sample holder begins
to obstruct the incident beam and the turnover is simply an aperture effect.
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Figure 3-6
Electron kinetic energy spectrum of a 4 ML Fe film
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(a) Secondary electron intensity at 724 eV. The circles are the
average of many measurements. The curve is a sixth order
polynomial fit to the data.

() ARAES measurement of 4 ML Fe grown on the Ni(111)W(110)
substrate. The data before and after backgound subtraction

is shown. The lines are guides for the eye.



Another explanation is that at low © values, the incident beam spot on the sample
elongates and the energy deposited is spread out over a larger area. When this area
becomes greater than the size of the entrance aperture the intensity of the detected
electrons will drop.

This background function, B(O) is a measure of the background intensity per unit
incident beam intensity. The ARAES data, L..(©) is a measure of Auger intensity per unit
background intensity and therefore the product:

L2°(0)=1..(0)-B(6) ®)
gives the Auger intensity per unit incident beam intensity.

The difference between the three point extrapolated background subtraction and a
two point measurement for a 4 ML Fe film is shown in figure 3-7(b). The data identified
as ‘before’ is calculated as (E; - E;)/E:. The data identified as ‘after’ is calculated as
Cuug/ E2 . Both data sets have been normalised to the beam current using equation (8). The
important difference between the two traces is the removal of the contribution of the slope
in the secondary electron background.

Because the Auger signal is small with respect to the background ( usually less
than 10%) the measurements must be made with a constant current from the electron gun.
Unfortunately the electron gun is unable to provide a constant current and tends to drift 5
to 10 % on a time scale of several minutes, the time interval required to measure the three
points. Even if the current is constantly corrected by hand, effects of the drift are seen in
the data.

To make accurate measurements possible, data was taken at a higher frequency to
minimise the effect of gun drift. The instrument was cycled through about 60 read cycles
where electrons were counted for about one second at each of the three energies. The
total dead time per cycle required to change the pass energy was about 2.5 s giving a total
time per cycle of about 5.5 s. This acquisition frequency was found to sufficiently limit the
effect of the electron gun drift.
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Experimental Uncertainties and Systematic Errors

One of the end uses of ARAES data is a comparison to computer simulations to
determine the growth mode. To make a meaningful comparison, a complete understanding
of all the experimental uncertainties and error is required.

The ARAES measurement is a counting experiment, where the number of
electrons as a function of energy and angle is counted. The counting time is set to obtain
about 10° counts at each energy. Applying counting statistics, an absolute uncertainty of
about + 0.3 % (normalised to input beam current) is estimated for the normalised ARAES
signal after the background correction has been performed. The experimental variation in
the data was determined by periodically returning to several chosen angles during data
accumulation and repeating the measurement. This data suggests an upper limit in the
uncertainty of + 0.5 %, slightly larger than the error estimated from counting statistics but
not unreasonable.

When an ARAES data point is obtained, the following tune-up algorithm is
followed; the angle © is set and then the X and Y translation stages of the sample holder
are adjusted to maximise the throughput. This adjustment is required because the centre of
rotation of the sample holder does not lie along the centre of the ‘good spot’ on the
sample. The Y value is adjusted over a range of about 5 mm over the course of an
ARAES measurement in an effort to keep the electron beam on the same spot on the
sample. Several systematic errors are possible during this measurement. For example, it is
possible that as the measurement was made the electron beam wandered over the sample,
although much effort was made to avoid this.

Another potential problem is an error in the angle © brought about by
misalignment. The tune-up algorithm would be an acceptable way to proceed if the
ARAES spectrum was flat. However, if the ARAES spectrum has strong peaks and
valleys a problem arises. Suppose there is a minimum in the ARAES spectrum at 38° and a
maximum at 35°. It is possible that when adjusting Y to maximise the throughput at 38°, a
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larger value of Y will be chosen because this would make the scattering angle closer to 35°
and a larger signal would be obtained. This systematic error would tend to broaden the
maxima and ‘fill in’ the minima in the ARAES data.

The distance between the sample and the input aperture is 100 mm. A three degree
change in the ARAES angle would require a movement of Smm in the Y direction.
Although efforts were made to adjust Y in a systematic manner, an error of 5 mm is
possible given the tune up algorithm which is biased towards the maximisation of the
signal. The rate of change of Y goes as the cotangent of ® and thus most of the
translational correction was done at low angles (particularly below 20° where the rate of
change is very large). At angles above about 50 degrees very little adjustment of Y was
required.

Despite these experimental problems, the ARAES data appears to be
reproduceable and well behaved.

Fitting Computer Simulations to the ARAES Data
The SSC Computer Simulation

To understand the growth mode of the FCC Fe monolayer, ARAES data were
compared to computer simulations. The computer simulations were generated using the
computer program (“SSC”) originally developed by Friedman and Fadley for the purpose
of calculating single scattering photo-electron diffraction for a cluster of atoms.*” The
program is provided with the spatial coordinates of 8 FCC cluster of atoms. One atom is
chosen to be the emitter of a electron s-wave and the single scattering effects of all the
other atoms in the cluster are calculated. To perform the calculation, material specific
atomic scattering phase shifts are required at the Auger electron energy. These phase shifts
were generated using a computer program developed by Rehr and co-workers.*®

The output of the SSC program is the intensity of the scattered s-wave at infinity
as a function of the polar and azimuthal angles. To simulate the ARAES measurements the
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azimuthal angle was set so the variation of the polar angle corresponds to rocking the
sample about the fcc<011> direction as done in the laboratory. The program is also
supplied with the attenuation length for the Auger electrons in the material and parameters
to simulate the effect of a finite temperature on the peaks (Debye-Waller effect).

Because of the geometry of the experimental apparatus (both the electron gun and
electron detector are fixed in the plane of the sample rotation) we must consider the
effects of inward focusing of the 2000 eV electron beam which is used to stimulate Auger
emission.* Figure 3-5 shows the experimental apparatus at an emission angle of 35°,
where strong outgoing focusing is expected. At this angle the incoming beam should also
be focused towards the emitting atom, resulting in greater Auger stimulation. Therefore
the increased Auger intensity observed at 35° is a result of both incoming and outgoing
effects.

The nature of the incoming focusing can be understood by applying a time reversal
argument to the outgoing electron wave. The SCC program begins with a spherical wave
at a lattice site and calculates the intensity of that wave in a solid angle at infinity after
single scattering from all atoms in the cluster. This intensity can be interpreted as the
probability that an emitted electron will be detected in a given solid angle. In the time
reversal of this process the intensity may be interpreted as the probability that an electron
incident at that solid angle will be focused to the emitting site.®

To correct for incoming focusing effects, the following scheme was followed.

(i) SSC was used to generate simulations for 2000 eV electrons and 702 eV electrons.
(ii) The polar angle for the incoming simulation was transformed to the complementary
angle ( ©. = 90 - ©) and the simulations were multiplied together. To simulate the
presence of both ABCA and ACBA FCC domains, the intensity data is then added to
intensity data where the polar angle has been transformed by Oacpa = 180° - @nca .
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Figure 3-8 shows the SSC simulation for an emitter in the second layer of a 4 ML
cluster of FCC Fe. Both the outgoing (702 eV) and the incoming (2000 eV) simulations
are shown. Both simulations are similar, showing the expected focusing peaks at 35° and
-55° degrees.

In the ARAES measurements the emission angle © is varied between 10° and 80°
and peaks at both 35° and 55° are seen. This can be seen clearly in the ARAES data for 2
ML Ni on W(110) (figure 3-4) and 2 and 3 ML Fe on Ni(111) (chapter 4, figure 5). The
presence of both peaks suggests that the film is multi-domained, with both ABCA and
ACBA stacking domains present. This interpretation also agrees with the low energy
electron diffraction (LEED) patterns of these films as discussed in chapter 4.

For the outgoing 702 eV simulation the 0 to 90° region will be defined as the AB
stacking domain and the -90° to 0 region the AC stacking domain. For the incoming 2000
eV beam the complementary angle ©c must be considered in the proper geometry. For
the AB stacking domain the 2000 eV region from -90° to 0 is transformed by ©c = © +
90°.

Figure 3-9 shows the outgoing 702 eV and the incoming 2000 eV simulations for
the AB domain. For the AC stacking domain the 2000 eV region from 0 to 90° the
transformation is ©c = @ - 90°. This is also shown in figure 3-9. In these spectra the
enhancement from the incoming beam is clearly seen, with the outgoing 702 eV focussing
peaks at 35° and 55° enhanced by an 2000 eV incoming focusing condition.

The next step in the manipulation is to multiply the incoming and outgoing
simulations together for each domain. The AB and AC products are shown in figure
3-10(a). The O axis for the AC domain has been transformed by 180°. These spectra now
correspond to the expected contribution to the 702 eV auger electron yield from Fe
electrons in the second layer in a fcc(111) film with AB or AC stacking. If it is assumed
that the AB and AC domains are about equal in number, the contribution from the second
layer is the mean of the two, shown in figure 3-10(b).
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Figure 3-8

SSC simulations for 2000 eV and 702 eV Auger electrons.

In both simulations a 4 ML thick fcc cluster is used and

the electron emitter is in the second monolayer as described
in the text. The ARAES focussing peaks at 35° and -55° are
evident.
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SSC simulations for 2000 eV and 702 eV Auger electrons
showing the outgoing 702 eV peaks with the complementary
incoming 2000 eV peaks. Both stacking domains descibed in
the text are shown.
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(@) Auger emission simulations for both fcc'domains. The 702 eV
and 2000 eV simulations have been multiplied together as
described in the text. The emission angle for the AC domain

has been transformed as discussed in the text. )

(b) Auger emission simulations for emitters in the top and second
layers of the fcc cluster. The contributions from both the AB and
AC domains have been combined as described in the text.



The same procedure is followed for SSC simulations where the Fe emitter is
placed on the surface of the 4 ML thick cluster. These simulations have less structure than
the second layer simulations because there are no atoms above the emitter to focus the
electrons. It is essential however, that these simulations be done, because they provide a
normalised contribution from the atoms on the surface. This surface contribution is also
shown in figure 3-10(b).

Auger emission is stimulated by 2000 eV electrons as they pass through an atomic
layer. The Auger intensity from an atomic layer is proportional to energy deposited in the
layer. The energy deposition is a function of the path length through the layer and the
relative intensity of the beam at the layer.* If the atomic layer is d thick and ©, is the
angle of incidence, the distance travelled in a layer is:

Il - Io
d-cos(G¢c) sin(@)
The complementary angle (outgoing ©) is used in the final definition and IT is a constant
which has been absorbed into I, the intensity at © = 0.

To reach an atomic layer, the 2000 eV must first travel through the preceding
layers, where attenuation occurs. This is added to equation (9) by defining an attenuation

length A

I(&c) = 6]

Io n-d
1©.0 =5 °""( Tn(@)) (19)

Where n refers to the layer (n = 0 is the top layer). The attenuation length (A =20 A) was
estimated using the material dependent parametrisation suggested by Tanuma, Powell and
Penn.®"* Figure 3-11(a) shows the top and second layer simulations after the angular and
depth correction defined in equation (10) has been applied.
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() Simulations for Auger emitters in the top and second layers.

The angular comections for the incident beam have been applied
as discussed in the text. _

(b) A least squares fit to the ARAES data from a 1 ML Fe fim on the
Ni(111)W(110) substrate. The two simuldtions presented in part () of
this figure were used as the basis functions in the fit. As discussed in
the text, the data from 10° to 18.5° was not used in the fit.
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The Chi-squared Fitting Routine

To determine how much of the Fe in a 1 ML film is in the second layer a chi-
squared fit was performed. The ARAES data was analysed in a two parameter fit using the
simulations in figure 3-11(a) as basis sets. The fitting parameters a and 8 were determined
by the analytical minimistion of the chi-square sum:

A LEXNCRING)

Where 1i5(0) and L.(©) are the simulations for an emitter in the top and second

layers respectively and o is the experimental uncertainty in the data.

The measure of the goodness of a chi-squared fit is the Q-factor, the incomplete
gamma function Q(v,xz) where v is the number of degrees of freedom in the fit (in our
case v = n-2, where n is the number of ARAES data points) . The general rule is that if Q
2 0.1 the fit is acceptable, if 0.001< Q < 0.1 the fit may be acceptable if the experimental
uncertainties do not follow a normal distribution (an assumption of the chi-squared
minimisation). Finally, if Q < 0.001, the fit is very likely unacceptable.®*

The fit to the IML Fe data is shown in figure 3-11(b). For this fit an experimental
uncertainty of + 0.4 % was used. As indicated in the figure, data from 10° to 80° was
available but only data from 20° to 80° was used in the fitting procedure, excluding the
first four data points. These data points were excluded on the basis that the goodness of fit
measure (Q ) gave a value of 0.0002 for the 10° to 80° data. As data points were
systematically excluded from the low angle side, the Q value rose to a value of 0.15 using
data 20° to 80°.

This trend was observed when other data was analysed, suggesting that the model
is sufficient to describe the data in the range of 20° to 80°, but fails at lower angles. There
are two possible explanations for this. As discussed in the experimental errors section of
this chapter, misalignment of the sample and the entrance aperture are most likely to
happen at low angles. Also, the SSC simulation does not consider multiple scattering
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effects within and between layers. In similar experiments on Cu(111), Kief and Egelhoff
report a significant energy dependant structure below 20° which they attribute to multiple
scattering.'® In our experiment this effect would likely be amplified by the enhanced Auger
emission at low angles.

The fit presented in figure 3-11(b) gives the following parameters:
a=10+02
B =030 £0.08
This suggests that 24 + 7 % of the Fe atoms are in the second layer of the film. The
precise meaning of the above statement is that 24 % of the Fe atoms are below single
atoms which focus the Auger emission.

A similar fit was performed to ARAES data for 2 ML Fe on Ni(111)/W(110)
giving
a=12 103
=08 £0.2
This suggests that 40 + 14 % of the Fe atoms are in the second layer. This fit is
complicated by the fact that the ARAES peaks from Fe atoms in the third layer are at the
same positions as the peaks for the second layer (see figure 3-3) and therefore focusing
from one or two over layers is difficult to distinguish.

The fitting result suggests that the 1.0 ML Fe film is reasonably flat. The 24 + 7 %
result is likely a combination of some interdiffusion and some three dimensional growth,
both of which cannot be avoided in this system. This result, in combination with the AES
deposition versus time analysis suggests that the growth mode is near layer by layer.
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Chapter 4
The Thickness -dependent fcc to bee Structural Change in

Iron Films: Use of a 2 ML Ni/W(110) Substrate

Section 4.1

Introduction

The research paper which follows in section 4.2 is a complete report on the growth
mode of the Fe/Ni(111)W(110) system from 0 to 12 ML Fe coverage. Experimental
techniques and computer simulations discussed in chapter 3 are used extensively in this
study and the instrument described in chapter 2 was used to perform the ARAES
measurements. The author of this thesis is the principal author of the research paper,
having performed all of the experimentation and computer simulations. The author also is
responsible for most of the analysis. D.Venus was involved as the author’s Ph.D.
supervisor, providing guidance throughout the project. Venus was also involved in the
final analysis of the structural transition. After the author had developed the ARAES
technique for use in the laboratory, C.S. Amold used the technique to study ultrathin
Co/W(110) films. Because the analysis of the Fe/Ni(111)/W(110) and the Co/W(110) data
was done at the same time, Arnold has made a contribution to the development of the data
analysis techniques.

This work has been submitted to the journal Physical Review B,

November 1, 1996. The copyright on this work has not been assigned.



101

The thickness-dependent f.c.c. to b.c.c. structural change in iron films:

Use of a 2ML Ni/W(110) substrate

H.L. Johnston, C.S. Amold and D. Venus

Deptartment of Physics and Astronomy
and Brockhouse Institute for Materials Research
McMaster University
Hamilton, Canada L8S 4M1

Abstract

The f.c.c. to b.c.c. structural change in the growth of ultrathin iron films, is studied for
films grown on an (111) f.c.c. surface, in an attempt to mimic the geometry of the
Martensitic transition in bulk iron, where the interface is formed from the close-packed
planes of the two structures. The use of a 2 ML Ni/W(110) substrate allows good wetting
and lattice matching of the iron, without introducing either significant interdiffusion at
the interface, or a large amount of magnetic material. LEED and angle-resolved Auger
electron spectroscopy show that the iron films grow as a slightly distorted (111) f.c.c.
surface for 3 ML, after which a surface cell intermediate to f.c.c. and b.c.c. appears in a
specific Kurjumov-Sachs (KS) orientation. Thicker films show a simultaneous relaxation
of the surface unit cell to a b.c.c. structure, and the movement of the layer stacking from
the position f.c.c. to the KS b.c.c. position. The approximate layer-by-layer evolution of
the structure is in marked contast to the complicated growth transition seen for iron films
grown on (001) f.c.c. surfaces. This promises to be a useful system to isolate the relation
of the structural transition and magnetism, without important contributions from other
growth processes.
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A. Introduction
Iron grown as a thin, metastable film upon a face-centred cubic substrate has

proven to be a fascinating and complex system for the study of magnetism at surfaces and
interfaces, and for the demonstration of the links between film structure, morphology and
magnetism. One factor which contributes to the changes in the magnetic properties of
these films as their thickness is increased, is the transition from a metastable, epitaxial,
f.c.c.-like growth structure, to a b.c.c.-like growth structure related to bulk b.c.c. iron. A
number of methods, such as the use of surfactants,' have been used to stabilize the f.c.c.
structure, but for pure, clean iron films, it is difficult to escape the fact that the b.c.c.
structure has lower energy and makes a f.c.c. to b.c.c. growth transition inevitable. The
relation of this structural change to the magnetic properties of the iron film has been
studied extensively for films grown on noble metal substrates, and particularly’ on
Cu(001). Here, as a function of film thickness, one finds sheared face-centred tetragonal
growth,’ a transition f.c.c. region,* and finally b.c.c. growth,’ all with characteristic and
fascinating magnetic properties.® Unfortunately, the structure and morphology is greatly
complicated by the tendancy of the iron to mix with the copper substrate,’ and the film to
roughen dramatically as the growth transition occurs.*® It is only through an impressive
effort that the contributions of these various issues to the magnetic behaviour have been
identified and, to some degree, studied systematically. A positive aspect of these works
is that Fe/Cu(001) is an ideal system to study the interaction of the many influences on
film magnetism; an alternative viewpoint is that it might be fruitful to gain insight
through the study of related systems where the magnetic behaviour is dominated by a
single characteristic of the growth. This attitude has lead to interesting initial studies of
iron films grown on Ni(001) and Co(001) substrates,’ where intermixing of the film and
substrate are expected to be less serious, and the growth transition itself should the
overriding influence on the film magnetism. For these systems, however, the magnetic
properties of the iron film are difficult to study since they may be slaved to the larger net

magnetic moment of the substrate, and because it is difficult with many experimental
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techniques to separate the magnetic response of the iron atoms from that of the substrate
atoms. However even these studies do not address the root of the problem: if one wishes
to study the relation between the f.c.c. growth to b.c.c. growth transition on the magnetic
properties of the iron film, the (001) surface is a poor choice for the f.c.c. substrate.

The thickness dependent structural change in iron films has much in common
with the phase transition from the f.c.c. structure to the b.c.c. structure in bulk iron, which
is a classic example of a first-order Martensitic transition.'® In this diffusionless
transition, an interface plane (termed the habit plane) moves through the bulk iron and
divides the regions having f.c.c. and b.c.c. structures. These two regions are oriented
such that a close-packed {111}, plane is parallel to a close-packed {110}, plane. The
most likely alignments of the close-packed planes are the Kurjumov-Sachs (KS) , where a
<01 1>, and <111>,__ direction are parallel, and the Nishiyama-Wasserman (NW), where
a <I21>¢, and <101>, direction are parallel. The habit plane, however, is a plane which
is invariant under the structural transformation, a condition which is possible because of
the compensatory effects of lattice distortion and shear. The habit plane is often
irrational, but in the case of pure iron (up to 0.4% C) the habit plane is the close-packed
plane itself. Therefore, using the bulk transition as a model, one is prompted to study the
growth transition in thin films in a geometry where the direction of increasing thickness
is normal to the natural habit plane of the bulk transition — that is, on a (111) fc.c.
substrate. In this geometry, the f.c.c. to b.c.c. growth transition is roughly analogous to a
bulk Martensitic transition "in progress” with the habit plane "frozen" at a certain depth in
the film. Of course, there are important differences between the film and bulk situations.

The thin films are, afterall, metastable, and are also much freer to distort in the direction
normal to the film surface than are bulk samples along a crystallographically similar
direction. Still, the essential soundness of this idea is consistent with the scanning
tunneling microscopy studies™ of the growth transition of iron films on Cu(001). A very
complicated, but patterned, arrangement of defects and shear planes appear at an angle to

the surface, and various regions of the surface undergo very different transitions. The
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LEED pattern shows a series of reconstructions related to the shear of the surface layers’
and the defect patterns’, and the final Fe b.c.c. phase greatly resembles the close-packed
(110) surface in an orientation with respect to the underlying (001) f.c.c. which is not
observed for bulk geometries."" This process can be thought of as a method by which the
natural habit plane for the transition, which is initially at an angle to the surface, can be
re-established normal to the film growth direction.

This line of analysis recommends the study of iron films grown on Cu(111). A
number of such studies have been performed with the finding that the epitaxially grown
iron does not wet this surface well, but inmediately forms islands.>'? The growth on the
islands undergoes the transition to the b.c.c. structure before the islands themselves have
properly coalesced. This leads again to the situation where there may be an interplay of
the effects of the growth mode and the structural transition on the magnetic properties of
the films. The search for a more ideal system leads again to the Ni and Co substrates,
where better wetting is expected, and where Bauer and van der Merwe"? have predicted
that the details of the lattice matching on the close-packed planes should lead to relatively
thick epitaxial iron growth. Studies of these systems consist mainly of transmission
electron microscopy of the endpoint of the growth transition for thick films'* — we are
unaware of detailed layer growth studies. Even so, there remain the problems associated
with the magnetic characterisation of a thin film grown on a magnetic substrate. It is
therefore a happy coincidence that Ni is known to grow in a highly ordered (11 1) fc.c.
structure on a W(110) substrate, even for very thin film thicknesses of two or three
monolayers.'*' Such a thin Ni buffer layer will continue to have magnetic consequences,
but perhaps at least the master/slave relationship bewteen substrate and film will be
reversed. This line of argument has lead to the present study of iron films grownona?2
ML Ni/W(110) substrate, with the aim of discovering a simple example of the f.c.c. to
b.c.c. iron growth transition which is amenable to magnetic studies, and with
characterizing the structural aspects of that transition.

The remainder of this paper is divided into four sections. In part B, the
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preparation of the Ni/W(110) substrate is described and its structure is confirmed. In part
C, the epitaxial growth of f.c.c. iron on the substrate is demonstrated, and in part D the
transition to b.c.c. growth is documented and analysed. It turns out that one sees a
transition dominated by intralayer atomic motions following simple geometric relations,
in agreement with the foregoing discussion. This system therefore seems well suited for
further studies of the relation of the structural transition and the magnetic properties of
iron films.

B. Preparation of the 2ML Ni/W(110) substrate
The growth of thin Ni films on the W(110) surface has been well-characterized in

a number of studies.'>'®* The purpose of the present section is to document the method of
preparation of the substrate, as the properties of very thin films are much more sensitive
to experimental uncertainties than are thick films. Figure 1 shows the geometry of the
lattices involved. The solid outline defines a f.c.c. unit cell, and the dashed outlines
define two b.c.c. unit cells which are oriented in the NW alignment (to the left of the
f.c.c. cell) and one of the KS alignments (below the f.c.c. cell). In this paper, the W(110)
single crystal substrate is always aligned as the NW b.c.c. cell in fig.1, and all LEED
patterns, experimental substrate manipulations, etc., are presented with respect to this
orientation in space and on the page. The tungsten crystal was cut and polished to within
0.4° of the (110),,, surface, and was cleaned before each film deposition by heating to
1800 K in 5x107 Torr oxygen, and then flashing to 2500 K. This yielded a sharp LEED
pattern and carbon contamination levels which were just detectable with a four-grid
retardation Auger electron analyser. Ni was evaporated by electron bombardment of a
pure wire, using an evaporator which had an integral flux monitor to ensure a constant
depostion rate.'® The LEED pattern showed initially pseudomorphic growth, then a 7x1
reconstruction along W[001],.. for thicker films, and finally a six-fold pattern that was
very close to hexagonal, with no reconstruction sattelite spots — all in agreement with
previous results. In accord with these authors, we interpreted the hexagonal pattern as the

formation of two stacking domains of the f.c.c. Ni(111) surface, and the 7x1
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reconstruction as evidence for the NW relative orientation of the Ni and W unit cells, as
illustrated in fig. 1. For exact matching along the Ni[211],.. and W[110],.. directions, the
Ni cell must be expanded by 3.7% from its bulk lattice constant. Along the W[001},.
direction, the reconstruction matches nine Ni cells onto seven W cells by contracting the
Ni cell by 1.0% from its bulk lattice constant. A matching of this type predicts a distorted
f.c.c. cell with internal angle o, =61.14°, whereas an experimental value of 60.8+0.4°
was determined for a 2ML film in the present experiments.

In order to accurately determine the thickness of the Ni layer, Auger electron
spectra were recorded as a function of deposition time at room temperature in the energy
interval containing the Ni 61 €V and W 48 ev Auger peaks. The spectra were fit using a
least-square criterion to a linear combination of the spectra for the clean W substrate, and
a thick Ni film where the W Auger peak was not detectable. The fitting constant for the
Ni is plotted in fig. 2a as a function of deposition time. These data were fit in turn to one,
two , three and four linear segments, with a least squares algorithm free to determine the
slopes and intersection points of the lines. The %’ from each fit were compared using the
f-test, which takes into account the reduction in degrees of freedom as the number of
linear segments is increased. 'fhe statistical analysis suggests that the Ni Auger uptake
curve is best represented by three linear segments, where there is a first weak slope
change at the deposition time 0.44t;,_ and a stronger slope change at 1. The labelling of
these times reflects our interpretation of the stronger slope change as the completion of
the reconstructed monolayer, and the weaker slope change as associated with the end of
pseudomorphic growth. (The LEED reconstruction was first visible at about 0.6t .)
These results are in detailed agreement with those of Kolacziewicz and Bauer," with
even the ratios of the slopes at the slope changes (0.70 and 0.53) being in quantitative
agreement. These data confirm the very good wetting of W(110) by Ni, and serve to
calibrate the Ni film thickness to within +0.1 ML.

The very low solubility of most metals in W permits films to be annealed without

causing intermixing at the interface. Experimentation showed that the LEED pattern of
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the Ni film was improved when the films were grown at an elevated temperature, and that
this did not affect the Auger electron intensities. All the Ni/W(110) substrates in this
study were thus prepared by growing the first monolayer at a substrate temperature of 550
K and subsequent layers at 390 K. The LEED pattern for a 2ML Ni film then had a sharp
hexagonal pattern of spots, and more diffuse reconstruction spots which were
significantly weaker than those observed for the monolayer.

C. Growth of f.c.c. Fe on 2ML Ni/W(110)

Since preliminary studies showed that growing Fe directly on IML Ni/W(110)
lead quickly to a very diffuse LEED pattern, a 2ML Ni film was chosen as the thinnest
practical magnetic substrate. The Fe evaporator was calibrated by LEED and Auger
experiments of deposition directly onto the W(110) surface at room temperature. This
system is known to produce a series of distinctive LEED patterns with increasing
coverage, which were reproduced in the present studies.'® Data for the Fe Auger uptake
curve is plotted in fig. 2b, following the same analysis procedure described for the Ni
deposition. Once again, according to the f-test, the data is best represented by three linear
segments. The first, very weak change in slope has also been observed by Gardiner'® (the
ratios of slopes at these changes, 0.89 and 0.45, are in quantitative agreement with those
measured by Gardiner), but the characteristic feature of this curve in previous studies at
room temperature is the much stronger slope change which has be shown to represent the
completion of the Fe bilayer™® on W(110). This feature is therefore interpreted at 27,
and it is then found that the first slope change occurs at 0.95t,... Using this calibration,
the ratio of the areal atom densities on the W(110) and Ni(111) surfaces gives a time for
the deposition of Fe equivalent to one pseudomorphic layer on Ni(111) as o = 1.3 1,,.
(Of course, this 1 is different than that in fig. 1a, since a different evaporator is being
calibrated.) A similar Auger intensity experiment was then performed for Fe deposition
at room temperature on 2ML Ni/W(110), the results being presented in fig. 2c. The same
analysis leads to three linear segments, with the unconstrained positions of the slope

changes fit to 1.02t, and 1.921,, in terms of the independent calibration in fig. 2b. This



108

is internally consistent evidence that the Fe wets the Ni film well, grows
pseudomorphically on the strained f.c.c. template, and that in the initial stages at least the
growth mode is approximately layer-by-layer. The thickness of the Fe films in ML in
this paper, will therefore refer to the calibrated amount of material deposited in Trecr

A final Auger electron spectroscopy experiment was performed to gain insight
into the amount of intermixing of the Fe into the Ni film. 0.8ML of Fe was deposited
onto 2ML Ni/W(110), and Auger spectra were recorded (close to room temperature) as a
function of annealing temperature. The low energy region of the spectrum was fit to a
linear combination of the Auger spectra of 2ML Ni/W(110) and a very thick Fe film. The
higher energy region was fit to a single, clean W Auger spectrum. The resulting fitting
constants are plotted in fig. 3, where the lines are guides to the eye. The W Auger
intensity stays rather constant until an annealing temperature of 550 K, where it begins to
increase. This is interpreted as the onset of significant islanding of the film, probably as
islands on top of a single monolayer which is tightly bonded to the W surface. The Fe
and Ni signals, however, change rather linearly starting immediately at the lowest
annealing temperature. This is interpreted as intermixing of the Fe and Ni, and the lack
of plateau at low annealing temperatures suggests that some intermixing has already
occurred in the film as deposited. It is difficult to quantify the amount of intermixing
from this experiment, but it is clearly a gradual process — annealing to 360 K, for
instance, makes only a small change in the Auger intensities. Because of this, and
because the Ni film is grown at slightly elevated temperature, the effect of growing the Fe
film at slightly elevated temperature (360 K) was investigated. This lead to an
improvement in the sharpness of the LEED pattern, and this growth temperature was
therefore adopted for all subsequent films.

The structure of the Fe films was investigated using LEED patterns and angle-
resolved Auger electron spectroscopy (ARAES). Initially, deposition of Fe on 2ML
Ni/W(110) lead to no important changes in the LEED pattern observed for the 2ML Ni
film. The sharpness of the spots was at first degraded, but then improved again, so that at
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3ML of Fe, a sharp hexagonal LEED pattern with no reconstruction was obtained. This
is illustrated in fig. 4, for a primary energy of 96 eV. An internal angle a, =60.8+0.4°
was measured from photographs of the pattern, and the lack of three-fold symmetry again
indicates that there are domains of two stacking sequences present.

The angle-resolved Auger experiments® are illustrated schematically in the inset
to fig. Sa. High energy Auger electrons are, to a good approximation, emitted
isotropically by an excited atom, but the angular distribution of the Auger electrons can
be perturbed if the emitting atom is in a crystalline enviornment. The trajectories of the
electrons passing close to a positive ion core can be deflected towards the ion core,
causing a focussing of the Auger electrons along the crystallographic directions where the
ion cores are situated. This forward-focussing effect is strongest in very thin films where
multiple forward-scattering interactions are not geometrically possible, and is observed
primarily along the directions where nearest neighbours lie. For thicker films, the
focussing along a linear chain of atoms is more complicated by multiple forward-
scattering interactions, some of which may focus the electrons, and some of which may
defocus the electrons.” Since elastic Auger electrons characteristic of different atom
types can be resolved, this method gives structural information specific to the film and
the substrate. Qualitative information concerning the film structure can be obtained by
simply noting the presence and/or absence of peaks in ARAES at the emission angles
characteristic of the nearest neighbour directions in different crystal structures. In the
present experiments, the films were rotated about the NW[001], . direction of the W
crystal illustrated in fig. 1 (this is equivalent to the [011],.. direction of the 2ML Ni ).
Assuming the f.c.c. stacking position marked "A" in fig. 1, the geometry illustrated in the
inset to fig. 5a is obtained, and forward-focussing at ©,,=35° is expected. Assuming the
alternate f.c.c. stacking position in the upper half of the f.c.c. unit cell in fig.1, predicts a
peak in the ARAES at ©,,=55°. Assuming a b.c.c. structure in the orientation of the NW
orientation of the W substrate predicts a peak at ©,,=45°.

The ARAES experiments were performed with a fixed angle between the
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incoming primary, 2000 eV electron beam and the entrance aperture of the electron
energy analyser, such that ©,,+0,,~90°. The angular resolution of the electron optics
was £2°. An electron energy spectrum was recorded to identify the peak energy of the Fe
(702 eV) Auger electrons, and two positions suitable for extrapolating a linear
background to the peak. In order to compensate for the possible drift of the electron gun
current, the electron count was recorded at these three energies in a rapid series of
interleaved time steps which totaled approximately one minute per point. The ARAES
data was then evaluated as the ratio of the Auger peak counts minus the background, all
normalized to the background. While this method removed spurious temporal drifts, it
introduced an arbitray scale of normalization — the angularly dependent inelastic
background of the Auger spectrum. This was removed by constructing the average,
angle-resolved inelastic background as measured in many ARAES experiments. Since
this function was found to be smoothly varying and had little scatter, it was fit to a
polynomial, and the resulting function was multiplied times the normalized ARAES
spectra to give the angular dependence of the Fe Auger electrons alone, normalized to
constant exciting beam current. These data are shown in fig. Sa for 1, 2 and 3ML Fe
films grown on 2ML Ni/W(110). The spectra for 2 and 3ML Fe show clear peaks at
©,,~=35° and 55°, and no discernable peak at 45°, indicating that two stacking domains of
f.c.c. iron are present (in agreement with the LEED pattern), but that b.c.c. iron is not
present. Small peaks may also be present at the f.c.c. forward-focussing angles for the
IML Fe film. Since the Fe emitter must be below another atom to produce forward-
focussed electrons, the size of these peaks is a measure of the imperfection of the Fe films
due to a combination of mechanisms: i) the degree to which the 2ML Ni substrate
contained regions of IML thickness, ii) the uncertainty in the Fe film thickness, and iii)
the amount of intermixing of Fe into the Ni film. The data are evidence that none of
these effects is serious.

It is also useful to compare the data to quantitative calculations of Auger electron

forward-focussing. This is introduced here, as it will be particularly important in the next
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section. The ARAES spectrum from a single emitter at a particular lattice site, n, is
denoted I, (®,,, ,n), and may be calculated by assuming that an isotropic, outgoing
electron wave is scattered elastically by an array of atoms, where only independent,
single-scattering events are considered.” The scattered amplitudes far from the array are
summed and the scattered intensity is computed. The present experimental geometry is
complicated by the fact that the incoming electron beam may also experience forward-
focussing. This can be seen in the insert to fig. 5a, where the beam from the electron gun
may be focussed by a first-layer atom onto a second layer atom, so that the latter
experiences a greater excitation probability at ©,=55° than at other angles. In
photoemission, the state of the outgoing photoelectron, and that of an incoming plane-
wave electron are related by time-reversal. Since this is also found to be a good
approximation for high energy Auger electrons,™ the incoming focussing I.(©,, ,n) may
be calculated by the same method as I, (©,,, ,n), but using a transformation of variables.>
The observed angular dependence of Auger emission from a particular atom will then be
the product of these two. Finally, the contribution from all atoms must be normalized to
the same scale, and summed. The calculation described thus far is normalized "per Auger
electron generated at site n", and the relative probabilities of excitation of atoms in
different lattice sites is given by the relative energy dissipation at these sites. A first
approximation to this function is given by the phenomenological attenutation of the
primary beam.” This varies exponentially from layer to layer, and as 1/sin @, within
each layer as the primary beam approaches glancing incidence. Taking these together,

the experimental measurements are given by
Inet(@oul) = E Iin(ein 9n) [oul(@out 7n) exp['d(n)/ (A‘ Sin Oin)] / Sin G')in ’ (l)
where d(n) is the perpendicular depth of the lattice site from the surface, and A is the

inelastic attenutation depth. Single-scattering calculations were carried out using the

program SSC, developed by Friedman and Fadley™, with scattering phase shifts
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calculated in the program FEFF, developed by Rehr, Albers and Mustre de Leon?’. These
are presented in fig. 5b for the cases of 1 and 2ML Fe films, where the single-scattering
assumption is strictly valid. The index n was summed over the two inequivalent

positions in both possible f.c.c. stacking sequences. The agreement between the

measured and calculated spectra is very good, and confirm the f.c.c. structure of the Fe. It
also permits a more detailed understanding of three important points: i) the rising
"background” as @, becomes smaller is a true effect which results from increased energy
deposition in the surface region at glancing angles of primary electron incidence; ii) The
same mechanism enhances the intensity of peaks at small emission angles relative to
those at large emission angles. Thus the peaks at 35° and 55° due to equal amounts of the
two f.c.c. stackings are not equal in height; iii) in the present geometry the appearance of
the characteristic peaks at 35°, 45° and 55° are not affected by the forward-scattering of
the incoming beam, because in all three cases, the incoming and outgoing beams
experience forward-focussing at equivalent geometries. At very low emission angles,
however, the enhanced sensitivity can lead to prominent peaks due to second-order
focussing (as between 15° and 20°) which complicate a qualitative interpretation.

In conclusion, the Auger uptake curves, LEED and ARAES measurements are a
self-consistent data set which indicate that up to 3ML Fe grows on the 2ML Ni/W(110)
substrate as two domains of a slightly distorted (11 1) surface with different stacking
sequences, which are epitaxial to the Ni film.

D. E.C.C. to B.C.C. transition for Fe/2ML Ni/W(110)

The first indications of the growth of b.c.c. Fe are given by LEED patterns
recorded for 4ML Fe films, as shown in fig. 6. Fig. 6a shows the pattern for a primary
energy of 96 eV, and fig. 6b gives a schematic interpretation. Four of the six the bright
spots associated with the distorted f.c.c. Fe have split into triplets, so that the twofold
symmetry of the pattern is more pronounced. Variation of the primary energy shows that
the upper spots on the left are correlated with the lower spots on the right, and vice versa.

Fig. 6b shows that these new spots can be represented as a superposition of two domains



113

of b.c.c.-like units cells in an orientation which is given by the KS orientation in fig. 1.
Two qualitative features are worth particular attention. First, the observed KS
orientations represent only two of the six possible such orientations.”® A true, unstrained
f.c.c. cell has three equivalent nearest neighbour directions along which the b.c.c. nearest
neighbours in the close-packed plane may be aligned (each giving two KS domains
related by a mirror plane). However, the 3ML Fe films show a distortion equivalent to
that seen for the 7x1 reconstructed Ni films, where there is a 3.7% expansion along [2
11]¢. and a 1.0% compression along [011],.. Using the nearest neighbour distance for
bulk Fe, the observed KS orientation represents a 0.7% compressive strain along the [01 1
Je.c matching direction, whereas matching along the nominal [101],.. or [110],. directions
would require a 2.9% expansion. (A NW orientation requires a 10.4% expansion.) A
rigid model therefore shows a clear reduction of strain energy for the observed KS
orientations. Second, the new spots represent a distorted b.c.c.-like cell, since the internal
angle ay defined in fig. 1 is equal to +57.6° instead of the true b.c.c. value of £54.7°.
The observed distortion allows the b.c.c.-like cell to maintain registry with the f.c.c.
underlayers in the [110],.. direction in direct space, as can be seen by the horizontal
alignment of the spots in fig. 6a. This arrangement presumably reduces the energy of
interlayer interaction.

LEED patterns of thicker films show a fading of the f.c.c. spots, and an evolution
of the b.c.c.-like KS unit cells to smaller values of ays. A new qualitative feature is seen
first for 8ML Fe films. It is illustrated in a 12ML Fe film in fig. 6¢, where it is fully
developed. The f.c.c. spots are now absent, but six new spots are present (two are hidden
in the photograph by the shadows cast by a Helmholtz coil arrangement near the sample
holder). The new spots are indicated as open circles in the schematic representation in
fig. 6d. They can be represented as a b.c.c.-like cell in the NW configuration in fig. 1,
with internal angle o, =55.4°. The figure also shows that the orginal KS cells have
evolved such that a is also equal to 55.4°, so that the entire LEED pattern can be

represented as the incoherent superposition of three equivalent b.c.c.-like cells: two KS
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cells rotated £55.4° from an NW cell, all referenced to the underlying f.c.c. Fe. It is not
clear why the emergence of domains of the NW orientation is favourable, other than to
note that they occur on the b.c.c.-like surface (not on the f.c.c. surface), and then only
once the internal angle a, has obtained a value close to that of a true b.c.c. cell. The
particular NW orientation which appears is the only one that preserves the twofold
symmetry of the original, distorted f.c.c. surface. It may be that this orientation nucleates
at the boundaries where the different KS domains meet.

The evolution of the b.c.c. cells measured from photographs of LEED patterns is
summarized in fig. 7, where the internal angles a for both orientations are presented as a
function of film thickness. The intemnal angle of the f.c.c. cell is also shown for those
thicknesses where it is observed. This plot is very suggestive of a f.c.c. to b.c.c. transition
in three distinct steps. The first is the sudden appearance of a stucture intermediate to
fc.c. and b.c.c. in the KS orientation, followed by a gradual relaxation of the surface unit
cell to that of a b.c.c. structure. Finally, identical b.c.c. cells nucleate in the NW
orientation. The evidence for the gradual relaxation of the KS cells is particularly
intriguing. LEED at a primary energy near 100 eV should measure a weighted average of
the structure of the first few atomic layers, giving the smearing of the spots in fig. 6
perpendicular to the radial direction — that is, along the direction the spots move with
changing film thickness. The fact that the spots do not degrade into a continuous arc, but
rather remain relatively well-defined and show measureable dispersion, suggests that the
b.c.c. iron is not growing as rough islands which expose many layers with a range of ays,
but rather continues to follow approximately layer growth, with each layer having a unit
cell which is incrementally relaxed from the previous layer. This is further supported by
the rapid disappearance of the f.c.c. LEED spots.

As the surface unit cell distorts continuously towards a b.c.c. structure, the
potential minimum inside the cell is expected to shift from the f.c.c. stacking position,
labelled by "A" in fig. 1, to one of the b.c.c. stacking positions labelled "B" and "C" in

fig.1. Since the layer spacing between bulk close-packed f.c.c. and b.c.c. planes is the
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same (when measured in units of the nearest neighbour distance), no change in the
interlayer spacing is expected. In order to investigate the stacking of the surface unit
cells, a series of angle-resolved Auger experiments were conducted for films showing the
transition to b.c.c. Fe. These are presented in fig. 7a. The extended lines on the y-axis
show the amount by which successive curves have been displaced to avoid overlapping.
In overview, the data first show a dispersion of the peaks from the f.c.c. angles of 35° and
55° to smaller and larger angles, respectively, as the films get thicker. The latter peak
becomes significantly weaker, appearing as a shoulder. Then, for I2ML Fe films, there is
a complete change in character, with a very strong peak occurring at 45°.

These curves may be interpreted by comparison to the calculated ARAES spectra
for different stacking positions of the layers along the lines AC or AB in fig.1. Since the
single-scattering theory is strictly valid for films only 1 or 2ML thick, and since the most
prominent structure is expected to arise from simple, forward-focussing by nearest
neighbour atoms, the following approximate method has been adopted. A two layer
system is formed from a bottom layer a true f.c.c. Fe structure, and a top layer in the
intermediate KS structure given by the LEED pattern in fig. 6a. The interlayer distance is
assumed to be constant at the distance common to the close-packed planes in both f.c.c.
and b.c.c. bulk structures. Calculations made according to eq.(1), for different layer
stacking sites along the lines AB and AC are presented in fig. 7b. The solid symbols
represent the calculations for a progression of the stacking site along AC, from the f.c.c.
site to the KS b.c.c. site. The open symbols represent the calculation at the endpoint
stacking site B for the NW b.c.c. structure. Because of the neglect of contributions from
atoms deeper than the second Fe layer, the calculated peak heights are not as reliable as
the peak positions. There is an impressive agreement with the evolution of the calculated
and experimental spectra. The calculated peak positions are summarized in fig. 9. The
ARAES experiments up to 8 ML thick Fe films are well represented by the calculations
for movement of the stacking position from the f.c.c. to the KS b.c.c. site. The

approximate nature of the calculation, and the width of the experimental peaks make a
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more precise correlation of stacking position against film thickness unreliable. For the
12ML Fe films, the experiments are in good agreement with the calculation for stacking
at the NW b.c.c. site.

These results give strong support to a description of f.c.c. to b.c.c. transition in
these films as a layer-by-layer evolution of the surface cells in both shape and stacking
position. The ARAES and LEED studies are internally consistent, with the stacking
position moving toward the KS b.c.c. site as the surface unit cell relaxes to two domains
of the true b.c.c. structure in the KS orientation. Only when this process in nearly
complete does the LEED show the appearance of the NW b.c.c. domains, in agreement
with the strong peak at 45° in the ARAES at these thicknesses. The experimental
ARAES spectrum for the thickest film (12 ML) is in fact well-represented by a
summation of the calculated curves for the KS and NW stacking sites, since the
calculation for the KS site shows little structure. The details of the emergence of the NW
b.c.c. domains remains unexplained, as it is not clear how this unit cell can be
accomodated to the existing KS b.c.c. growth without a significant distortion which is not
observed in the LEED pattern. To our knowledge, the f.c.c. to b.c.c. structural changes in
ultrathin Fe films grown on (111),. surfaces studied so far, show either a KS or NW
orientation, but not both.*®*** Some studies of thick Fe films (of order 100 ML) grown on
a Ni(111) single crystal show a combination of KS and NW domains,'* but this seems to
correspond to a loss of epitaxy to the substrate, since all possible configurations are
present.

E. Discussion

Insofar as the experimental methods used in these studies can detect, Fe films
grown on 2ML Ni/W(110) show a simple f.c.c. to b.c.c. growth transition, with evolution
of the structure in the direction of film growth. This is accomplished by the nucleation
of surface unit cells in the KS orientation which are midway between f.c.c. and b.c.c.,
followed by the incremental evolution of the shape and stacking position of the cells to

that of true b.c.c. The present studies give no direct indication of the film morphology,
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but the continuous evolution of the LEED and ARAES measurements suggest that the
film growth in the transition region is not rough, but rather exposes only a few layer
thickness at any time. This type of incremental structural transition is unusual in that the
b.c.c. structure does not seem to be introduced as defects which reduce the in-plane strain
of the film, while leaving the structure of the f.c.c. and b.c.c. portions fixed. Scanning
tunneling microscopy (STM) and reflection high energy electron diffraction studies of the
growth of these films would provide a most welcome test of these conclusions. The STM
experiments may have difficuity in detecting the growth transition itself, since the layer
spacing of the f.c.c. and b.c.c. structure is expected to be very nearly the same.

It is interesting to speculate on the rough analogy between the growth transition in
these films and the Martensitic phase transition in bulk Fe. In the first place, the present
finding of a simple transition with a planar geometry supports the use of a film geometry
where the surface lies parallel to the habit plane in the bulk transition. These experiments
show at first a discontinuous change in the surface unit cell (as would be expected in an
analogous first-order phase transition), followed by an incremental relaxation of the unit
cell, as might be forseen for a "frozen" Martensitic transition front. The most analogous
metallurgical situation would seem to be the interfaces of finite, metastable Martensitic
particles in bulk materials. Recent electron microscopy studies of Cu precipitates in a
b.c.c. Fe matrix show a series of epitaxial relationships, depending on particle size.”® For
particles with diameters less than 17 um, the three-dimensional boundary constraints
force complicated twinning structures which reduce strain. Interfaces more analogous to
planar films are found for larger particles. Here, an untwinned, distorted f.c.c. structure
close to the KS orientation, is found. Growth of the particle finally leads to an f.c.c.
structure in the KS orientation for particle sizes greater than 40pm. While these studies
of precipitates are of a b.c.c. to f.c.c. Martensitic transition (the reverse of the present film
studies), in both cases there is a gradual, epitaxial accommodation as the relative
importance of the interface is decreased because the particle/film grows larger/thicker.

Finally, it appears that the use of the 2ML Ni/W(110) substrate provides a
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tractable experimental system for the study of the magnetic behaviour of Fe films as they
undergo the f.c.c. to b.c.c. growth transition. Despite the extreme thinness of the Ni
buffer layer, epitaxial f.c.c. Fe films with little intermixing are produced up to a thickness
of 3 ML. The slightly distorted f.c.c. unit cell further simplifies the growth transition by
causing a preferred orientation among the many possible KS alignments. There is hope
that the Ni will not dictate the magnetic properties of the Fe film, except perhaps in the
interesting region of <1 ML Fe. These, and other magnetic studies are currently

underway.
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Fig. 1 - The relative orientation of the surface unit cells of the substrate and films are
tllustrated, with the surface normal projecting out of the page. A (111),.. surface cell is
shown by the solid outline, and dashed lines show the NW and KS orientations of the
(110), .. with respect to it. The internal angles o are defined for each cell type. The open
circles mark the atomic position of the the next layer for a f.c.c. structure (A),aNWb.c.c.
structure (B), and a KS b.c.c. stucture (C). The W(110), . single crystal substrate is
aligned as the NW b.c.c. cell.
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Fig.2 - The intensity of characteristic lines in the Auger electron spectroscopy spectra as a
function of the time of metal evaporation. a) Ni (61 eV) deposited on W(110). b) Fe (47
eV) deposited on W(110). c) Fe (47 eV) deposited on 2ML Ni/W(110). The lines and
labelled times t are unconstrained, linear least-squares fits to linear segments, and are
discussed in the text.
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Fig. 4 - Photograph of the LEED pattern of 3ML Fe/ 2ML Ni/W(110), for a primary
beam energy of 96 eV. The orientation of the tungsten substrate and Ni film in direct
space is as the NW unit cells in fig. 1.
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Fig. 5 - Angle-resolved Auger electron spectroscopy (ARAES) traces for Fe films on
2ML NvW(110). The experimental geometry is illustrated in the inset. a) Experimental
resuits for 1, 2, and 3 ML Fe films. The expected angles for forward-focussing by a f.c.c.
surface cell in the NW orientation (arrows), and by a b.c.c. surface cell aligned with the
W substrate (dotted line) are marked. The curves are normalized to the same incoming
primary beam flux. b) The calculated traces for a 1 and 2 ML Fe film with a f.c.c.
surface cell in the NW orientation. Both incoming and outgomg focussing conditions are
included, as is discussed in the text.
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Fig. 6 - LEED patterns at a primary beam energy is 96 eV for thicker Fe films grown on
2ML Ni/W(110). LEED pattern (a) and schematic (b) are for a 4 ML Fe film. The
schematic shows two distorted b.c.c. surface cells in the KS orientation of fig. . LEED
pattern (c) and schematic (d) are for a 12 ML Fe film. The schematic shows, using open
circles, a slightly distorted b.c.c. surface cell'in the NW orientation of fig. 1.
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Experimental results, where successive curves have been displaced an amount indicated
by the extended lines on the y-axis. b) Calculated curves for different stacking positions
of an Fe layer formed from the KS b.c.c.-like surface unit cells of a 4 ML film, on top of

an f.c.c. unit cell for the 3ML film..The filled symbols are for stacking positions along
the line AC in fig. 1. The open symbols are for the stacking position B in fig. 1.

Successive curves have been displaced an amount indicated by the extended lines on the

y-axis.
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Chapter §

Magnetic Properties of Fe/Ni(111)/W(110) Ultra-Thin Films

Section 5.1
Introduction

In this chapter a preliminary magnetic survey of the Fe/Ni(111)YW(110) is
presented. Because of time constraints, the magnetic measurements were designed to
reveal the basic properties of the system. The results of this survey are very intriguing and
have encouraged other researchers to take up the study of this system.

As discussed in previous chapters, the Fe/Ni(111)/W(110) films should be an ideal
system to study the interplay between structure and magnetism in ultra-thin films . In the
growth range of 0 to 3 ML Fe, the structure is fcc which grows in an approximate layer-
by-layer manner. Therefore the evolution of the magnetism from the Ni substrate to the 3
ML Fe film should give important information about the magnetic properties of fcc(111)
Fe films, without the structural problems encountered in the Fe/Cu(111) system. The
Ni(111)-Fe(111) interface is also an interesting magnetic region which could be probed by
studying sub-monolayer Fe coverages.

At 4 ML a structural transition from fcc to bee occurs, which will have a profound
effect on the magnetism. Once the bee-like growth is established the structure evolves in a
continuous manner towards bulk bee. This region is also of considerable interest because it
provides a magnetic system with well documented continuous structural change.

In the study presented in this chapter, measurements have been limited to the fcc
region below 4 ML. Initial magnetic measurements have revealed very interesting
magnetic behavior in this region. Work is currently underway in this laboratory to fully
characterise the magnetic properties of this system.
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Section 5.2
Magnetic Measurements

For completeness and continuity, the energy/spin analyser should be used to
perform the magnetic characterisation of the Fe/Ni(111)/W(110) system. Unfortunately
nature has conspired against this plan, providing a magnetic system which is particularly
unsuitable for study with electrons. The problem is that the coercive fields of the Fe films
are at the upper limit or beyond the capabilities of our present system. (The coercive field
is the external applied magnetic field required to reverse the remanent magnetisation of the
film).

The spin polarisation instrumentation was designed to study films with coercive
fields below about 100 Oe. When larger magnetic field pulses are applied to the sample,
ferromagnetic materials in the vacuum chamber are magnetised and tend to deflect the
electron beam. The deflection appears in the data as a spurious switch in the spin
polarisation.

In the Fe/Ni(111)YW(110) system coercive fields in excess of 3000 Oe are
observed. This made it very difficult to study the system unless a concerted (and very time
consuming) effort was made to find the offending magnetic components and remove them.
Because of time constraints, the magnetic studies were made with the magneto-optic Kerr
effect MOKE).*

Magneto-Optic Kerr Effect

Magnetic measurements were made using a MOKE magnetometer developed by
Stephen Amold.®* When linearly polarised light is reflected from a magnetic surface the
polarisation of the light is rotated slightly. The rotation angle (the Kerr angle) is
proportional to the magnetisation of the surface. The magnetic properties of the film are
determined by measuring this rotation as a function of applied magnetic field. Unlike
electrons, laser light is not perturbed by applied magnetic fields so measurements could be
made with fields up to 3000 Qe.
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A schematic of the MOKE apparatus is shown in figure 5-1. Light from a He-Ne
laser is first polarised by a polarising filter and then reflected from the sample. The sample
is surrounded by Helmholz coils which can create magnetic fields parallel and normal to
the surface of the sample. The reflected light is then passed through a second polarising
filter, after which the intensity is measured with a photodiode.

The two polarising filters are first set 90° apart so that the signal at the photodiode
is extinguished. At this setting any change in the polaristion of the light at the sample
results in a departure from extinction and a change in the signal at the photodiode. For
small Kerr rotations this response may be linearised and optimised by moving slightly
away from extinction.®*

MOKE Measurements

Three MOKE techniques were used to study the magnetic properties of the Fe
films. Hysteresis and remanent magnetisation switching experiments will be discussed in
this thesis. A.c. magnetic susceptibility experiments were also performed, but at this time
this technique is in the early stages of development. The results of these measurements will
be published in the future. %

MOKE M ic Hysteresis M icular M isation

The measurement of magnetic hysteresis is by far the most common technique
used to study the magnetic properties of a material. Hysteresis measurements are popular
because they are simple to perform and contain significant information about the magnetic
properties of the system.* To make a hysteresis measurement with MOKE a magnetic
field is applied along a fixed direction and the magnitude is changed incrementally from
“Huax t0 + Huux and then back to -He,,. At each increment the Kerr intensity is measured.
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Figure 5-1
Magneto-optic Kerr effect apparatus showing the
He-Ne laser, polarising filters and photodiode. The
MOKE measurements are performed on the sample
which is sumrounded by two sets of Helmholtz coils
which generate magnetic fields parallel and perpendicular
to the sample surface.
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Hysteresis is a fundamental property of all ferromagnets. Hysteresis refers to the
fact that the response of a ferromagnet to an applied magnetic field is a function of both
the magnetic field and the magnetic history of the ferromagnet (although there is no
etymological connection between the words hysteresis and history!). Figure 5-2 shows a
series of hysteresis measurements (or loops) made on the Fe/Ni(111)/W110) films at
different temperatures and thicknesses. The details of these measurements will be
discussed later. All of these data show a response in the Kerr signal to the changing
magnetic field. Hysteresis is clearly evident in all but two of the Kerr loops.

Concentrating on the 1.0 ML loop in figure 5-2, the first branch of the loop from -
200 to 200 Oe is plotted as circles, the second branch from 200 to -200 Oe is plotted as
squares. The loop begins at the lower left where the film has been completely magnetised
by the -200 Oe field. As the magnetic field is reduced, the magnetisation remains at the
maximum value (the saturation magnetisation) because the film is ferromagnetic. Even as
the applied field goes to zero and then reverses in direction, the magnetisation of the film
does not change. Only when the coercive field is reached, does the magnetisation of the
film change. For this film the coercive field (Hc ) is about 110 Oe. Beyond the coercive
field the film remains at the saturation magnetisation, this time in the opposite direction.
As the field is changed in the opposite direction the process repeats at about -110 Oe. The
‘hysteric’ nature of the magnetisation occurs between + He where the magnetisation is by
no means a single valued function of the applied field.

The Ni Buffer

All attempts at obtaining a magnetic signal from the 2 ML Ni(111)/W(110) at
temperatures between 190 and 380 K failed. This is noteworthy because Li and
Baberschke report that this system is ferromagnetic with an in plane easy axis of
magnetisation and a Curie temperture of 325 K.*’ It should be noted that Li and
Baberschke used ferromagnetic resonance to determine the magnetic properties, not
MOKE loops. MOKE is not as sensitive to in plane magnetisation as it is to perpendicular



136

2 . .\\;:-
= L 208K & S 3
§ : ¥V
P o s 7 h
8 " o v_.,
D " .
g ;'&.%‘Q‘;M -
< ry 0.5 ML Fe
1 1 2 1 L] : ..... | P Leazaa | NN
200 -100 0 100 200| .0 . .. .
j — i \. ..-.q ®s . op
Magnetic Field (Oe) B S .f,. e _u.__., ﬁ 2
g i ... ..
a | . :
S . ’
- S
2 .
L | - . 3
S b ahasliom
2 r.'. N .4.4?...
-200 -100 0 100 200
Magnetic Field (Oe)
Figure 5-2

Perpendicular MOKE hysteresis measurements for 0.25 ML,
0.5 ML and 1.0 ML Fe on Ni(111)W(110).
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magnetisation. This and the small Ni magnetic moment may explain why ferromagnetism
was not seen. It is also possible that differences in substrate and/or sample preparation are
responsible for this discrepancy.

0.25 to 1.0 Monol Fe Films: nol

Hysteresis loops for 0.25, 0.5 and 1.0 ML Fe films grown on the Ni(111YW(110)
substrate are shown in figure 5-2. The magnetic field was applied perpendicular to the
surface for all three loops. The 0.5 and 1.0 ML films show clear hysteresis behavior at
room temperature suggesting that these films have a perpendicular easy axis of
magnetisation. The 0.25 film shows some magnetic response but hysteresis is not clearly
visible.

The Curie temperature for 0.5 and 1.0 ML films is clearly above room temperature
which is rather remarkable. In magnetic films the Curie temperature is expected to scale
inversely with thickness in a power law relationship.®® The result is that the Curie
temperature drops very quickly for decreasing film thickness after about 5 ML. For Fe on
W(100), 1.3 ML of Fe has a Curie temperature of about 125 K and Curie temperatures
above 298 K were reported for films 2.4 ML and thicker.*® For Fe on Cu(100) the Curie
temperature drops from about 300 K to 100 K between 2.5 and 1.5 ML."®

The fact that the 0.5 and 1.0 ML films are ferromagnetic above room
temperature strongly suggests that the Ni substrate is also involved in the magnetism. If
both the Ni and Fe are considered, these films have a total magnetic thickness of 2.5 and
3.0 ML which are consistent with Curie temperatures above 298 K.

The magnetically active Ni hypothesis is also supported by the fact that the 0.25
and 0.5 ML Fe films show any magnetic response at all. At these coverages the films are
below the magnetic percolation limit (~0.6 ML), or the minimum coverage required for
the film to sustain continuous nearest neighbour magnetic coupling.™ Such films are
expected to be paramagnetic. This suggests that below the percolation limit the isolated Fe
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islands are magnetically coupled through the Ni buffer and therefore the Ni is a participant
in the magnetism.

To further study the submonolayer magnetism a remanent magnetic switching
experiment was performed. At zero applied magnetic field the ferromagnet is in a state of
remanent magnetisation. The direction of the remanent magnetisation with respect to the
crystalline lattice is called the easy axis of magnetisation of the system.

The remanent magnetisation of the films may be measured by applying large
magnetic field pulses along the easy axis. The first pulse applied in the ‘+* direction leaves
the film in a state of ‘+’ remanence. The second pulse is applied with equal strength, but in
the opposite ‘-’ direction, reverses the direction of the remanent magnetisation to the ‘-’
direction. If the Kerr intensity is measured between pulses a switching in the Kerr intensity
is seen which is proportional to the magnetisation.

To make these measurements the following procedure was followed: The sample
is magnetised by applying a magnetic field pulse perpendicular to the surface of the film.
The rotation angle of the second polarising filter is set in the linear response region such
that the signal from the photodiode is V.. Then a magnetic pulse is applied in the opposite
direction. If the magnetisation of the sample has changed, the polarisation angle of the
reflected light will have rotated and the signal at the photodiode will have changed. The
polarising filter is rotated until the signal returns to V, . This angle is the Kerr rotation
angle. This measurement was made 12 times per film sample and a mean Kerr rotation
angle and experimental uncertainty was extracted.

When remanent measurements are made it is crucial to ensure that the magnetic
pulses are sufficient in magnitude to achieve saturation (complete) magnetisation. This
was done by first applying pulses in alternating directions, and increasing the magnitude of
the pulses until the Kerr rotation angle stopped increasing. The pulser provided pulses
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of about one millisecond duration at magnetic fields up to 3000 Oe. For all of the films
studied (except for the 2.5 ML), saturation magnetisation was achieved.

Remanent magnetisation data for the Fe films from 0.25 to 3.0 ML shown in figure
5-3(a). At 0.25 ML it is clear that the film is ferromagnetic with a perpendicular easy axis
of magnetisation. The remanent magnetisation increases with thickness until 1.5 ML.

Figure 5-3(b) shows the remanent magnetisation per Fe ML. In this plot it is clear
that both the 0.25 and 0.5 ML Fe films have a remanent magnetisation per atom which is
less than but comparable to the 1.0 ML Fe film. This is also consistent with the hypothesis
that the Ni is magnetically active. In general, the magnetic moment of Ni is smaller than Fe
and therefore the Ni contribution to the magnetisation is expected to be smaller than the
Fe contribution.?
Fe Films from 1.5 to 3.0 ML

In figure 5-3(a) and (b) it is clear that something interesting is happening in the
thickness range of 1.5 to 3.0 ML Fe. In this region the remanent magnetisation drops off
rapidly and the sample has to be cooled before any magnetic response is seen. Figure 5-4
shows hysteresis loops at three different temperatures for a 1.5 ML Fe film. At 298 K no
remanent magnetisation was measured and the film had to be cooled before hysteresis was
observed.

This sudden drop in the temperature dependence of the 1.5 ML film is unexpected
given the room temperature hysteresis observed in the 0.5 and 1.0 ML films . In figure 5-
3(a), the temperature at which each remanent measurement was made is given beside each
data point. As the thickness increased from 1.0 to 2.0 ML the films had to be cooled
significantly to achieved saturation remanence. At 2.5 ML saturation remnance was not
reached at 190 K, the lowest temperature available and at 3.0 ML, no remanence was seen
at 190 K.
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There are two likely explanations for this loss of perpendicular remanent
magnetisation as the film thickens. The first explanation is that the nature of the magnetic
coupling is changing. As mentioned in the introduction to this thesis, fcc Fe may be
ferromagnetic, non-magnetic or antiferromangetic depending upon the crystal
structure.'™'? It is possible that in the Fe/Ni(111)/W(110) system the magnetic coupling
changes after about 1.0 ML.

A similar transition is seen for fcc Fe grown on Cu(100) and Co(100)
substrates.''* In both of these systems room temperature growth first produces a
ferromagnetic face centered tetragonal (fct) film which shows perpendicular magnetism to
coverages of about S ML. At 5§ ML the structure of the whole film appears to change to
fcc and the films become anti-ferromagnetic (or possibly non-magnetic) except for a
ferromagnetic ‘live layer’ at an interface (The Fe/vacuum interface on the Cu(100)
substrate and the Fe/Co interface on the Co(100) substrate).

In the Fe/Ni(111)/W(110) system the structure does not change between 1.0 and
3.0 ML and is strained fcc throughout. However there is an important point which must be
made. Fcc refers to a three dimensional lattice with a unit cell three layers thick in the
(111) direction. Below three layers these films are simply close packed. Therefore it is
possible that as the film grows into the third dimension, the magnetic coupling becomes
non-magnetic or antiferromagnetic and the magnetisation decreases. From the
submonolayer results it is clear that the Ni is participating in the magnetism. If the total
amount of magnetic material is considered (Ni + Fe), the magnetisation begins to decline
at 3.0 ML, which coincides with the completion of one fcc unit cell. Therefore it is
possible that a change in the magnetic coupling is reducing the magnetisation of the film.

rientation Tr i

A more likely explanation for the decline in magnetisation above 1.0 ML is a spin
reorientation transition. This type of transition is also seen in the Fe/Cu(100) system when
the Fe growth temperature is below about 200 K."' In a spin reorientation transition the
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easy axis of magnetisation changes from perpendicular to parallel to the plane of the film
as the film thickness increases."® This is a consequence of the change in the relative
importance of the surface, volume and shape magnetic anisotropy energies as the film
thickness changes (see chapter one).

In the Fe/Cu(100) system the reorientation transition is characterised by three
regions. At low coverages the system has a perpendicular easy axis of magnetisation. At
about 6 ML Fe, a sharp drop in remanent magnetisation occurs over about 0.5 ML
thickness. This followed by a region about 1.0 ML thick where both perpendicular and in
plane remanent magnetisation coexist. This is followed by a sharp increase in the remanent
magnetisation in the plane of the film and a region above about 7 ML where no
perpendicular remanent magnetisation is seen.

Figure 5-5 shows both perpendicular and in plane hysteresis loops for 2.5 and 3.0
ML Fe films. For the in plane loops the magnetic field was applied along the fcc<211>
direction. At 2.5 ML, the Fe film shows clear perpendicular remanent magnetisation at
190 K. The in plane hysteresis loop also shows a weak magnetic response which looks like
a hard axis Kerr loop (a Kerr loop taken with the magnetic field applied in a direction
other than the easy axis and therefore no remanent magnetisation is observed).® However,
remanent magnetisation measurements made with the pulser indicated that the 2.5 ML film
had a very small in plane remanent magnetisation. Therfore at 2.5 ML small perpendicular
and in plane remanent magnetisations were observed in coexistence.

At 3.0 ML coverage the perpendicular Kerr measurement made at 190 K shows a
hard axis response where the saturation magnetisation has not been reached. Also shown
is an in plane Kerr loop for the same film taken at room temperature. This Kerr loop
shows clear hysteresis and remanent magnetisation, suggesting that at 3 ML the easy axis
is in plane. Also shown in figure 5-4 is an in plane Kerr loop of a different 3.0 ML film.
This loop was taken at 380 K and clearly shows in plane magnetisation with an easy axis
along the fcc<211> axis.



144

' Perpendicular 1 E In Plane

Llllllllllllll‘llll llllll‘lllllllllll

ll"llll""~ llTll'lIl’lI’llllrl
- 3

- 30MLFe 4 | 30MLFe

2
c
o
5 f

3 ~-red RS
=  E 190K S B 298K JOATRE
£ 3 S i ¢ FaeT ]
o] 3 [EPvia i F a3
~ 3. “': :‘°. AT N it 9
g e "‘ :: ~ - L . .-,' oo ond -
8 b o % ~ct - ': ‘ ) ‘*p— .-J'q.

:' as N - e . -
g El..o.‘ f.b‘ 4 q 3 ’ : ) :
pu 3 Perpenduculcr j X InPlane -
Q 1 l a2 B l 2 I e l o a2 ¢ 2 l i 4 1 1 l 1 2 1 2 l I 1 q r'l

'r-ll111|rtrrlvvf

-200 100 0 100 200¢ '30ML ]
M 3
Magnetic Field (Oe) | e . 3

© 380K . ;
Figure 5-5 3 3

MOKE hysteresis loops for F . ‘In ]
2.5 and 3.0 ML Fe films. Both - *noninn.  Plane
perpendicular and in plane ; ]
measurements are shown.

r
lllllllllllljlli

-100 -560 0 50 100
Magnetic Field (Oe)




145

At 3.0 ML no perpendicular remanent magnetisation was detected using the
magnetic field pulser. This suggests that at 3.0 ML the easy axis of magnetisation is now
in the plane of the film. From the 2.5 and 3.0 ML data it is clear that the easy axis of
magnetisation changes from perpendicular to in plane. This and the coexistence of
perpendicular and inplane easy axes at 2.5 ML strongly suggests that a reorientation
transformation occurs in the Fe/Ni(111)/W(110) system at thicknesses between 2.5 and
3.0 ML. If the Ni is included, the transition occurs between 4.5 and 5.0 ML coverage.

It is interesting to note that this transition appears to occur at lower coverages
than the Fe/Cu(100) system. This suggests that the surface anisotropy for the Fe/Ni(111)
films is smaller than that for Fe/Cu(100). The surface anisotropy energy for
Fe(111)/Cu(111) films has been observed to be about half that of Fe(100)/Cu(100) films.’
For Ni(111) films the surface anisotropy energy favours an in plane easy axis.” Therefore
it is likely that the Fe/Ni(111) films will have a weak perpendicular anistropy and therefore
a spin reorientation transition which occurs at a lower coverage.

Conclusion

Preliminary magnetic studies of the Fe/Ni(111)/W(110) system reveal two
interesting phenomena. For coverages from 0.25 to 1.0 ML Fe ferromagnetism is
observed at temperatures at and slightly below room temperature. This strongly suggests
that the Ni is participating in the perpendicular magnetism. This is interesting for two
reasons. The first is that all attempts at measuring a magnetic signal from the 2 ML Ni
buffer failed. Therefore it appears that only a small amount of Fe (0.25 ML) is required to
induce perpendicular magnetism in the Ni. The second interesting point is that ultrathin
Ni(111) films have an in plane easy axis of magnetisation and therefore 0.25 ML of Fe
appears to be sufficient to change the direction of the easy axis.

At coverages above 1.0 ML the magnetic behavior appears to be consistent with
that of a spin reorientation transformation. The fact that the transformation occurs at
lower Fe coverages than that observed for the Fe/Cu(100) system is consistent with the



expectation that the perpendicular anisotropy for the Fe(111)/Ni(111) system is smaller
than that for the Fe/Cu(100) system.
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Chapter 6

Discussion and Conclusions

The main emphasis of this work is the relationship between the structure and
magnetism of ultrathin films. The study of the growth of Fe/Ni(111)YW(110) illustrates
how the structure of ultrathin films can change dramatically over several monolayers
thickness. Because the magnetic properties of a material are a strong function of the
structure, this shows that good structural characterisation is essential to the understanding
of ultrathin film magnetism.

It also must be emphasised that the characterisation of ultrathin films should
involve a number of complementary surface probes. In this study LEED which probes
long range structural order was complemented with ARAES which probes nearest
neighbour structural relationships. The orientational relationship between the fcc and bec
domains was deduced from the LEED patterns and stacking relationship between
successive layers was deduced from ARAES giving a complete picture of the fcc to bee
transition.

The ARAES technique which uses structure sensitive high energy Auger electrons
was complemented by the Auger intensity versus deposition technique which uses low
energy Auger electrons that are very sensitive to changes in film thickness. Although the
intensity versus deposition method suggested near layer by layer growth, significant
interdiffusion of Fe and Ni could only be ruled out after ARAES measurements were
made.

Careful analysis of the growth mode of the Fe films has identified a region of high
quality strained fcc growth between 0 and 4 ML coverage. In this growth region, a
preliminary magnetic survey suggests that a spin reorientation transformation occurs
between 2.5 ML and 3.0 ML Fe coverage . Because a careful structural study of the
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system was performed it can be stated with certainty that the reorientation of the
magnetisation from perpendicular to in plane occurs when the Fe film has a strained fcc
structure. This is an important conclusion because it has been observed in other fcc Fe
systems that a transition from perpendicular to in plane magnetisation occurs at the
structural transition from fcc to be. 1416

As aresult of this work, further research into the magnetic properties of the
Fe/Ni(111)/W(110) system may be undertaken with a comprehensive understanding of the
structure. Investigations are currently underway at McMaster and at the Max Planck
Institute for Microstructure Physics in Germany and promise to reveal important
information about the nature of magnetism.
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Appendix 1
The Energy Resolution of the 90° SDA

The energy resolving properties of the 90° SDA may be derived from the lens
equations, shown truncated after second order:

You / Ro = tia + AK/Ko - (Yia / Ro)? (Equation 1a)
Olow =-Yiu /Ro + AK/K, (Equation 1b)

Where oia and aw, are the angular divergences from a tangential orbit at the
entrance and exit of the analyser and Y, and Y, are the entrance and exit radial
divergence from R,. All these parameters are shown in figure (5).

Now consider (1a) with a parallel input beam (ai =0.) And limit Y. by fixing an
aperture radius at the exit of the SDA of r.

The maximum and minimum energies which may pass are given by:

AKux /Ko = t/Rg + (Yia / Ro)? (Equation 1c)
AKoin /Ko = -1/Rg (Equation 1d)
Combining (1¢) and (1d) we obtain:

(Akmax - Aknia)/Ko= 2-1/Rg + (Yia / Ro)’= AKy/Ko (Equation le)

Where AK, is the base resolution. The full width at half maximum of the analyser is
estimated to be:

AKgutar/Ko = 0.5+ (Akw/Ky) = r/Ro + 0.5-(Yi / Ro)’ (Equation 1f)

Now if we consider a non-tangential converging beam (o, # 0) entering the SDA at Ro
(Yiu=0) in the same way we obtain:

AKaux /Ko = ~atia (Equation 1g)
AKain Ko =ttin (Equation 1h)
Combining (1g) and (1h) as for (le) and (1f) we obtain:

AK e Ko= atip (Equation 1i)



If we combine equations (1f) and (1i) we obtain the energy resolution to first order:
At/ Ko= ia + 1/Rg + 0.5-(Yiu / Ro)? (Equation lj)
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