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Abstract

Magnetoresistance, a change in the resistance of a materialin an externally applied mag-
netic field, is an extremely important property of magnetic materials. The discovery of
giant magnetoresistance has led to a revolution in computing, driving increases in storage
density of hard disks and paving the way for commerical spintronic devices. Convention-
ally, magnetoresistance is measured by sourcing a current through a material and measur-
ing the voltage. Ohm’s law is used to calculate the resistance of the material with and
without an external magnetic field, the difference between these results being the magne-
toresistance. This technique is limited as it does not offerspatial resolution, so variations
in magnetoresistance in a material can not be detected. Electrical contact must also be
made to the material, which can cause damage to the material being measured. The mag-
netorefractive effect, the change in the reflection spectrum of a material in an external
magnetic field, can be used as an alternative to the electrical measurement of magnetore-
sistance. The magnetorefractive effect allows non-contact measurements of magnetoresis-
tance to be made, so the material remains undamaged, whilst also offering the possibility
of spatial resolution. Modelling the spectral magnetorefractive effect can also aid in un-
derstanding the underlying physical mechanism behind the magnetoresistance, which is
impossible with an electrical measurement. Infrared reflection microspectroscopy was
used to observe variations in reflectivity across Fe3O4 thin films. By modelling these vari-
ations, it was possible to estimate the chemical composition of the samples as well as
observe any variations in composition across them. A spatial variation in magnetoresis-
tance was observed across a CoFe/Cu multilayer using the magnetorefractive effect, whilst
also obtaining the spectral resolution necessary to model the system, the first time such a
measurement has been performed. The correlation between the magnetorefractive effect
and magnetoresistance had been predicted to be strong in thefar-infrared by previous the-
oretical work. The magnetorefractive effect in the far-infrared was measured for a series
of spin valves, demonstrating this strong correlation in the far-infrared for the first time,
providing long awaited experimental confirmation of this theoretical prediction.
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Chapter 1

Introduction

1.1 Why do we want to build spintronic devices?

Spintronics has become a well established research area in the field of condensed matter

physics1,2,3,4,5,6. Spintronics involves controlling and manipulating the intrinsic spin an-

gular momentum of electrons, as well as their charge, in order to create devices that have

properties and perform functions that are impractical (or impossible) with conventional

electronics. Quicker, more energy efficient computers withincreased functionality are on

the horizon. Advances in spintronics such as spin qubits7 in spin quantum computation,

spin diodes8, spin quantum field effect transistors9 and reprogrammable magnetic logic

are all exciting, active frontiers of research in modern computing. Spintronics has already

been commercially successful for the data storage industry. The discovery of giant magne-

toresistance (GMR), and the subsequent development of GMR based magnetic read heads

for computer hard drives, drove the increase in areal density of data storage at the begin-

ning of the 21st century. Intensive research in magnetic storage continues today, primarily

focusing on spin transfer torque magnetic random access memory (STT-MRAM)10, race-

track memory11 and heat assisted magnetic recording (HAMR)12.

1.2 Giant magnetoresistance (GMR)

GMR is a large change in a material’s electrical resistivityin the presence of an applied

external magnetic field, an effect discovered independently by Albert Fert13 and Peter

Grünberg14 for which they shared the 2007 Nobel prize in physics15. Materials which
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display magnetic order necessarily have a density of stateswhich is distinct for each spin

carrier at the Fermi level. It is useful to treat the two spin carriers independently as two

separate current channels16, this is a good approximation as long as the spin relaxation

length is sufficiently long so that the spin of each carrier ispreserved when passing through

the material. Spin up and spin down electrons have differentscattering probabilities in a

magnetic material as the density of states at the Fermi energy is different for up and down

spins in magnetic materials. The simplest type of system that exhibits GMR is a magnetic

bilayer consisting of two layers of a ferromagnetic material separated by a non-magnetic

spacer layer. This system can exist in either a parallel or antiparallel state as shown in

figure 1.1a17.

(a) Ferromagnetic layers aligned antiparallel

(b) Ferromagnetic layers aligned parallel

Figure 1.1: There is a difference in scattering between an antiparallel and a parallel align-
ment. In the antiparallel case the up spin channel and down spin channel experience a
similar degree of scattering but in the parallel case the up spin channel dominates the
conductivity as the down spin electrons experience an increased degree of scattering.

When a current is passed through the material in the antiparallel state as in figure 1.1b,

both spin channels have an equal resistance as both experience an increase in scattering in

one of the layers. In this situation neither spin carrier dominates the resistivity. Defining

ρ↑ as the up spin channel resistivity andρ↓ as the down spin conductivity, the resistivity of

the antiparallel arrangement is:
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ρap =
ρ↑ + ρ↓

2
(1.1)

If the current is passed through the material in the parallelstate as in figure (1.1a) then

one of the spin carriers experiences an increased degree of scattering at both layers while

the other carrier is subject to a much reduced quantity of scattering. In this instance the

resistivity is dominated by the spin carrier which has experienced the least scattering, the

overall resistivity of the material has decreased:

ρp =
2ρ↑ρ↓

ρ↑ + ρ↓
(1.2)

The difference between the two resistivities is often expressed as a ratio:

GMR =
∆ρ

ρ
=

ρap− ρp

ρp
=

(ρ↓ − ρ↑)2

4ρ↑ρ↓
(1.3)

There are many areas where GMR is used in spintronics, including development of

magnetic random access memory18, magnetoresistive sensors19, magnetometers20 and for

spin injection21.

1.3 The magnetorefractive effect (MRE)

The magnetorefractive effect (MRE) is a magneto-optical technique used to probe the

magnetotransport properties of magnetic materials22. It uses the fact that a material’s re-

flectivity is determined by its complex dielectric function, which is in turn determined by

the material’s optical conductivity. If a material exhibits magnetoresistance, its conductiv-

ity changes with the applied magnetic field. If the conductivity of the material is changing,

this should therefore be measurable as a variation in the reflectivity spectrum of the ma-

terial. This variation in reflectivity with externally applied magnetic field, the MRE, was

first observed experimentally by Jacquet and Valet in NiFe/Cu/Co/Cu multilayers23. The

MRE can therefore be used as a non-contact optical technique for the remote sensing of

magnetoresistance. Since this initial observation, the MREhas been used to probe the

magnetoresistance of materials such as magnetite24, manganites25, Fe/Cr superlattices26
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and granular materials27.

The magnetoresistance of a material is usually measured by performing an electrical

four-point probe measurement28, a technique which has two main limitations. Firstly, it

is extremely difficult to routinely obtain spatial resolution with a four-point probe mea-

surement, as the contact pins have to be thick enough (∼1 mm) to not buckle under the

pressure of being pressed against the sample surface with springs. This makes any mea-

surement of the MR of a sample an average over several millimetres of the sample. The

MRE has previously been shown to be able to provide spatial resolution, by measuring the

variation in emissivity (rather than reflectivity) of CoFe/Cuand Co/Cu multilayers in the

presence of an externally applied magnetic field29. The second problem is the physical

damage and potential surface contamination to the sample caused by the spring loaded

contacts. As the MRE is non-contact, it can remotely probe theMR of a material quickly,

without causing any contamination or damage to the sample, with the potential to be per-

formed in situ after deposition of the material30. It is also possible to model the spectral

MRE of magnetic materials, which can reveal information about the physical mechanism

of the MR in the material31 that is impossible to obtain with an electrical measurement.

Attempts have been made to correlate the MRE and MR in an effortto use the MRE to

quantitatively determine the MR, with some success.

1.4 Aims of this thesis

This doctoral thesis ultimately aims to demonstrate the utility of the MRE as a measure of

the MR of a magnetic material. Spatially resolved MRE experiments will be demonstrated

for the first time, whilst also collecting the necessary spectral information to probe the un-

derlying MR mechanisms, which is impossible with current methods of measuring the

MR. The ability to characterise these parameters is criticalfor the development of GMR

materials for use as spin injectors, especially Fe3O4 as it is predicted to be an ideal spin

injector. It is first necessary to be able to obtain reflectivity spectra of magnetic materials

and to be able to accurately model these spectra. In chapter 4, simulated reflection spectra

of a series of Fe3O4 thin films are produced and compared to their experimental analogues.

With the ability to obtain experimental reflection spectra,as well as the ability to simulate

the spectra, the spatial variation in reflectivity across different Fe3O4 thin films was mea-

sured using an IR microscope. In chapter 5, these infrared microspectroscopy results are
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used to probe the spatial variation in chemical compositionacross each sample. A varia-

tion in composition will result in a variation in MR, giving insight into the growth quality

of each of the films. With the ability to measure spatial variations in reflectivity demon-

strated, spatial variations in MRE, and therefore MR, were probed with the IR microscope.

In chapter 6, a bespoke electromagnet was used with the IR microscope to perform mag-

netic field-dependent reflection spectroscopy measurements. A CoFe/Cu multilayer was

annealed to create a gradient in MR across the sample, which was subsequently detected

as a gradient in MRE across the sample. This is the first time a spatially and spectrally

resolved MRE measurement has been attempted, allowing both the variation in MR across

the multilayer to be observed as well as providing insight into the physical origin of the

underlying MR mechanism. The MR and MRE are linked in the mid-IR by a correlation

factor, which is obtained from information of the MRE spectral shape, material parameters

and fitting parameters. In the far-IR, this correlation is predicted to be much simpler, de-

pendent only on material parameters. In chapter 7, MRE spectra in the mid and far-IR of a

series of spin valves with different MR are used to experimentally confirm this theoretical

prediction for the first time.



Chapter 2

Theory of the MRE and the Link to
Spin-Dependent Electron Transport in
Magnetic Materials

2.1 Physical properties of magnetic materials

The magnetic materials studied in this thesis are Fe3O4 thin films, CoFe/Cu multilayers

and CoFeGe based spin valves. Fe3O4 is predicted to be half-metallic, making it an ideal

spin injector. This makes it an excellent candidate material for building spintronic devices.

CoFe/Cu multilayers have a very high MR, making it easier to detect variations in MR

across the sample. Spin valves switch in a very low field, making them ideal for studies

where strong magnetic fields are difficult to achieve, as is the case in the experiments

detailed in this thesis. The behaviour of these material systems is examined in detail in the

following sections.

2.1.1 Physical properties of Fe3O4

Fe3O4 single domain particles have the highest remanent magnetisation of any naturally

occurring magnetic material, leading to Fe3O4 being the first magnetic material to be dis-

covered by ancient civilisations32. It is named for Magnesia in northern Greece, the site

of its discovery by the ancient Greeks. Fe3O4 has the inverse spinel structure33 shown in

figure 2.1. This is a face centred cubic (FCC) O2− lattice with Fe3+ ions filling 1/8 of the

available tetrahedral sites. Half of the remaining octahedral lattice sites are occupied, there

are an equal number of Fe2+ and Fe3+ ions occupying these sites. The average charge on
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the octahedral sites is Fe2.5+ as the Fe3+ ions exchange electrons with their Fe2+ neigh-

bours. The Fe3O4 unit cell comprises four{100} planes which between them contain all of

the O2− and octahedral ions, while the tetrahedral ions are halfwaybetween the planes34.

Figure 2.1: Diagram showing the inverse spinel structure ofFe3O4. The O2− ions are
arranged in an FCC structure, whilst the Fe2.5+ ions display octagonal symmetry and the
Fe3+ ions display tetragonal symmetry. Image courtesy of Wilma Eerenstein35.

The lattice constant of Fe3O4 is 8.397Å 36 and MgO has a lattice constant of 4.212Å,

which is almost exactly half that of Fe3O4. MgO has the rocksalt structure, so two MgO

unit cells will share a common O2− FCC sub-lattice with Fe3O4, with a very low lattice

mismatch of−0.3%37. There is therefore little strain at the interface facilitating almost

perfect epitaxial growth of Fe3O4 films on MgO substrates.

In ordered magnetic materials, the unpaired electron spinsalign parallel (ferromag-

netism) or antiparallel (antiferromagnetism) in order to minimise the exchange energy38.

The ions in Fe3O4 are separated by too great a distance for the exchange interaction to

propagate and align the electron spins, so another exchangemechanism is required. This

extra energy minimisation arises from superexchange39. In the ground state, the 2p orbital

of the O2− ion is filled and can exchange electrons with the partially filled 3d orbitals in

the neighbouring Fe2.5+ or Fe3+ ions. This leads to an indirect exchange coupling across

the O2− ion which leads to antiferromagnetic ordering between unpaired electrons on the

Fe2.5+ and Fe3+ ions. As these ions have differing numbers of electrons thisleads to imper-

fect cancellation of the electron magnetic moments. Hence,Fe3O4 exhibits ferrimagnetic

behaviour. Superexchange also makes it difficult for an external magnetic field to couple
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to the electron magnetic moments, resulting in the very high(>100 kOe) saturation field

of Fe3O4
40.

The band structure of ordered magnetic materials is split atthe Fermi energy,EF, such

that one spin carrier has a greater number of occupied statesatEF
41. The band structure of

these materials is said to be spin polarised. Fe3O4 is of particular interest as the bulk band

structure is predicted theoretically to be 100% spin polarised atEF
42,43, materials with this

property are called half-metals as the conduction is of onlyone type of spin carrier. This

is a vital material property as it allows the possibility of injecting a 100% spin polarised

current into a non-magnetic material, which is particularly important for devices based on

tunnel magnetoresistance (TMR). TMR, first discovered by Julliere44, occurs when two

ferromagnetic layers are separated by a thin insulating layer in a magnetic tunnel junction

(MTJ). The probability of tunnelling through the gate oxideis dependent on whether the

layers are parallel or antiparallel, one having a low resistance and the other having a very

high resistance. The TMR ratio is dependent on the spin polarisation,P , in each of the

ferromagnetic layers45:

TMR =
2P1P2

1− P1P2

(2.1)

where the spin polarisation in each ferromagnetic layer is dependent on the density of

states atEF in each layer:

P =
D↑ (EF)−D↓ (EF)

D↑ (EF) +D↓ (EF)
(2.2)

For Fe3O4, P1 = P2 = 1 as there are only down spin states available to occupy

at EF. For a perfect MTJ, this would result in one state with low resistance and one

with an infinite resistance, resulting in extremely high MR values. Experimentally, MR

values in excess of 500% have been observed in an Fe3O4/MgO/Fe3O4 MTJ46. However,

previous research47 suggests that the band structure is not 100% polarised at theinterface

which is critical in thin films. The degree of spin polarisation is critically dependent on

the crystal direction of the substrate as this determines the termination plane of Fe3O4

at the interface which leads to different spin polarisations. Efficient spin injection is an

important precursor to the construction of many spintronicdevices such as spin transistors

and magnetic logic gates, so the ability to deposit high quality Fe3O4 thin films is crucial
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if it is to be used in these types of devices.

2.1.2 Physical properties of CoFe/Cu multilayers and CoFe/Cu based
spin valves

Rapid advances in GMR materials have been made since Fert and Grünberg first demon-

strated the effect for Fe/Cr multilayers. CoFe/Cu is currentlymore widely used for GMR

multilayer structures and is the basic structure of the multilayers considered in this thesis.

Alloying cobalt and iron reduces the saturation field of the magnetic layers, allowing them

to reverse in lower fields, whilst also safeguarding againstthermal instability48. For hard

disk applications, this is useful as it allows a lower write field to be used, reducing the

energy cost of writing bits in a hard disk, making it more efficient if it used as a storage

medium. Copper is used as a non-magnetic spacer as it is does not alloy well with cobalt

or iron49, maintaining sharp interfaces.

CoFe/Cu has been used as the basis of spin valves, materials with the structure anti-

ferromagnet/pinned ferromagnet/non-magnetic spacer/free ferromagnet50. The antiferro-

magnet pins the magnetisation of the ferromagnetic layer itis in contact with, preventing

its magnetisation from reversing in low magnetic fields. This pinning creates exchange

anisotropy, causing an asymmetric hysteresis loop51, a phenomenon referred to as ex-

change bias in contemporary literature52. The free ferromagnetic layer magnetisation

may reverse in an externally applied magnetic field. This allows a system to be engi-

neered where a very small external magnetic field is requiredto switch the system from

a very high resistance to a very low resistance, making them ideal for hard drive applica-

tions53. There has been a push for current-perpendicular-to-plane(CPP) GMR rather than

current-in-plane (CIP) GMR, as the CPP GMR was shown to be doublethe CIP GMR in

a CoFe/Cu multilayer54. Recently, it has been shown that introducing germanium intoa

spin valve increases its CPP GMR, whilst reducing its CIP GMR55.

2.2 Theory of the MRE

The MRE makes use of the conductivity dependence of the complex dielectric function of

a material to probe changes in MR. In this section, the origin of this conductivity depen-

dence is explored and is used to define expressions for the MRE in terms of the emissivity
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and reflectivity of a material. Finally, the finer details of how the theory behind the MRE in

the reflection geometry is implemented into the MRE models that were developed during

this work is discussed.

2.2.1 Response of dielectric materials to IR radiation

When IR radiation is incident on a dielectric material, the electrons in the material ex-

perience an excitation due to the electromagnetic field of the propagating photons. The

electric field generated in the material by the incoming photons is oscillatory, giving rise

to a harmonic oscillator electric field,E(ω, t), of the form56:

E(ω, t) = ℜ [|E| exp (iωt)] (2.3)

Whereω is the angular frequency of the incident radiation andt denotes the time-

dependence. The effect of the magnetic field is insignificantin this non-relativistic limit

and is neglected. This electric field results in an oscillatory displacement of the electrons

in the material about their lattice sites, characterised bya displacement fieldD(ω, t):

D(ω, t) = ǫ0ǫ(ω)E(ω, t) (2.4)

= ǫ0ǫ(ω)ℜ [|E| exp (iωt)] (2.5)

Whereǫ0 is the vacuum permittivity andǫ(ω) is the dielectric function of the material.

The conductivity of the material,σ, now depends on the oscillatory nature of the electric

field and therefore must be (in general) complex. An expression for the complex dielectric

function,ǫ∗(ω), in terms ofσ can be derived from the Maxwell-Ampère law:

∇× H = Jd + Jf = µ0J (2.6)

=
∂D(ω, t)

∂t
+ σ ·E(ω, t) (2.7)

The first term,Jd, represents the current density due to the displacement field generated

by the incoming photons while the second term,Jf, is the current density of free conduction
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electrons. J represents the total current density in the material andµ0 is the vacuum

permeability. Substituting the expression for the displacement field into the Maxwell-

Ampère law and performing the differentiation yields:

∇× H = iωǫ0ǫ(ω) ·E(ω, t) + σ ·E(ω, t) (2.8)

= [σ + iωǫ0ǫ(ω)] ·E(ω, t) (2.9)

= σ∗(ω) ·E(ω, t) (2.10)

Whereσ∗(ω) is the total complex a.c. conductivity.ǫ∗(ω) may now be defined in terms

of the real (d.c.) dielectric function and an imaginary conductivity contribution:

ǫ∗(ω) = ǫ(ω)− iσ

ωǫ0
(2.11)

The complex dielectric function can now be used to calculatethe MRE in the reflection

and emission geometries. There are many different conduction mechanisms so the exact

form of ǫ∗(ω) depends on the material being considered. A description of the various

methods of conduction that were considered is given in section 2.4, where their imple-

mentation into different MRE models is discussed in detail.

2.2.2 The link between resistivity and emissivity

The emissivity as a function of wavelength,ǫλ, is defined as the radiated intensity from

the material,Iλ, to that of a black body at the same temperature,Iλ,b
57:

ǫλ =
Iλ
Iλ,b

(2.12)

If ǫλ = 1, then the object is a blackbody and the true temperature of the object,Ttrue,

is the same as the temperature observed,Tobs. However,ǫλ < 1 in general, soTtrue 6= Tobs.

The intensity of the emitted radiation is given by the Stefan-Boltzmann law, from which

the following expressions are derived:
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Iλ = Aσ
(
T 4

obs− T 4
0

)
(2.13)

Iλ,b = Aσ
(
T 4

true− T 4
0

)
(2.14)

whereA is the area of the emitting body,σ is the Stefan-Boltzmann constant,Tobs is

the temperature observed by the IR camera,Ttrue is the actual temperature of the emitter

andT 4
0 is the ambient temperature of the laboratory. It has been assumed that there is

perfect radiative coupling and that the emission is normal to the sample. If the emissivity

is a function of a magnetic field, expressions for the emissivity at two different fields,

ǫλ(H0/1), can be deduced:

Aσ
[
T 4

true− T 4
0

]
ǫλ(H0) = Aσ

[
T 4

obs(H0)− T 4
0

]
(2.15)

Aσ
[
T 4

true− T 4
0

]
ǫλ(H1) = Aσ

[
T 4

obs(H1)− T 4
0

]
(2.16)

The percentage difference in emissivity between the two fields, MRE%, can then be

calculated:

MRE% =
ǫλ(H0)− ǫλ(H1)

ǫλ(H1)
× 100% =

T 4(H0)− T 4(H1)

T 4(H1)− T 4
obs

× 100% (2.17)

In general, there is a correlation factor,γ, linking the MRE to the MR. If the form of

γ is known, then it is possible to measure a variation in conductivity as a variation in the

emissivity of a material.

MR(%) = γ × MRE(%) (2.18)

2.2.3 The link between resistivity and reflectivity

If a black body is in thermal equilibrium with its environment, then its emissivity is equal

to its absorptivity,α. The absorptivity of a material is related to its reflectivity, R, and its

transmissivity,T , as58:
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ǫλ = α = 1−R− T (2.19)

The reflectivity of a material is determined by its complex dielectric function,ǫ∗(ω)57:

R =

(√
ǫ∗(ω)− 1√
ǫ∗(ω) + 1

)(√
ǫ∗(ω)− 1√
ǫ∗(ω) + 1

)∗

(2.20)

ǫ∗(ω) is dependent on the conductivity,σ, of the material:

ǫ∗(ω) = ǫ(ω)− iσ

ǫ0ω
(2.21)

As σ is the optical conductivity, changes in the conductivity can lead to measurable

changes in the reflection spectra of the material. The percentage difference between the

reflectivity in two magnetic fields, MRE(%), is defined as:

MRE(%) =
R(H0)−R(H1)

R(H1)
× 100% (2.22)

The correlation between the change in conductivity and the change in reflectivity with

magnetic field is defined in the same way as for the emission geometry, although the

correlation factor will be different:

MR(%) = γ × MRE(%) (2.23)

Reflection MRE measurements are performed using mid-far infra-red radiation as in

this wavelength regime the photons causeintraband rather thaninterband transitions, al-

lowing only the conduction electrons (which can be treated as a nearly free electron cloud)

to contribute. This is important as these electrons are responsible for the magnetism of the

material, so exciting electrons out of this band affects themagnetic behaviour of the mate-

rial which is undesirable. The skin depth of metals is∼10 nm in this regime, for metallic

films >10 nm this means the reflection is primarily from the film whichis desirable. For

oxides and metallic films<10 nm the reflection from the substrate must be accounted for.
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2.3 Modelling the MRE of metallic multilayers

In MR metallic multilayer films, structures and devices the dominating conductivity contri-

bution is Drude metallic conduction. The Jacquet-Valet model59 of multilayer reflections

may be used to model the MRE provided the spin-dependent Drudeconductivities,σ↑/↓,

are in the self-averaging limit (SAL).σ↑/↓ are in the SAL if the average spin-independent

electronic mean free path is far longer than the average distance between spin-selective

scattering sites such as interfaces and defects in the magnetic lattice. If this condition is

met, the average electron travels through several layers ofthe multilayer before experienc-

ing a spin-selective scattering event, so the global conductivity process can be assumed to

be independent of any local variations in scattering potential in the multilayer. The Drude

conductivity is therefore:

σ↑/↓ =
Ne2τSAL

m
(2.24)

The key material parameters that will determine the conductivity in the multilayer are

the average carrier number density across the multilayer,N , and the SAL scattering time,

τSAL. N is calculated by taking the individual carrier number densities of each layer and

taking a weighted mean, with the layer thickness as the weighting factor. τSAL is calcu-

lated from the scattering times in the ferromagnetic (τFM) and non-magnetic (τNM) layers

as well as an interfacial contribution,τi. Each scattering time is weighted by the relative

concentration of ferromagnetic (cFM) and non-magnetic (cNM) material in the multilayer.

An interfacial concentration,ci, representing the area between layers where the behaviour

is not bulk-like, is summed in parallel with the magnetic andnon magnetic layer contribu-

tions to give an expression forτSAL:

τSAL =

(
cFM

τFM
+

cNM

τNM
+

ci

τi

)−1

(2.25)

Although dependent onτFM and cFM, τSAL itself is spin-independent. The spin de-

pendence is introduced into a modifiedτSAL by weighting the contributions of the ferro-

magnetic layer and the interfacial region according to the spin polarisation in the bulk

ferromagnet and the interfaces respectively. This is done by introducing a bulk spin asym-

metry coefficient,β, as well as an interface spin asymmetry coefficient,γ. The overall

spin asymmetry coefficient,βSAL, is given by the weightedτSAL:
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βSAL = τSAL

[
β

(
cFM

τFM

)
+ γ

(
ci

τi

)]
(2.26)

As the spin-dependence is contained withinβSAL, it is this parameter that will eventu-

ally contribute to the MRE.

βSAL andτSAL are then used to calculate the real and imaginary parts of thedielectric

function of the material in zero field and an applied field. Thedielectric functions con-

sist of two terms. Firstly, the static dielectric constant,ε∞, which determines the high

frequency response of the material. The second term is a Drude conductivity term depen-

dent onβSAL/τSAL and the fraction of saturation magnetisation (ms) in the two applied

magnetic fields between which the greatest change in resistance is expected,m0/1. The

Drude term is also dependent on the plasmon frequency,ωp, which is dependent onN

as well as the angular frequency of the incident IR radiationwhich gives the wavelength

dependence. The real and imaginary parts of the dielectric function in the magnetic field,

ℜ
[
ǫ(ω,H0/1)

]
andℑ

[
ǫ(ω,H0/1)

]
, can be expressed as follows:

ℜ
[
ǫ(ω,H0/1)

]
= ǫ∞ −

ω2
pτ

2
SAL

(
1 + ωpτ

2
SAL +m0/1β

2
SAL

)
(
1− ωpτ 2SAL +m0/1β2

SAL

)2
+ 4ω2τ 2SAL

(2.27)

ℑ
[
ǫ(ω,H0/1)

]
=

ωpτSAL

ω

(
1 + ωpτ

2
SAL +m0/1β

2
SAL

)
(
1− ωpτ 2SAL +m0/1β2

SAL

)2
+ 4ω2τ 2SAL

(2.28)

These dielectric functions can be used to calculate the reflectivity spectra in s and

p polarisation in each field,Rs/p(H0/1). The MRE is calculated from these reflectivity

spectra, as shown in equation 2.29.

MRE% =
[Rs(H0)−Rs(H1)] + [Rp(H0)−Rp(H1)]

[Rs(H1)−Rp(H1)]
× 100% (2.29)

2.4 Modelling the MRE of iron oxide thin films

2.4.1 Constructing the Fe3O4 and MgO dielectric functions

Modelling the MRE of Fe3O4 is more complicated than modelling metallic multilayers

as the Drude conductivity is not the dominant conduction mechanism across the whole
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wavelength regime. The dielectric function is built from all of the contributing conduc-

tivity processes, which are discussed in the following section. Fe3O4 is not a very good

conductor so the skin depth is very long, leading to significant reflection from the sub-

strate. It is therefore necessary to incorporate the dielectric function of the MgO substrate

into the model and consider how the radiation reflected from the substrate interacts with

the radiation reflected from the film.

Deriving the Drude contribution to the Fe3O4 dielectric function

There are four conductivity processes in Fe3O4; Drude conduction, hopping conduction,

increased conduction due to d-s transitions and increased conduction around phonon res-

onances. Following equation (2.11), the dielectric function takes the following form:

ǫFe3O4
= ǫ∞ + ǫDrude+ ǫphonon+ ǫds+ ǫhopping (2.30)

Whereǫ∞ is a material constant representing the real, high frequency dielectric re-

sponse of Fe3O4. The form of the a.c. Drude conductivity can be obtained fromOhm’s

law60:

J = σE = −Nev (2.31)

The equation of motion is found by substituting in the d.c. Drude conductivity from

equation 2.24 and takingv to be the time derivative of the electron displacement from

equilibrium,ṙ:

−Nev =
Ne2τ

m
E

m

τ
ṙ = −eE (2.32)

This equation relates the damping (γ = τ−1) to the force exerted on the electron by

an external electric field. The photon electric field is oscillatory, therefore the equation of

motion can be approximated as a forced, damped harmonic oscillator driven by a time-

varying electric field:
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mr̈+mγṙ+mω2
0r = −e|E| exp [i (ωt− k ·r)] (2.33)

It is assumed that the electron motion is non-relativistic allowing the negligible mag-

netic effects of the time-varying electric field to be ignored. The form of the electric field

can be simplified by making the assumption that the average displacement of an electron

is far smaller than the wavelength of the incident radiation(r ≪ λ, r ·k ≪ 1) leading to

an expression of the form:

mr̈+mγṙ+mω2
0r = −e|E| exp (iωt) (2.34)

Making the additional assumption that the electric field in the material is isotropic

(E||r) reduces the problem to one dimension:

∂2r(t)

∂t2
+ γ

∂r(t)

∂t
+ ω2

0r(t) = − e

m
|E| exp (iωt) (2.35)

To obtain a steady state expression forr(t) it is required that the driving force domi-

nates the motion of the electrons, that is that the period of oscillation is much faster than

the average scattering time. In this limit, the solution to the differential equation is the

simple harmonic motion solution:

r(t) = A exp (iωt) (2.36)
∂r(t)

∂t
= iωA exp (iωt) = iωr(t) (2.37)

∂2r(t)

∂t2
= i2ω2A exp (iωt) = −ω2r(t) (2.38)

Substituting in the derivatives leads to the following expression:

(
−ω2 + iγω + ω2

0

)
r(t) = − e

m
E(t) (2.39)

Calculating the time derivative of this equation and rearranging forv(t):

v(t) =

[
− e

m

iω

ω2
0 − ω2 + iγω

]
E(t) (2.40)
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The equation of motion is recovered if both sides of the equation are multiplied by

−Ñe, whereÑ is the number of electrons displaced by the electric field, sothat the Drude

conductivity modified for the oscillatory electric field is given by:

σ =
Ñe2

m

iω

ω2
0 − ω2 + iγω

(2.41)

This directly leads to the complex dielectric function of the material in an external,

time-varying electric field:

ǫ∗(ω) = ǫ(ω) +
1

ǫ0

Ñe2

m

1

ω2
0 − ω2 + iγω

(2.42)

This expression can be rewritten in terms of the electron plasma frequency,ω2
p = Ñe2

mǫ0
,

which is a measure of how effective the screening of the conduction electrons is due to the

electrons oscillating in the electric field:

ǫ∗(ω) = ǫ(ω) +
ω2

p

ω2
0 − ω2 + iγω

(2.43)

By making the assumption that the band conduction is relatively flat and therefore

resonance free (ω0 = 0), rearranging leads to the form of the Drude dielectric function

used in the MRE models used in this thesis:

ǫ∗(ω) = ǫ(ω)−
ω2

p

ω2 − iγω
(2.44)

ǫFe3O4
= ǫ∞ + ǫDrude (2.45)

Deriving the d-s transition, phononic and hopping contributions to the Fe3O4 dielec-
tric function

As discussed previously, Fe3O4 is not a good conductor. When deriving the form of the

Drude contribution to the dielectric function, the assumption was made that the band struc-

ture is flat and that there are no resonances. Modifications tothe dielectric function have to

be made to account for contributions to the conductivity from resonant sources, in this case
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from phonons and the d-s transition. The conductivity can beincreased due to electron-

phonon scattering at certain frequencies that are dependent on the bonding energies be-

tween different atoms in the Fe3O4 film. These phonon resonances are introduced into the

dielectric function as Lorentz oscillators:

ǫphonon=
n∑

j=1

Sjω
2
j

ωj − ω2 − iγjωj
(2.46)

whereSj is the strength,ωj is the resonant frequency andγj the collisional damping

factor of the j-th resonance. There is also an overlap of the 3d and 4s bands on the Fe2+

sites. There is a resonance in the conductivity as electronsoscillate between the more

conducting 4s band and the less conducting 3d band, known as the d-s transition, which

can also be modelled as a Lorentz oscillator:

ǫds =
n∑

j=1

Sj-dsω
2
j-ds

ωj-ds − ω2 − iγj-dsωj-ds
(2.47)

It is also possible for electrons to tunnel between Fe2+ and Fe3+ lattice sites. These

electrons couple with phonons to form polarons that “hop” between the octahedral sites

causing an increase in the conductivity. Modelling the polaron hopping conductivity is a

difficult quantum mechanical problem and it is usually estimated from a large set of fitting

parameters (such as those produced by Degiorgiet al.61). Ahn et al. have shown that the

hopping conductivity is reasonably constant (∼ 500Ω−1cm−1) in the near/mid-IR62. The

hopping contribution to the dielectric function can be estimated as follows:

ǫhopping = − 4π

iωǫ0
σhopping (2.48)

= −7.1× 1014

iω
(2.49)

Thus, the full MgO and Fe3O4 dielectric functions are:

ǫMgO = ǫ∞ + ǫphonon (2.50)

= ǫ∞MgO
+

n∑

j=1

SjMgO
ω2

jMgO

ω2
jMgO

− ω2 − iγjMgO
ωjMgO

(2.51)
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ǫFe3O4
= ǫ∞ + ǫDrude+ ǫphonon+ ǫds+ ǫhopping (2.52)

=
n∑

j=1

SjFe
3
O
4

ω2
jFe

3
O
4

ω2
jFe

3
O
4

− ω2 − iγjFe
3
O
4

ωjFe
3
O
4

(2.53)

+
n∑

j=1

Sj-dsFe
3
O
4

ω2
j-dsFe

3
O
4

ω2
j-dsFe

3
O
4

− ω2 − iγj-dsFe
3
O
4

ωj-dsFe
3
O
4

+ ǫ∞Fe
3
O
4
−

ω2
p

ω2 − iγω
− 7.1× 1014

iω

2.4.2 Combining the MgO and Fe3O4 dielectric functions to model
the MRE

Using the Fresnel equations, it is possible to determine thes and p polarisation reflection

coefficients using the dielectric functions defined by equations 2.51 and 2.53:

rs =
cosϕ−

√
ǫ(ω)− sin2 ϕ

cosϕ+
√
ǫ(ω)− sin2 ϕ

(2.54)

rp =
ǫ(ω) cosϕ−

√
ǫ(ω)− sin2 ϕ

ǫ(ω) cosϕ+
√
ǫ(ω)− sin2 ϕ

(2.55)

whereϕ is the angle of incidence of the IR radiation with respect to the normal. The

total reflectivity is the average of the s and p polarisation reflectivities:

R =
|rs|2 + |rp|2

2
(2.56)

Equation 2.56 can be used to calculate the reflectivity from the surface of the Fe3O4

and from the MgO. It is also necessary to consider the effectsof interference between

reflections from the MgO/Fe3O4 interface and the Fe3O4 surface. The interference of the

two reflections will be dependent on the thickness of the Fe3O4 film, the thickness of the

MgO is assumed to be sufficiently large that there is no reflection from the bottom of the

substrate. The total reflectivity, inclusive of the interfered reflections, can be obtained by

following the procedure of McIntyre63 and defining the followingϕ-dependent quantities:

ξj =
√
ǫj − ǫ1 sin

2 ϕ (2.57)
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where j=1 for air, j=2 for Fe3O4 and j=3 for MgO as shown in the schematic in figure

2.2. ǫj is the complex dielectric function of the j-th phase.

Figure 2.2: A schematic illustrating the three-phase system used in order to model the
reflectivity for thin films of Fe3O4/MgO. The thickness of the film is t and the angle of
incidence as defined from the normal isϕ. The three phases are air (j=1), the Fe3O4 thin
film (j=2) and the MgO substrate (j=3). Image courtesy of Dr. James Naughton.64

The reflectivity between two neighbouring phases j and k in s and p polarisation can

now be determined from the Fresnel equations:

rs/jk =
ξj − ξk

ξj + ξk
(2.58)

rp/jk =
ǫkξj − ǫjξk

ǫkξj + ǫjξk
(2.59)

The influence of the magnetic field of the incident radiation is neglected as the mag-

netic permeabilities in the near-IR are assumed to be unity.The total reflectivity including

the interfered reflections in s and p polarisation, as a function of the wavelength of the

incident radiation, is:
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rs/123 =
rs/12+ rs/23exp(2iβ)

1 + rs/12rs/23exp(2iβ)
(2.60)

rp/123 =
rp/12+ rp/23exp(2iβ)

1 + rp/12rp/23exp(2iβ)
(2.61)

where:

β =
2πξ2t

λ
(2.62)

The total reflectivity is again the average of the reflectivity in s and p polarisation:

R123 =
|rs/123|2 + |rp/123|2

2
(2.63)

As t ≪ λ, the expression can be simplified by assuming that the attenuation of the

electric field caused by the exponential term is linear in thenear-IR. Taking the second

order Taylor expansion of the exponential term in equations2.60 and 2.61 results in:

rs/123 =
rs/12+ rs/23(1 + 2iβ)

1 + rs/12rs/23(1 + 2iβ)
(2.64)

rp/123 =
rp/12+ rp/23(1 + 2iβ)

1 + rp/12rp/23(1 + 2iβ)
(2.65)

The Fresnel coefficients for three layer systems are relatedto the reflection coefficients

of the substrate in the absence of the film in s and p polarisation,rs/13 andrp/13:

rs/13 =
rs/12+ rs/23

1 + rs/12rs/23
(2.66)

rp/13 =
rp/12+ rp/23

1 + rp/12rp/23
(2.67)

Dividing equations 2.64 and 2.65 by 2.66 and 2.67 respectively gives the following

expressions:
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rs/123

rs/13
=

1 + 2iβ
(

rs/23
rs/12+rs/23

)

1 + 2iβ
(

rs/12rs/23
rs/12+rs/12rs/23

) (2.68)

rp/123

rp/13
=

1 + 2iβ
(

rp/23

rp/12+rp/23

)

1 + 2iβ
(

rp/12rp/23

rp/12+rp/12rp/23

) (2.69)

Taylor expanding the denominator to second order inβ and rearranging leads to ex-

pressions for the reflectivity of the interfered system in s and p polarisation:

rs/123 = rs/13

[
1 +

4πitξ1
λ

(
ξ22 − ξ23
ξ21 − ξ23

)]
(2.70)

rp/123 = rp/13




1 +

4πitξ1
λ

(
ǫ2
ǫ1

)

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(
ξ2
ǫ2

)2
−
(

ξ3
ǫ3

)2

(
ξ1
ǫ1

)2
−
(

ξ3
ǫ3

)2








(2.71)

Averaging the contributions of the s and p polarisations using equation 2.63 gives the

total reflectivity spectrum of the system. Taking reflectionspectra at the two fields between

which there is the greatest change in resistance,R123(H0/1), gives the MRE of the system:

MRE% =
R123(H0)−R123(H1)

R123(H1)
× 100% (2.72)

The field dependence, which is discussed in greater detail inchapter 4, is introduced

as a factor of(1 + ηh2) in R123(H1), where h represents the change in resistance of the

material andη is a fitting parameter.



Chapter 3

Experimental Techniques

In this chapter the experimental techniques used to obtain and validate data presented in

this thesis are described. Firstly, sample preparation by molecular beam epitaxy is pre-

sented. This is followed by a detailed experimental description of probing GMR through

electrical measurements and the MRE in the reflection and emission geometries, exam-

ining the relative merits of each technique. Different experimental procedures for syn-

chrotron based infrared radiation experiments are highlighted and bespoke equipment and

programs that were developed to facilitate those experiments are described. Finally, other

relevant thin-film characterisation methods that were usedalongside the main techniques

are briefly outlined.

3.1 Deposition of iron oxide films by molecular beam epi-
taxy (MBE)

The magnetic thin films made for collecting data for this thesis were grown in the Depart-

ment of Physics at York using molecular beam epitaxy (MBE) unless otherwise stated.

MBE involves the very slow evaporation of metals onto a substrate so that a thin film

of metal is built up, ideally, a monolayer at a time, facilitating good epitaxial growth,

in ultra-high vacuum (UHV). UHV conditions are necessary tominimise the number of

contaminant molecules present which may mix with the metalsbeing deposited, compro-

mising the uniformity of the film and introducing unwanted defects. The base pressure

within the MBE chamber is held below∼ 1 × 10−10 mbar by a turbomolecular vacuum

pump backed by a rotary vacuum pump, as well as a titanium sublimation pump and a liq-
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uid nitrogen cryopump. The pressure is monitored at variouspoints around the chamber,

a schematic of which is given in figure 3.1. The pressure just before the turbomolecular

pump at the base of the chamber is monitored using a cold cathode gauge, the pressure at

the fast entry lock (FEL) is measured with a Penning gauge andthe pressure in the main

body of the chamber is monitored by an ion gauge.

Figure 3.1: Schematic diagram of the MBE system, showing the location of some of the
key equipment on the chamber including the turbomolecular pump, manipulator and sam-
ple location. The iron metal target is located in the hearth closest to the Balzers electron
gun. The FEL and sample insertion arm are not shown. Image courtesy of Dr. James
Naughton64.

The metals are evaporated onto the substrate by direct heating using heat from passing

current through a tungsten filament and by electron beam heating. Electron beam heating

requires a high voltage to be placed on the tungsten heating filament whilst earthing the

source metal. When enough current is passed through the filament, the electrons acquire

enough energy to overcome the work function of the tungsten and are accelerated into the

source metal crucible, causing rapid heating leading to evaporation of the metal. The metal

atoms then settle on the substrate forming the film. The rate of evaporation, and therefore

deposition of metal, can be controlled by varying the current in the tungsten filament and

the high voltage at which the filament is held. A schematic diagram is given in figure
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3.2. A slow deposition rate on the order of 1Ås−1 is required in order to allow the metal

atoms to rearrange themselves to form monolayers producinguniform, defect free films.

Sometimes it is necessary to heat the substrate in order to give the atoms enough energy

to rearrange themselves, or to allow a particular stoichiometry or surface reconstruction

to form. Sample heating is via direct heating and electron beam heating of the sample

holder which in turn heats the substrate, up to a maximum of∼ 1500 ◦C. The system is

currently equipped to evaporate iron, silver, gold and magnesium oxide, although these

could readily be exchanged to allow deposition of other metals.

It is possible to determine how much metal has been depositedusing a quartz ratemeter

crystal. The crystal is piezoelectric and is vibrating at its natural frequency. The frequency

of vibration is proportional to the mass of the crystal, so asmetal is deposited on the crystal

it is possible to measure the variation in the vibrational frequency of the crystal in order

to estimate the film thickness. The ratemeter has separate calibration settings for each

source, accounting for the density of the metal as well as thedistance and angle from the

source.

Figure 3.2: Schematic diagram of the basic principle of electron beam evaporation. Us-
ing a high voltage supply, an electron beam is accelerated into the source material. This
evaporates the target metal which deposits onto the surfaceof the substrate.
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Substrates are introduced into the vacuum through the FEL, which is separated from

the main chamber with a gate valve. This allows the FEL to be vented to atmosphere with-

out contaminating the vacuum in the main chamber. Once at atmospheric pressure, the

FEL can be pumped separately to the main chamber by a secondary turbomolecular pump

until the pressure has equalised and the gate valve can be opened. Substrates are trans-

ferred into the manipulator using an insertion arm, controlled externally using permanent

magnets. The manipulator allows translational motion of the sample perpendicular to the

sample plane, allowing the substrate to be moved from the insertion position to a prede-

termined growth position. The manipulator can rotate360 ◦ in the sample plane whilst

allowing∼ 45 ◦ rotation out of the sample plane.

3.1.1 Growing Fe3O4 by MBE

Fe3O4 can be grown either by simultaneous oxidation or post oxidation. In simultane-

ous oxidation, Fe3O4 is grown epitaxially by co-deposition with atomic oxygen produced

by an oxygen plasma source or diatomic oxygen introduced into the chamber via a leak

valve. The iron deposited on the substrate reacts with the oxygen and oxidises, forming

one of the phases of iron oxide. In the case of post-oxidation, a film of pure iron is de-

posited and is subsequently annealed in an oxygen rich environment. The surface of the

film oxidises first, then the oxygen diffuses through the film,oxidising the iron in a self-

limiting fashion65. Which oxide is produced depends on many factors including oxygen

partial pressure, iron deposition rate and substrate temperature. The annealing time is an

important factor for post-oxidation whilst the oxygen plasma power is important if using

the plasma source for simultaneous oxidation. The difficulty arises as Fe3O4 can only be

grown under very specific conditions. The phase diagram for iron oxide is complex as

shown in figure 3.3 and any deviation from the growth conditions can cause the formation

of a non-Fe3O4 phase. Growing Fe3O4 requires great precision in the growth parameters

in order to achieve a uniform, epitaxial film with few defects.

The oxygen plasma source uses an RF coil to to break up molecular oxygen gas into

atomic oxygen, oxygen ions and electrons. A high voltage bias deflector plate at the end

of the source is used to trap the ions and electrons so only a beam of atomic oxygen leaves

the source. Parameters that were varied to try and determineoptimum growth conditions

were the deposition rate of iron, oxygen partial pressure, the substrate temperature, the
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annealing time and temperature for post-oxidation and the RFpower when using the oxy-

gen plasma source. Due to the self-limiting nature of the oxidation during post-oxidation,

Fe3O4 films can only be grown to a thickness of∼ 3 nm whereas films that are hundreds

of nanometres thick can potentially be grown by simultaneous oxidation.

Figure 3.3: Phase diagram of iron oxide66. Fe3O4 exists in a non-mixed phase state in only
a very small region between∼900-1500◦C and∼ 27.5 − 28.5% composition of oxygen
by weight, where 1500◦C is the approximate boiling point of iron oxide at these oxygen
compositions67. The conditions of growth must therefore be accurately determined and
tightly controlled in order to grow good thin films of Fe3O4.

3.2 Four-point probe measurements

3.2.1 Measuring GMR with an electrical four-point probe

The GMR of a material can be observed by performing a direct electrical measurement

using a four-point probe. The probe has two current contactsand two voltage contacts

which are tungsten spring-loaded pins sharpened to a point and held against the sample

surface. A Keighley power supply is used to pass a constant current through the sample

material, typically of the order 1 mA−1µA, through two of the pins. The remaining two

pins are used to detect the voltage across the sample as shownin figure 3.4. Having

separate current and voltage pins, rather than sourcing current and sensing voltage through

the same pins, gives more accurate measurements. This is because the voltage sensing

circuit is now independent of the current source circuit so the impedance from that circuit
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and the resistance in the contacts is eliminated from the measurement. Using the sensed

voltage and sourced current the resistance of the film can be determined using Ohm’s law.

Figure 3.4: Schematic diagram of an electrical GMR measurement. The voltage sensed at
pins 2 and 3 is independent of the impedence contribution from the constant current source
circuit and its contact resistance. The net direction of electron travel is in the sample plane
and there is little opportunity for spatial resolution.

A thin film that exhibits MR undergoes a change in resistivityin an applied field which

can be detected as a change in resistance in an applied field. The difference between the

resistance in an applied field,R(H1), and the resistance in another applied field,R(H2),

is commonly expressed as a percentage change as in equation 3.1. A measurement is

performed by sweeping the electromagnet through a full hysteresis loop. This allows a

plot of percentage change in MR with applied field to be made. An example four-point

probe MR curve for a GMR material is given in figure 3.5. For most materials, the greatest

change in resistance is achieved by measuring the difference between the resistance at the

saturation field and zero applied field. However, in materials that are exchange biased

(such as spin valves), the greatest change in resistance is observed by taking the difference

in resistance on either side of the switch of the free magnetic layer.

GMR(%) =
∆R

R(H1)
× 100% =

R(H2) −R(H1)
R(H1)

× 100% (3.1)

It is important to note that as all four pins are on the surfaceof the sample this tech-

nique is only sensitive to the current-in-plane (CIP) contribution to the GMR. Four-point
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Figure 3.5: Typical GMR curves showing percentage change inGMR with applied mag-
netic field. For these curvesH1 = 0Oe andH2 = 9000Oe.

probe measurements offer little to no spatial resolution asthe diameter of the pins and their

separation distance leads to the measurement being performed over an area of several mil-

limetres. This is a typical thin film sample size; the measurement is necessarily averaging

over a significant volume of the sample.

3.3 Measuring the MRE

According to equation 2.19, the MRE can be measured in three different geometries; emis-

sion, reflection and transmission. In each case IR radiationis used to measure the change

in the complex dielectric function, and therefore conductivity, of a material in an externally

applied magnetic field. The MRE measurements presented in this thesis were performed

in the emission and reflection geometries. The techniques and equipment used to measure

the MRE in these geometries are discussed in the following sections.

3.3.1 Measuring the MRE through emissivity with an IR camera

In the emission geometry, the change in conductivity of a material in an externally applied

magnetic field is measured as a change in the emissivity of thematerial in the applied field.

The change in emissivity results in a variation in the apparent temperature of the sample

with the external field. A thermal imaging camera is used to collect a map of apparent

temperature across the sample in two different fields,T(H1) andT(H2). The MRE can

now be calculated, providing the ambient temperature of thelaboratory (T0) is known.

The GMR and MRE are related by a correlation factor,γ, using equation 3.268.
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MRE% =
T (H2)

4 − T (H1)
4

T (H1)
4 − T 4

0

× 100%

MRE% = γ × GMR% (3.2)

For many systems, one of the fields is usually 0 Oe. It is extremely difficult to create

an environment where there the external magnetic field is truly 0 Oe because of the field

due to the remanent magnetisation of the electromagnet and stray fields from other elec-

tronic equipment. This leads to increased uncertainties inmeasurements performed at or

near 0 Oe. If there is little variation in MRE in the low field regime then this effect is not

important. However, if the sample has a sharp MR curve that varies significantly in low

fields, then a large error can become associated with the measurement. A number of repeat

spectra (25 for IR camera measurements) are obtained to minimise this error.

The sample is attached to an ohmic heating pad using thermal paste and placed be-

tween the pole pieces of an electromagnet. A bespoke heater is used to maintain a constant

sample temperature in the range∼ 35 − 40 ◦C. At this temperature the sample thermally

emits IR radiation which is collected in the CCD of a Jenoptik Varioscan 3021 IR camera,

which is sensitive to radiation in the wavelength range 8−12µm. The camera is positioned

at normal incidence to the sample at a distance of 65 cm. 25 images of the temperature

distribution across the sample are taken and are averaged tocreate a time averaged map

of temperature across the sample in two different fields. Careneeds to be taken to ensure

that the electromagnet is used to take the sample through itssaturation magnetisation (or

the highest fraction possible) when switching between the fields in order to minimise hys-

teretic effects and provide reproducibility. The thermal images are imported into a Python

program (written by the author) which strips out the raw data, performs the averaging then

produces false colour image maps of MRE across the sample. Thedata can then be saved

both as a colour map and as a240× 360 matrix of MRE values as a .csv file. A schematic

diagram of an emission geometry MRE measurement is given in figure 3.6.

3.3.2 Measuring the MRE through reflectivity

In the reflection geometry, the change in conductivity of a material in an externally applied

magnetic field is measured as a change in the reflectivity of the material in the applied

field. Reflection spectra are recorded at two different magnetic field strengths,S1(H1) and
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Figure 3.6: Schematic diagram of an emission MRE measurementas performed in York.
A resistance heater pad is used to raise the temperature of the sample so that it thermally
emits IR radiation which is detected by an IR camera. The temperature is kept stable using
a negative feedback system which turns a heater on and off when the temperature of the
thermocouple goes beyond set limits. A magnetic field can be applied in the direction
indicated.

S2(H2). The MRE in this geometry is defined as the difference betweenthese two spectra,

expressed as a percentage (equation 3.3). Several repeat spectra are recorded at each field

and averaged in order to improve the signal to noise ratio. This is critical as the percentage

change in MRE is often very small, on the order of∼ 0.1− 1.0%.

MRE% =
S1(H1) − S2(H2)

S2(H2)
× 100% (3.3)

In laboratories such as in York, which are not climate controlled, there can be drifts

in reflectivity caused by variation in the ambient temperature. This could occur for many

reasons but the most significant contribution would be from the gradual heating of the

electromagnet during the experiment, The ohmic heating of the magnet can cause an in-

crease in temperature at the sample location which in turn causes a change in the overall

intensity of the reflected spectrum. The effect of this driftin intensity can be significantly

reduced by collecting an extra spectrum,S3(H1), at one of the two fields to include in

the averaging. If the drift,x, is linear between measurements, then the values of the three

reflectivity spectra are given byS1, S2 + x andS3 + 2x. The expression for the MRE

becomes:
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MRE% =

[
S1(H1)+S3(H1)

2

]
− S2(H2)

S2(H2)
× 100%

=

[
S1(H1)+S1(H1)+2x

2

]
− S2(H2) − x

S2(H2) + x
× 100%

MRE% =
S1(H1) − S2(H2)

x+ S2(H2)
× 100% (3.4)

The term accounting for the drift is insignificant compared to the magnitude of the

spectra so can safely be neglected. Without the additional spectrum the drift has a compli-

cated second order presence in the equation for the MRE and becomes significant.

A schematic diagram of an MRE measurement in the reflection geometry is shown in

figure 3.7. The sample to be measured is fixed substrate down, using vacuum grease, to a

goniometer and placed within a 12 kOe electromagnet so that the field direction is parallel

to the sample plane. The goniometer allows the sample position and orientation in 3D

to be controlled, facilitating alignment of optical components. Polarisers can also be in-

serted during alignment if polarisation-dependent measurements are to be performed. The

measurement is performed by reflecting IR radiation, sourced from a Fourier transform IR

spectrometer (FTIR), off the surface of the sample at an angleof ∼ 65 ◦ and collecting the

radiation in a mercury cadmium telluride (MCT) detector. Thesource in the FTIR is an

IR bulb that generates randomly polarised IR radiation in the range2 − 25µm, although

in practice the measurable range is∼ 4−20µm as the photon count at the extremes of the

range is too low to get the signal-to-noise ratio necessary to provide statistically meaning-

ful data. The MCT detector requires a reservoir of liquid nitrogen to cool the detector to a

temperature where there is minimal thermal noise, allowinga clean signal to be observed.

Omnic software is used to collect and process data from the detector.

The entire experimental bench is housed within a perspex container which is purged

with an N2 atmosphere. Molecules such as CO2 and H2O have molecular bonding orbitals

that absorb strongly in the near-IR. Displacing these molecules with N2 stops the detected

signal from being attenuated by the atmosphere and producesa signal which has far fewer

contaminant spectral features. It is also possible to reduce the effect of absorption in the

optics and detector by normalising the spectra against a featureless, highly reflecting ref-

erence spectrum from a material such as gold. Before a measurement is performed, the

electromagnet is swept through a full hysteresis loop, to its maximum positive and neg-

ative field. This facilitates reproducibility of the measurement by minimising hysteretic
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Figure 3.7: Schematic diagram of a reflection MRE measurementas performed in York.
IR radiation from an FTIR is reflected from the surface of the sample and collected in
an MCT detector in an N2 atmosphere. An externally applied magnetic field (H) can be
applied in the direction indicated using a 12 kOe electromagnet.

effects. The reproducibility is also aided by using a LabView program to control the elec-

tromagnet remotely, removing any human error in setting thecorrect field. Several repeat

measurements are taken of each spectra in order to improve the accuracy of the measure-

ment. The spectra are averaged before being input into equation 3.3 or 3.4. It is usually

sufficient to perform 4-8 repeat measurements in high fields (∼10 kOe) to obtain an error

of ±0.01%. However, in fields close to zero there can be a much greater uncertainty in the

magnitude of the field. This occurs if the magnetisation of the sample varies sufficiently

in zero field due to random thermal effects. It is often necessary to perform more than 8

repeat measurements in this low field regime in order to obtain sufficient precision. The

data obtained from the Omnic software is exported as a .csv file and is analysed using a

Python program written by the author. The program takes the raw .csv files and creates

files containing averaged reflection spectra and MRE spectra which can be plotted against

wavenumber in cm−1, wavelength inµm and energy in eV.

3.3.3 Synchrotron based MRE experimental techniques

There are limits to the information that can be obtained fromboth the emission and re-

flection MRE measurements performed in York. In the emission geometry, the IR camera

used has a very narrow spectral range 8−12µm. This narrow spectrum provides no spec-
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tral resolution so can not be used to successfully model the MRE. It is not possible to

discover anything about the underlying MR processes, only whether there is any varia-

tion in the magnitude of the MR spatially across the sample. For the reflection geometry

the opposite is true. There is sufficient spectral resolution in the range∼ 4 − 20µm to

successfully model the MRE but due to the diffuse beam spot it is impossible to spatially

resolve variations in MRE across the sample. It is therefore impossible to measure spatial

variations in GMR with such a reflection geometry measurement. Also, the correlation

between the MRE and GMR is stronger in the far-IR, a region of thespectrum which is

inaccessible with the FTIR bulb source and MCT detector in thelaboratory at York.

To overcome these three limitations, a new experimental procedure was developed

that offers both spectral and spatial resolution as well as sufficient IR radiation in the far-

IR to perform measurements in the far-IR. These experiments took place on the SMIS

beamline at SOLEIL, the French national synchrotron light source, in Saint-Aubin, Paris.

Synchrotron radiation sources have high brightness, intensity and brilliance across the

electromagnetic spectrum from microwaves to hard x-rays. The SMIS beamline offers

sufficient radiation in the∼ 1.5 − 50.0µm range to obtain meaningful statistics in the

far IR, overcoming the laboratory limitation of insufficientphoton flux beyond∼ 20µm.

The microscope is fitted with an MCT detector which is capable of detecting radiation

in the range∼ 1.5 − 20.0µm. Far-IR radiation is detected using a liquid helium cooled

bolometer which is sensitive to radiation in the range∼ 14 − 50µm. The second advan-

tage of synchrotron radiation is that the beam of radiation produced is highly collimated.

The electrons in the storage ring are highly relativistic, therefore the radiation emitted is

strongly collimated in the direction of travel due to relativistic beaming. This produces a

much less diffuse beam of radiation than the FTIR source in the laboratory at York. The

problem of obtaining spatial resolution is ultimately resolved using an IR microscope. The

radiation from the synchrotron is passed through a Schwarzschild objective before being

focussed onto the sample and collected by an MCT detector in a similar reflection ge-

ometry that is used for the measurements in York. The combination of these advantages

provides an MRE measurement which is spectrally resolved in the range1.5−50.0µm and

the possibility of spatial resolution down to the diffraction limit (∼ 1 × 1µm) in the IR).

This measurement configuration provides both spectral and spatial resolution in a single

measurement, which has previously been unattainable.
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Design of a bespoke electromagnet

Figure 3.8: Scale diagram of the SMIS beamline IR microscopeat SOLEIL, showing the
bespoke electromagnet and 3D scanning stage. The detectorsand beamline optics to the
right of the microscope are not shown for clarity. Image courtesy of St́ephane LeFrançois.

The SMIS beamline is not designed to accommodate an electromagnet, so the mi-

croscope on the beamline had to be significantly modified in order to be able to perform

spatially resolved field dependent measurements. The IR objective of the microscope has a

diameter of 65 mm so a bespoke electromagnet needed to be constructed with pole pieces

that fit around this objective, as well as being physically small enough to fit around the

microscope and beamline optics in the vicinity of the microscope. The electromagnet was

constructed with a 70 mm pole piece separation (lg). The magnet was built to give a max-

imum theoretical magnetic field of 1000 Oe when operated witha 70 V/2 A power supply,

a simple calculation usingB = µ0NI
lg

56 demonstrates thatN = 2785 (turns per coil) are

necessary to generate the desired field. The maximum magnetic field at the sample po-

sition was measured to be∼900 Oe, slightly lower than the predicted maximum due to

flux leakage in the yoke due to the sharp corners and other associated losses. A technical

drawing of the electromagnet is given in figure 3.9.
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Figure 3.9: Technical drawing of the bespoke electromagnetwith dimensions in millime-
tres. The electromagnet was built in the Department of Physics’ mechanical workshop at
the University of York. Image courtesy of Stéphane LeFrançois.



Spatially Resolved Infrared Spectroscopy For Spintronics page 65

Writing a LabView control program to control the electromagn et

A LabView 2011 program was written in order to automate use ofthe electromagnet in

the MRE experiments performed at SOLEIL. This allowed reproducibility when sweep-

ing the electromagnet through hysteresis loops and in stopping at desired magnetic fields,

minimising errors due to hysteresis and human error in setting the fields. The automation

allows for a much quicker, simpler experiment than if the experiment was performed man-

ually. The program sends control voltage signals to a National Instruments NI USB-6211

data acquisition (DAQ) box which controls a Kepco BOP 50-8ML 50 V power supply. The

maximum control voltage sourced by the DAQ is±10V, therefore the power supply scales

the control voltage by a factor of 5. The program performs twomain functions. Firstly,

the program can sweep the magnet through an entire hysteresis loop, to a maximum field

specified by the user. This is particularly useful at the beginning of an experiment to

minimise errors arising due to hysteretic effects. Secondly, the program can sweep the

electromagnet around a hysteresis loop in four stages, stopping at each stage in order to

perform experiments at the required magnetic fields. The program goes from zero applied

field to the maximum positive magnetic field, then from the maximum positive magnetic

field to zero, then repeats for the negative maximum magneticfield before returning to

zero field ready for the next experiment. The user decides when the electromagnet sweeps

to the next field by pressing the appropriate button on the LabView front panel, shown in

figure 3.10. The maximum positive and negative fields need notbe the same, allowing full

customisation of the hysteresis loop. The speed with which the magnet sweeps around

the hysteresis loop can also be controlled, with indicatorsshowing the time required to

perform the sweep.

The modified SMIS beamline is shown in use in figure 3.11.

3.4 Other thin film characterisation techniques

3.4.1 Vibrating sample magnetometry (VSM)

Vibrating sample magnetometry (VSM) gives a direct measurement of a sample’s mag-

netisation by tracing a hysteresis loop of magnetisation with applied field (an M/H loop).

VSM is a very useful technique for characterising magnetic materials as M/H hysteresis



Spatially Resolved Infrared Spectroscopy For Spintronics page 66

Figure 3.10: Screenshot of the LabView 2011 program that remotely controls the electro-
magnet for use in experiments at the SOLEIL synchrotron.

Figure 3.11: Modified SMIS beamline showing the operationalelectromagnet and 3D
scanning stage.
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loops provide several valuable pieces of information aboutthe magnetic behaviour of the

sample. It is possible to determine the magnetic field required to fully saturate the mag-

netisation of a sample in one direction. The saturation field, Hs, is defined as the point

where the magnetisation plateaus with applied field. The value of magnetisation atHs

is known as the saturation magnetisation,M s. Once a sample has been taken toHs, if

the field is reduced to zero some of the magnetic moments in thesample will begin to

reverse. The magnetisation that remains is known as the remanent magnetisation,M r.

Finally if a magnetic field is applied in the reverse sense then the field required to reduce

the magnetisation to zero, is known as the coercive field,Hc. M s depends entirely on the

composition of the sample as it comprises the number as well as relative strength of the

magnetic moments in the material.Hc, Hs andM r, which are illustrated in figure 3.12,

can all vary with material structure and temperature so carehas to be taken when analysing

these parameters.

Figure 3.12: Example schematic hysteresis loop for a ferromagnetic material, showing the
saturation field (Hs), the coercive field (Hc) and the remanent magnetisation (M r). For
this loop Mr

Ms

∼ 1 but0 ≤ Mr

Ms

≤ 1 in general.

The measurement is performed by placing the sample between the pole pieces of an

electromagnet. The sample is then vibrated using a piezoelectric motor at a constant fre-

quency, passing pickup coils which detect the variation in magnetic flux due to the pres-
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ence of the sample. A current is induced in the pickup coils that is proportional to the

magnetic moment of the sample but independent of the appliedmagnetic field. If the

physical dimensions (or mass) of the sample are known accurately then the number of

magnetic moments in the sample can be deduced allowing the magnetisation to be calcu-

lated. The voltage induced is very small so a lock-in amplifier must be used in order to

lock onto the specific vibration frequency. With this it is possible to greatly reduce the

noise in the measurements.

The VSM used to perform these measurements is a MicroSense Model 10 Mk II. This

VSM allows vector magnetisation measurements at fields up to22 kOe with noise of less

than0.5 × 10−9 Am2. The field direction can be rotated through±(540.0 ± 0.2) ◦ and

temperature dependent measurements can be performed between 77 K and 773 K with a

resolution of 0.01 K. The VSM measurements presented in thisthesis were made by the

author and/or Mr James Sizeland unless otherwise stated. The author wishes to acknowl-

edge Prof. Kevin O’Grady for allowing use of the VSM.

3.4.2 Transmission electron microscopy (TEM)

High resolution transmission electron microscopy (HR-TEM)is a powerful tool for the

analysis of thin films as it allows the atomic scale structureof materials to be examined.

A high voltage electron gun is used to generate a beam of electrons which is focussed

onto the sample by a series of magnetic lenses. The electronsscatter through the material

depending on the relative charge density in the region and are collected by a CCD detector.

From this information it is possible to determine where the areas of significant charge

density, such as atoms and some molecular bonds, are located. The sample must first be

prepared by thinning it to electron transparency. This is done mechanically and then fine

thinning is performed using an ion mill. In the York-JEOL Nanocentre this is done using

a precision ion polishing system (PIPS) which uses Ar ions tochip away tiny fragments of

material leaving the sample very flat and thin. Samples can beprepared to observe either

the plan view of the structure or the cross section of the material. Cross sectional analysis

is very important as it allows accurate determination of filmthickness, as well as judging

the uniformity of crystal structure and surface and interfacial roughness and cleanliness

over several nanometres. HR-TEM also helps to spot defects infilms such as dislocations,

vacancies, stacking faults, interstitial atoms and anti-phase domain boundaries (APBs).
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It is very important to prepare the sample along a plane of crystal symmetry, this way

bright columns of atoms are formed in the resultant images without blurs from underlying

layers. The TEM used to produce the micrographs in this imageis a double aberration-

corrected JEOL JEM-2200Fs TEM with a 200 kV electron gun, located in the York-JEOL

Nanocentre. The TEM micrographs presented in this thesis were produced by Dr Vlado

Lazarov, Mr James Sizeland and Mr Daniel Gilks.



Chapter 4

Modelling the Reflectivity and MRE of
Iron Oxide Thin Films

A series of Fe3O4 films of 10, 18, 37, 64 and 110 nm thickness were grown by Dr. James

Naughton in the MBE system in York. Dr. Naughton obtained the experimental reflection

and MRE spectra presented in this section using the techniqueoutlined in chapter 3 of this

thesis for obtaining MRE spectra in York. In this section, theMRE model used to describe

the films is compared to the experimental data. Systematic analysis of the simulated spec-

tra in context of the experimental data allowed the model to be modified and improved,

providing a closer reproduction of the experimental spectra as well as a deeper insight into

the underlying physics.

4.1 Modelling of the reflectivity of Fe3O4 thin films as a
function of thickness

The growth conditions used by Dr. Naughton in the preparation of the films considered

were based on those used by Gaoet al37. The MgO substrates were cleanedex-situby

sonication in acetone and then isopropanol to remove contaminant organic molecules.

The substrates were further cleanedin-situ by annealing in atomic oxygen at 973 K for

two hours. The substrates were then cooled to 623 K in the oxygen to eliminate any oxy-

gen vacancies introduced during annealing. The Fe3O4 films were then deposited on the

substrates by simultaneous oxidation with an oxygen plasmasource, as outlined in section

3.1.1. The iron deposition rate was 0.1Ås−1, with an RF plasma power of 200 W and oxy-

gen partial pressure of2× 10−5 mbar. The film thicknesses and structure were determined
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using cross sectional HR-TEM performed at the York-JEOL Nanocentre by Dr. Naughton.

Simulated reflection spectra were generated using a Python program written by the

author. This program is a transcription and extension of a model written in MathCad

provided by Dr. Naughton. The benefits of the Python program are an increase in com-

putational efficiency as well as the ability to easily perform spectral analysis such as peak

height and gradient calculations. The spectral analysis functionality is new to the Python

version of the model and is the work of the author. The programuses the theory outlined

in chapter 2, calculating the reflectivity from the Fresnel equations using the MgO and

Fe3O4 complex dielectric functions given below:

ǫMgO = ǫ∞ + ǫphonon

= ǫ∞MgO
+

n∑

j=1

SjMgO
ω2
jMgO

ω2
jMgO

− ω2 − iγjMgO
ωjMgO

(4.1)

ǫFe3O4
= ǫphonon+ ǫds+ ǫ∞ + ǫDrude+ ǫhopping

=
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+
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The parameters in table 4.1 were taken from previous work by Ahn, Choi, Noh, De-

giorgi, Wachter, Ihle anďSimša62,69,61,70. The simulated reflectivity spectra produced by

these groups are in good agreement with previous experimental studies in the energy

regime of interest, so they are used in this model with confidence. Using the parame-

ters in table 4.1, a series of reflection spectra with different values of film thickness were

produced. The simulated spectra are given in figure 4.1a and the corresponding experi-

mental spectra are given in figure 4.1b, where both sets of spectra have been normalised

against a gold reference spectrum.

The experimental and simulated spectra in figure 4.1 show thesame general trends

but there are a few discrepancies between theory and experiment. There is a significant

underestimation of the reflectivity at short wavelengths. Also, the location of the Fe3O4

phonon absorption peak at 18.5µm is shifting towards longer wavelengths in the experi-
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MgO resonance parameters
j = 1 j = 2

ωjMgO
25.25µm 15.55µm

γjMgO
1315.79µm 111.11µm

SjMgO
6.80 0.043

Fe3O4 resonance parameters
j = 1 j = 2

ωjFe
3
O
4

30.30µm 18.52µm

γjFe
3
O
4

250.00µm 227.27µm

SjFe
3
O
4

996.00 821.00

d-s transition parameters
ωj−dsFe

3
O
4

2.02µm

γj−dsFe
3
O
4

2.31µm

Sj−dsFe
3
O
4

11920

Other parameters
ǫ∞MgO

3.01
ǫ∞Fe

3
O
4

4.6
γ 1.01× 1015 Hz
N 1.86× 1026 m−3

Table 4.1: The various modelling parameters necessary in order to calculate the reflectivity
and MRE spectra for the Fe3O4/MgO system. The MgO parameters were obtained from
Ahn, Choi and Noh62,69. The Fe3O4 modelling parameters were derived from Degiorgi,
Wachter and Ihle61. The damping term (γ) and number of free carriers (N ) were taken
from Šimša70.
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(a) Modelled infrared reflectivity spectra for MgO(111), and variousthicknesses (10, 18, 37, 64
and 110 nm) of Fe3O4 on MgO(111).
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(b) Experimental infrared reflectivity spectra for MgO(111), and various thicknesses (10, 18, 37,
64 and 110 nm) of Fe3O4 on MgO(111).

Figure 4.1: Plots comparing the experimental and simulatedreflection spectra. The over-
all trend of the experimental spectra is followed by the simulated spectra. However, the
simulations underestimate the reflectivity at short wavelengths and the spectral feature at
∼18.5µm shifts in the experimental spectra but does not in the simulated spectra.



Spatially Resolved Infrared Spectroscopy For Spintronics page 74

ment but not the simulation. The reflectivity is ultimately dependent on the conductivity

of the film. The simulations suggest that the conductivitiesused to build the dielectric

function may have been underestimated. One possible explanation for the low conductiv-

ity is that the model underestimates the metallic nature of the film. For this to be true,

either the assumption that the Drude contribution to the conductivity is negligible is false,

or the film contains a significant fraction of unoxidised iron, introducing an extra Drude

term and increasing the conductivity. It is also possible that the hopping conductivity is

underestimated. Calculating the hopping conductivity is anextremely difficult quantum

mechanical problem to solve as it is a 3-body (at least) interaction and is very sensitive to

the relative positions and separations of atoms in the lattice. It is possible that the fitting

parameters as stated may be unique to their films and are underestimating the conductivity

of the films grown in York. In the following section, the hopping and Drude conductivity

contributions to the reflectivity are investigated by varying them to try and obtain spectra

that are the same shape as the experimental spectra.

4.2 Modelling the reflectivity of Fe3O4 thin films

4.2.1 Modelling the conductivity contribution to the reflectivity

Figure 4.2 shows the experimental reflection spectrum for the 110 nm thick sample. Three

simulated spectra are also shown; one where there is a Drude term and no hopping term

(Drude only,R ∝ ω−2), one where there is a hopping term and no Drude term (Hopping

only, R ∝ ω−1) and one with both terms (Both). The spectrum where the contribution is

solely Drude is a different shape to the experimental spectrum, there is a step at∼ 12.5µm

whereas in the experimental spectrum there is a small peak atthis location. The spectrum

where the two terms are of equal order appears similar to the experimental spectrum, with

a peak at∼ 12.5µm, but the magnitude of the peak is overestimated. Finally, the spectrum

where the hopping term is dominant is most like the experimental spectrum, with a peak

at ∼ 12.5µm that is closer to the size of the experimental peak. These spectra suggest

that the dominant dependence ofR on frequency isR ∝ ω−1 from the hopping term. This

gives credence to the assumption that the Drude contribution was insignificant71.

A set of simulated spectra were plotted for increased valuesof hopping conductivity,

shown in figure 4.3, to attempt to verify whether the hopping conductivity may have been
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Figure 4.2: Plot of the experimental reflection spectrum of the 110 nm Fe3O4 film with
a set of simulated reflection spectra with different conductivity profiles. The simulated
spectrum where the conductivity is dominated by polaron hopping gives a reasonable ap-
proximation to the shape of the experimental spectrum. The simulated spectrum where the
Drude term is of the same order as the hopping is less of a good fit, the simulated spectrum
where the Drude term is dominant does not reflect the experimental spectrum at all. This is
consistent with the prediction that the hopping term is dominant in the wavelength regime
of interest.

underestimated.

It can be seen that increasing the hopping conductivity to aroundσhopping= 1000Ω−1cm−1

fits the general shape of the spectra much better than500Ω−1cm−1. The reflectivity is

higher to the left of the peak than on the right for1000Ω−1cm−1, the lowest value for

which this is true. Higher values increasingly exaggerate the magnitude of the peak. The

overall magnitude of the reflectivity is still much lower than in the experiment. Figure

4.4 compares the experimental reflection spectrum of the 64 nm thick film with simulated

spectra with the original hopping conductivity of500Ω−1cm−1and the increased value of

1000Ω−1cm−1. It is again clear that the increased hopping conductivity gives the simu-

lated spectrum the correct shape, with a peak rather than a step as the spectral feature.

Figures 4.5-4.9 compare the experimental spectra with the simulated spectra with a

hopping conductivity of1000Ω−1cm−1 for each sample, assuming that the conductivity

of all the films is the same. This conductivity value is doublethat reported by Ahn62.

It can be see from figure 4.10 that the shapes of the simulated spectra are now signif-

icantly closer to the shapes of their experimental counterparts. The overall reflectivity of

the simulated spectra are much closer to those of the experimental spectra but are still un-
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Figure 4.3: Plot showing a series of simulated reflection spectra with increasing hopping
conductivities. The best fit to the overall shape of the experimental spectra comes when
the value of the hopping conductivity is1000Ω−1 cm−1.
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Figure 4.4: When compared to the experimental reflection spectra for the 64 nm sample,
a much better fit to the general shape is obtained with a hopping conductivity double the
size of the previous estimate.
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Figure 4.5: Experimental and simulated reflection spectra of a 10 nm Fe3O4 thin film.
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Figure 4.6: Experimental and simulated reflection spectra of a 18 nm Fe3O4 thin film.
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Figure 4.7: Experimental and simulated reflection spectra of a 37 nm Fe3O4 thin film.
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Figure 4.8: Experimental and simulated reflection spectra of a 64 nm Fe3O4 thin film.
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Figure 4.9: Experimental and simulated reflection spectra of a 110 nm Fe3O4 thin film.
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derestimates. The changing experimental position of the Fe3O4 phonon absorption is not

reproduced by the simulation, so must be the result of a phenomenon not yet incorporated

into the model.
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(a) Modelled infrared reflectivity spectra for MgO(111), and variousthicknesses (10, 18, 37, 64
and 110 nm) of Fe3O4 on MgO(111) withσhopping= 1000Ω−1cm−1.
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(b) Experimental infrared reflectivity spectra for MgO(111), and various thicknesses (10, 18, 37,
64 and 110 nm) of Fe3O4 on MgO(111).

Figure 4.10: Plots comparing the experimental and simulated reflection spectra. The over-
all trend of the experimental spectra is followed by the simulated spectra. However, the
simulations underestimate the reflectivity at short wavelengths and the spectral feature at
∼18.5µm shifts in the experimental spectra but does not in the simulated spectra.
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4.2.2 Modifying the simulated spectra to account for the shifting phonon
resonance.

The experimental reflection spectra show a shift in the location of the absorption peak

predicted to be at18.5µm; the peak shifts towards this bulk value with increasing film

thickness. This shift is not reproduced in the simulated spectra. This shift is possibly due

to strain in the lattice shifting the bond energy associatedwith the phonon. The18.5µm

absorption is Raman active and such shifts in phonon energy due to strain have been ob-

served in Raman spectra of Fe3O4
72. It is therefore reasonable to assume the same would

be true in reflection spectra. Figure 4.11 shows a plot of the shift from the bulk location of

the phonon peak with film thickness. It can be clearly seen, with the exception of the 10 nm

sample, that the phonon peak position shifts linearly towards the bulk value of 18.5µm.

Extrapolating down to zero shift, a prediction can be made that the bulk value is recovered

for a ∼145 nm thick film. It is possible that for the 10 nm sample the film is still in an

island growth phase. This would lead to the film being discontinuous across the surface

of the substrate leading to very different material properties. It appears that above 18 nm

the film is continuous. Thus, as more material is added, the contribution from the ordered

film becomes more important resulting in the shift in energy towards the bulk value.

Figure 4.11: The position of the spectral feature due to the Fe3O4 shifts linearly towards
the bulk value, reaching it a thickness of∼145 nm. The 10 nm thick sample does not
follow the trend of the other films.

In order to produce more accurate MRE spectra, this phonon shift needs to be incor-

porated into the model. This was done by taking the peak position from the experimental

spectra and putting those values into the model instead of the bulk value. The result of this

produces the more accurate simulated reflection spectra in figure 4.12a.
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(a) Simulated reflectivity spectra using the experimentally determined location ofthe Fe3O4 reso-
nance peak.
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(b) Experimental infrared reflectivity spectra for MgO(111), and various thicknesses (10, 18, 37,
64 and 110 nm) of Fe3O4 on MgO(111).

Figure 4.12: Plots comparing the experimental and simulated reflection spectra, where the
experimental position of the Fe3O4 resonance has been incorporated into the model. The
overall trend of the experimental spectra is followed by thesimulated spectra, although
the simulations underestimate the reflectivity at short wavelengths.
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4.3 Modelling the MRE of Fe3O4 thin films

4.3.1 Assigning the magnetic field dependence of the Fe3O4 dielectric
function

The magnetic field dependence is introduced into the model bymultiplying the appropri-

ate conductivity components of the Fe3O4 dielectric function by(1 + ηh2), whereh is

the fractional change in conductivity in the applied magnetic field andη is a fitting pa-

rameter to test the proportionality of the optical and d.c. electrical response. Electrical

four-point probe measurements of the MR of the films show thateach film has an MR

of approximately 1% at 10 kOe, typical of Fe3O4 thin films73, giving h2 = 1 × 10−4 for

each sample. Theηh2 term represents the small conductivity change within the dielectric

function caused by the magnetoresistance, hence we use thisterm to fit the magnitude of

the MRE. As the value ofh is very small, it will be difficult to say with certainty whether

the difference inηh2 is due to a real change in magnetoresistance,h, or in the fitting pa-

rameter,η.

The spin-dependent conductivity of the Fe3O4 ultimately gives rise to the MR, so it

is necessary to know which terms in the Fe3O4 dielectric function are spin-dependent

and of significant magnitude in the spectral range under consideration. ǫ∞ is a mate-

rial constant and is independent of the magnetic field so the field dependence must be

distributed amongstǫphonon, ǫds, ǫhopping andǫDrude. ǫphonon is treated as independent of the

external magnetic field. If it was field-dependent then therewould be uncharacteristically

large increases in the MRE signal at every Fe3O4 phonon resonance, which is not seen in

the experimental MRE spectra.ǫds represents a relatively high energy phenomena, outside

the wavelength range of interest, so is discounted for this reason. The hopping term is

potentially spin-dependent as the polaron hopping occurs between the 3d electrons that

are responsible for the ferrimagnetism in Fe3O4. Although the Drude term must be spin-

dependent (as the band structure is necessarily spin-split74), it has been previously noted

that the contribution ofǫhopping is dominant overǫDrude. We can therefore, to a first approx-

imation, assign the magnetic field dependence to the hoppingterm with confidence:
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This approach is different to that taken in previous MRE models where the magnetic

field dependence was assumed to be due only to the spin-dependence of the Drude con-

ductivity, as in a pure metallic system.

4.3.2 Fitting the simulated MRE to the experimental spectra

Theηh2 term was used to fit the magnitude of the main feature in the MRE spectrum of

each film. These MRE spectra are shown with their experimentalanalogues in figure 4.13.
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Figure 4.13: Stacked experimental and simulated MRE spectrafor Fe3O4 films of increas-
ing thickness. The height of the main spectral feature was used to gauge the value ofηh2,
the gradient (as measured from the maximum and minimum) of the feature however is not
accurately reproduced for very low/high thickness. There is also an additional feature in
the experimental spectra around 18.5µm that is not present in the simulated spectra.

The magnitude of the main spectral feature of each film was measured forh2 = 1 ×
10−4, with no fitting parameter (η = 1), shown in figure 4.14. The simulation agrees

within error (±0.05%) suggesting that the value of theη is approximately unity and there

is a one-to-one correlation between the optical and electrical responses. The experimental
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feature magnitudes are reproduced with only a slight changein the value ofηh2 between

samples of(0.9 ≤ ηh2 ≤ 1.3) × 10−4, as shown in figure 4.15. The narrow range in

values ofηh2 is consistent with there being little variation in the MR between the samples.

Our approximation forh (h ≈ 1 × 10−4) gives the range of the scaling parameterη as

0.9 ≤ η ≤ 1.3, which is very close to 1.
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Figure 4.14: Comparison between the experimental and simulated peak heights for the
12.5µm MRE spectral feature as a function of film thickness. The value of h used gives
h2 = 1 × 10−4 and the fitting parameterη = 1. The simulated peak heights agree within
error with the experimental peak heights for all samples except the 18 nm sample.
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Figure 4.15: Comparison between the experimental and simulated peak heights for the
12.5µm MRE spectral feature as a function of film thickness. The peakheights are fitted
with ηh2 values in the rangeηh2 = 0.9× 10−4 − 1.3× 10−4. The simulation can be made
to follow the experimental trend with only a modest change inthe value ofηh2.

The gradient (as measured between the lowest and highest points of the main spectral

feature) is well reproduced for the intermediate thicknesssamples, but not for the 10 nm

and 110 nm samples, a shown in figure 4.16. There is also an unexpected additional spec-

tral feature at∼18.5µm in the experimental spectra of the thicker samples that is not
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reproduced in the simulations.
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Figure 4.16: Comparison between the experimental and simulated gradients of the
12.5µm MRE spectral feature as a function of film thickness. The simulation closely
matches the experiment at intermediate thicknesses, is weaker at 110 nm and is not a good
fit at 10 nm.

The feature in the MRE spectrum at 18.5µm in the thicker films must be due to the

Fe3O4 phonon resonance in that region as the feature becomes more prominent with in-

creased film thickness. This feature also seems to shift towards the bulk location for this

Fe3O4 phonon. The experimental evidence strongly suggests that there is an additional

shift in the location of this phonon with magnetic field whichhas not been accounted for

in the simulation. In a bid to reproduce the feature, a small change in the position of the

phonon of 0.05µm was introduced into the applied field dielectric function.The results of

this modification are given in figure 4.17.

The small shift introduced into the simulation accounts forthe feature seen in the ex-

perimental spectra. The physical origin of this shift couldbe the magnetic field modifying

the bond lengths in the material, causing a change in the bonding energy resulting in a

different phonon wavevector. A magnetic field has been shownto be capable of shifting

the position of a phonon resonance in GaAs by Chenget al75. Overall, the simulated spec-

tra now fit the experimental spectra far more closely than in previous simulations, where

the magnetic field dependence was assumed to be entirely due to the Drude conductivity.

Although the model is very good at intermediate thickness, there is still significant differ-

ences between the experimental and simulated spectra at low/high thicknesses. Allowing

the Fe3O4 phonon location to shift both with thickness and with the applied magnetic

field also greatly increases the accuracy of the model, as well as better representing the

underlying physics of the system.
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Figure 4.17: Stacked experimental and simulated MRE spectrafor Fe3O4 films of in-
creasing thickness, where the location of the Fe3O4 phonon resonance has been shifted
by 0.05µm when the magnetic field is applied. The behaviour of the additional spectral
feature at 18.5µm is accurately reproduced by this simple modification to themodel.

4.4 Conclusions

A series of Fe3O4/MgO thin films of thickness 10, 18, 37, 64, 110 nm were grown by

MBE. The reflectivity of these Fe3O4 films was successfully reproduced using a multi-

ple reflection model as a function of thickness. It has been demonstrated that the Fe3O4

phonon resonance at 18.5µm occurs at shorter wavelengths in these thin films, linearlyap-

proaching the bulk value (at∼145 nm) with increasing thickness. This is possibly due to a

strained portion of the film at the substrate in each film having a different phonon energy,

the effect of which decreases in importance as more unstrained material is deposited above

it, causing a shift in phonon position towards the bulk valuewith increasing thickness and

strain. Such measurements could prove to be a useful, very quick way of estimating the

film thickness from its reflectivity spectrum. The MRE spectraof the Fe3O4 films can

be reasonably reproduced by usingh2 = 1 × 10−4 as the conductivity difference in the

applied magnetic field, suggesting the value of the fitting parameter isη ∼ 1. If a suffi-

ciently large magnetic field could be applied in order to saturate the films then the exact

value ofη could be determined, perhaps reinforcing the claim that thescaling parameter is

almost unity. However, magnetic fields of the strength required are not available in York,

so the one-to-one correlation between the MRE and MR is strongly suggested but not

conclusively demonstrated. The simulated MRE spectra were produced by assigning the

magnetic field dependence to the hopping term, whereas previous work had assigned the

dependence to the Drude term. The simulated spectra were in reasonable agreement with



Spatially Resolved Infrared Spectroscopy For Spintronics page 87

the experimental spectra, suggesting this approach is valid. An additional experimental

MRE spectral feature that becomes more prominent with increasing thickness was repro-

duced in the model by introducing a slight (0.05µm) shift in the Fe3O4 phonon position

with the field. This observation was unexpected and could be an interesting opportunity for

further investigation. These results demonstrate the potential for using the MRE technique

for probing the underlying magnetoelectronic properties of thin film oxides in a quick and

non-destructive way.



Chapter 5

Spatially Resolved Variations in
Reflectivity Across Iron Oxide Thin
Films

The performance of a spintronic device is extremely sensitive to its microstructure. For

a Fe3O4 based device, small variations in chemical composition canchange the magnetic

properties of the device. Contaminant oxide phases in Fe3O4 based devices lead to a reduc-

tion in spin polarisation, leading to device failure. In this chapter, the variation in oxide

composition across several Fe3O4 thin films, produced by different deposition methods,

is measured using IR reflection microspectroscopy at the SOLEIL synchrotron. Where

a significant variation in composition is observed in a sample, IR reflectivity modelling

is used in an attempt to establish which oxide phases are present and in what relative

concentrations. This modelling is an extension of the work in chapter 4. IR reflection

microspectroscopy is presented as a quick, reliable way of determining the quality of an

Fe3O4 thin film with spatial resolution. Complementary magnetometry and TEM data is

presented to support the microspectroscopy conclusions.

5.1 General comments on obtaining and analysing the re-
flection spectra

The reflection spectra discussed in this chapter were taken with the IR microscope on the

SMIS beamline at the SOLEIL synchrotron, using the techniques outlined in section 3.3.

Reflection spectra were taken over the range1.5−20.0µm with a spot diameter of 20µm.
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In order to eliminate contaminant peaks from atmospheric sources (and from within the

detector itself) it is necessary to normalise the spectra against a gold reference spectrum.

Gold is highly reflective across the spectral range being used and has no spectral features,

making it an ideal normalisation standard. Once normalisation has removed unwanted

spectral features, the remaining features will be due to thefilm. There are several iron

oxide phonon resonances in this spectral range, shown in table 5.1. The locations of these

resonances are marked on each of the plots of reflection spectra to make determination of

which oxides may be present simpler.

Oxide Formula Position (cm−1)
haematite α-Fe2O3 437

525
maghemite γ-Fe2O3 440

550
magnetite Fe3O4 540

Table 5.1: The locations in wavenumbers of characteristic phonon resonances ofα-Fe2O3,
γ-Fe2O3 and Fe3O4.

5.2 Variations in reflectivity across post-oxidised Fe3O4/MgO
thin films with annealing timescale

5.2.1 Preparing Fe3O4/MgO thin films by post-oxidisation

The first series of three Fe3O4 thin films under consideration were grown by MBE in

York by the author, with the assistance of Dr. Siew Wai Poon, by the the post-oxidation

technique outlined briefly in section 3.1.1. 20 nm iron films were deposited at 1.5̊Amin−1.

The films were then subsequently annealed in an atmosphere ofmolecular oxygen at a

partial pressure of5× 10−5 mbar at 320◦C. The samples were annealed for 15, 44 and 60

minutes respectively so they could be used to determine if the post-oxidising time affects

the quality of the film produced. It was previously noted thatthe oxidation process is self-

limiting and only the top 3 nm of the sample will oxidise, therefore it is expected that there

will be a strong metallic reflectivity contribution from theiron for all three samples. The

samples are unpatterned and intended to be uniform.
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5.2.2 Maps of reflectivity across films with different annealing times

Description of map for post-oxidised samples

Ten reflection spectra were recorded at different positionson the sample, with a spot diam-

eter of 20µm. The first seven spectra were taken in a line along the lengthof the sample,

with each spectrum separated from its neighbours by 0.1 mm. To test that this was rep-

resentative of the rest of the sample, three additional spectra were obtained from another

part of the sample roughly 1 mm away, which were also separated by 0.1 mm. A diagram

of this map is given in figure 5.1.

Figure 5.1: Map of the reflection spectra obtained for the post-oxidised samples. Ten
spectra were taken in total in two parts of the sample to test that the spectra obtained were
representative of the whole sample.

Reflectivity maps for the sample post-oxidised for 15 minutes

Figure 5.2 shows the ten reflection spectra obtained from thesample post-oxidised for 15

minutes. It can be seen that there is little variation between the spectra, suggesting that
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Figure 5.2: Spectra taken at ten points across the post-oxidised Fe3O4 thin film that was
annealed for 15 minutes. The ten spectra are almost identical suggesting there is little
reflectivity variation across the film.

the sample has a uniform composition across a large area. Normalising the ten spectra to

the gold produces the spectra shown in figure 5.3. There is no significant spectral feature

at any of the locations indicated. There are some small contaminant peaks beyond 600

wavenumbers but otherwise the spectra are all very similar and very flat.

Reflectivity maps for the sample post-oxidised for 44 minutes

For the sample annealed for 44 minutes, a similar result is found. From figure 5.4, there is

again no obvious differences between any of the ten reflectivity spectra, with the spectra

all being very flat and metallic. The contaminant peaks however are more prominent,

suggesting that the extra annealing time does not promote better quality oxide formation

but does allow for more contaminants to form at the film surface.

Reflectivity maps for the sample post-oxidised for 60 minutes

The reflection spectra from the sample which was annealed for60 minutes are almost

identical to those taken from the sample annealed for 44 minutes. This suggests that at

some time between 15 and 44 minutes the contamination of the surface is complete and

no further damage to the surface is possible.
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Figure 5.3: Normalised spectra taken at ten points across the post-oxidised Fe3O4 thin
film that was annealed for 15 minutes. The normalisation reveals that there are no major
spectral features and that the spectra are all flat with some contaminant peaks. This sug-
gests that there is very little oxide formation and the spectrum is being dominated by the
strongly reflecting iron.

400 500 600 700

Wavenumber (cm^-1)

0

0.2

0.4

0.6

0.8

1

1.2

1.4

N
o
rm

a
li
s
e
d
 R

e
fl
e
c
ta

n
c
e

haematite

maghemite

magnetite

Fe3O4/MgO 44 min anneal - 10 map points normalised

Figure 5.4: Normalised spectra taken at ten points across the post-oxidised Fe3O4 thin
film that was annealed for 44 minutes. The spectra are free of iron oxide and have more
prominent contaminant peaks than the sample which was annealed for 15 minutes. There
is almost no variation between the ten spectra.
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Figure 5.5: Normalised spectra taken at ten points across the post-oxidised Fe3O4 thin
film that was annealed for 60 minutes. The spectra are almost identical to those from the
sample annealed for 44 minutes, suggesting that there is a limit to how contaminated the
surface can become.

5.2.3 Differences in composition across samples determined by peak
height analysis

The percentage difference between P1 from the sample annealed for 15 minutes and the

samples annealed for 44 and 60 minutes was calculated to quantify the differences between

the reflection spectra of the samples. For each sample, all ofthe spectra taken at different

points are very similar, so P1 was chosen arbitrarily. It canbe seen from figure 5.6 that

the samples annealed for 44 minutes and 60 minutes have very similar reflection spectra,

while the sample annealed for 15 minutes has a very differentreflection spectrum, having

a steadily reducing reflectivity with increasing wavenumber. The variation between the

samples annealed for 15 and 60 minutes can’t be caused by changes in the contaminant

oxide concentration as there is no difference in peak height, the variation is very linear.

In order to highlight any differences between the various spectra taken from the sample

annealed for 15 minutes, the spectra were subtracted from each other to determine if there

were any slight changes in peak heights between spectra. Thedifference between the

spectra taken at points 2-9 and the spectrum at point 1 was expressed as a percentage(
RPx−RP1

RP1
× 100%

)
and plotted in figure 5.7. There is no variation with peak height visible

above the noise, although there is some drift at long wavenumbers. Similar conclusions

can be drawn for the samples annealed for 44 minutes and 60 minutes but the spectra are
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Figure 5.6: Percentage difference between spectrum P1 fromthe sample annealed for 60
minutes and the samples annealed for 15 and 44 minutes. It canbe seen that the 44 and 60
minutes samples are very similar but the reflectivity spectrum of the sample annealed for
15 minutes is very different, with a much lower reflectivity with increasing wavenumber.

not produced here for brevity.
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Figure 5.7: Plot of the difference between spectra from points 2-9 and the spectrum from
point 1 expressed as a percentage. There is no variation observable above the noise.

5.2.4 Supplementary characterisation by VSM and TEM

The hysteresis loop for the sample annealed for 15 minutes isgiven in figure 5.8. The loop

has very low coercivity and a large remanent magnetisation,characteristic of an iron hys-

teresis loop. This hysteresis loop would suggest that the magnetic behaviour of the sample
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is being dominated by the presence of a large quantity of ironpresent in the film. This

argument is supported by the TEM micrograph presented in figure 5.9. The micrograph

shows that this region of the film is approximately 75% iron which has not been oxidised,

while there is a layer of Fe3O4 on the surface, comprising 25% of the total film. It is

important to note that this micrograph only shows an approximately 22 nm section of the

sample, which is two orders of magnitude lower than the resolution of the IR microscope,

so gives very localised information and may not be representative of the entire sample.
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Figure 5.8: Magnetometry data for the sample annealed for 15minutes. The hystere-
sis loop has a low coercivity and high remanence, indicatingthat the signal produced is
dominated by the presence of iron in the film. Image courtesy of Mr. James Sizeland.

5.2.5 Modelling the reflectivity of the sample annealed for 15 minutes

Using the multilayer reflectivity model discussed in detailin chapter 4 the reflectivity of

the sample annealed for 15 minutes was simulated, shown in figure 5.10. The simulation

assumes the 75% Fe and 25% Fe3O4 split implied by the TEM data. Reflectivity spectra

where the film is composed entirely of iron and entirely of Fe3O4 are presented on the

same plot for comparison. The simulated spectrum of the sample is very flat, consistent

with the experimental spectra. The Fe3O4 spectral feature is very weak in the simulation,

in agreement with the prediction that the presence of a largequantity of iron would wash

out the reflectivity contribution of the oxide at the surface. As the sample is only 20 nm

thick, there is a significant, broad absorption from the substrate at∼ 640 cm−1 which is not

observed in the experimental spectra. However, the film thickness estimated from the TEM

results is∼ 7 nm greater than the growth thickness, due to an oxygen plane being inserted

between each plane of iron atoms in the oxide layer, so this isunsurprising.The general
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Figure 5.9: TEM micrograph showing the sample annealed for 15 minutes is 75% unoxi-
dised iron with a small layer of Fe3O4 at the surface. Image courtesy of Mr. Daniel Gilks.
The inset diagram is the electron diffraction pattern of thesurface layer and is of Fe3O4.

trend of decreasing reflectivity beyond∼ 600 cm−1 is seen in both the experimental and

simulated spectra.

5.2.6 Summary

Ten reflection spectra were taken at points along a line separated by 0.1 mm from Fe3O4

thin films that had been annealed for 15, 44 and 60 minutes. There was no variation in

reflectivity observable across any of the samples. All threesamples were featureless, sug-

gesting that there is a strong enough metallic reflectivity contribution to wash out any oxide

absorption features. This supports the hypothesis that thepost-oxidation is self-limiting

in depth and only oxidising a few nanometres down into the iron film. For the sample an-

nealed for 15 minutes, the magnetometry data strongly suggests a film comprised mostly

of iron. The TEM data shows conclusively that the film is 75% Fewith 25% Fe3O4 as

a surface layer, as well as demonstrating that the ratio of iron to Fe3O4 is roughly con-

stant across this 20 nm section, potentially explaining thelack of variation in reflectivity

across the film. A simulated reflectivity spectrum for the sample annealed for 15 minutes

was produced, which was flat with very weak absorption features like the experimental
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Figure 5.10: Simulated reflectivity spectrum of the sample annealed for 15 minutes (75%
iron - 25% Fe3O4). The Fe3O4 absorption in the simulated spectrum is very weak, sug-
gesting that at this sample thickness and iron/Fe3O4 ratio the iron reflectivity is washing
out the reflectivity contribution of the oxide.

spectra.

5.3 Reflectivity variation across an Fe3O4/MgO thin film
deposited by simultaneous-oxidation

5.3.1 Preparing Fe3O4/MgO thin films by simultaneous-oxidisation

An Fe3O4 thin film was grown by MBE in York by the author, with the assistance of Dr.

Siew Wai Poon, by the the simultaneous-oxidation techniqueoutlined briefly in section

3.1.1. A 60 nm iron film was deposited at 1.1Åmin−1 in an atmosphere of molecular

oxygen at a partial pressure of5 × 10−5 mbar at 320◦C. As the iron is continuously

exposed to oxygen from the beginning of the deposition it is expected that the film will be

oxidised down to the substrate and not just the first 3 nm.

5.3.2 Description of maps for the simultaneous-oxidation sample

Three maps of reflectivity of different sized areas were produced for this sample. The first

(large) map was produced as shown in figure 5.11, where each point is separated from its

neighbours by 0.5 mm with a spot size of20×20µm. The second (medium) map, follows

the same pattern as the large map but is located within the square formed by points 19-22

of the large map. The points are each separated by 125µm. The third (small) map is
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located within this square, defined from point 21. This map follows the same pattern as

the first two, except there are 36 spectra and they are separated by 50µm, which is close

to the resolution of the IR microscope.

Figure 5.11: Description of the three maps (large, medium and small) produced for the
simultaneously-oxidised Fe3O4 thin film. The large map, consisting of the 25 points
shown, is a2× 2mm2 grid with a 500 micron point separation. The medium map, within
the black square, is a0.5 × 0.5mm2 grid with a 125 micron point separation. The small
map, within the blue square, is a0.25× 0.25mm2 grid with a 50 micron point separation.
All three maps share a common point (P21).

5.3.3 Maps of reflectivity across the simultaneous-oxidation sample
on different length scales

The reflectivity spectra taken from the simultaneously-oxidised sample on the large, medium

and small scales described in the previous section are presented in figures 5.12, 5.13 and

5.14. It can be seen that at all three lengthscales there is significant variation in reflectivity

across the sample, down to near the spatial resolution of theIR microscope. This indicates

that there is a spatial variation in the composition of the sample across a large area and

on small lengthscales. There is a strong absorption in the spectra at∼ 550 cm−1, which
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is a characteristic phonon resonance of maghemite. The absorptions are not all located in

the same position, the deeper the absorption feature the more the feature is shifted towards

lower wavenumber. This suggests that there is a variation inthe relative concentration of

maghemite in the sample. Except for the location of the phonon absorption, the reflection

spectra of maghemite and magnetite are similar. The variation in the depth of the feature

is therefore predicted to come from a variation in the ratio of oxidised to unoxidised iron,

with the spectra becoming flatter where more iron is present.
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Figure 5.12: 25 reflection spectra taken in a2 × 2mm2 grid with a 500 micron point
separation. There is significant variation in reflectivity across the sample suggesting that
there is a variation in sample composition across a large area. There is a strong absorption
feature at∼ 550 cm−1 indicating the presence of maghemite.

5.3.4 Differences in composition across samples determined by peak
height analysis

Taking the spectra obtained for the medium sized area, the percentage difference between

each spectra and the spectrum at point P21 were taken to highlight differences between

the spectra. Point P21 was chosen as it is a common point for all 3 length scales. The

percentage differences between the spectra, shown in figure5.15, show that there is a

variation in the depth of the absorption peak across the sample, but not in its position.

This suggests that the ratio of magnetite to maghemite is reasonably constant across the

sample, with a variation in the relative amount of iron to iron oxide.
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Figure 5.13: 25 reflection spectra taken in a0.5×0.5mm2 grid, within the2×2mm2 grid,
with a 125 micron point separation. There is significant variation in reflectivity across the
sample on this smaller scale.
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Figure 5.14: 36 reflection spectra taken in a0.25×0.25mm2 grid, within the0.5×0.5mm2

grid, with a 50 micron point separation. Even near the resolving limit of the IR microscope
there is significant variation in reflectivity across the sample. The spectra with deeper
absorption features appear to be shifted significantly towards∼ 540 cm−1, where an Fe3O4

phonon absorption is expected. This suggests that there is magnetite present in this area
of the sample and that the ratio of magnetite to maghemite varies spatially.
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Figure 5.15: Percentage difference between each spectra and the spectrum at point P21
for the medium sized area. There is a significant variation inthe depth of the absorption
feature but not its position. This suggests that the ratio ofmagnetite to maghemite does
not vary but there is a variation in the ratio of iron to iron oxide across the sample.

5.3.5 Modelling the reflectivity of the simultaneous-oxidation sample

An attempt was made to simulate the reflectivity of the sampleat point 21 using the model

outlined previously in chapter 4. Point 21 was chosen as it was the spectrum being used

to calculate the percentage difference between the spectra. To model the reflectivity, the

ratio of magnetite to maghemite was varied in order to fit the position of the absorption

feature. Once the ratio of the oxides was determined, the ratio of iron to iron oxide was

used to fit the depth of the spectral feature.

Estimating the ratio of oxides

An extra term was introduced into the dielectric function toincorporate the maghemite.

The magnetite and maghemite dielectric functions were weighted as in equation 5.1, where

f is the fraction of magnetite present.

ǫoxide = fǫFe3O4
+ (1− f) ǫγ−Fe2O3

(5.1)

The simulated spectra in figure 5.16 demonstrate that if the ratio of magnetite to

maghemite is varied then the position of the absorption features does move. The cor-
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rect position for the spectral feature is achieved for a sample that is 75% Fe3O4 and 25%

γ − Fe2O3. Overall, the reflectivity is underestimated in the same wayas the simulations

produced in chapter 4. This underestimation is unexplainedso no attempt to address this

is made here. It must be noted that changing the ratio of magnetite of maghemite also

changes the depth of the spectral feature. This effect can beignored in fitting the ratio

of iron to iron oxide however as it has been shown that the ratio of the two oxides is not

changing, so the effect must be purely due to the variation inthe ratio of iron to iron oxide.
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Figure 5.16: Simulated reflection spectra with different ratios of magnetite to maghemite.
The position of the absorption feature is dependent on the ratio of the concentration of
each oxide present. The position of the feature in the experimental spectrum is reproduced
when the ratio is 75% Fe2O3 and 25%γ − Fe2O3.

Estimating the ratio of oxides to iron

The ratio of iron oxide to iron was used to fit the magnitude of the absorption feature. The

iron was represented by an additional term in the dielectricfunction, weighted against the

dielectric function contribution from the combined oxided, wheref ′ is the fraction of iron

oxide in the sample:

ǫfilm = f ′ǫoxide+ (1− f ′) ǫiron (5.2)

The simulated spectra in figure 5.17 show the variation in thedepth of the absorption

feature with the ratio of iron to iron oxide. The experimental depth of the spectral feature
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is best reproduced by a simulation with 65% oxide and 35% iron. This gives Fe(35%)γ-

Fe2O3(15%)Fe3O4(50%) as an approximate composition for this point in the sample.
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Figure 5.17: Simulated spectra with different ratios of iron oxide to iron. The depth of the
absorption feature in the experimental spectrum is reproduced with 65% oxide and 35%
iron.

Modelling the differences in reflectivity as a variation in iron to iron oxide ratio

In figure 5.15 the percentage difference between the spectraand the spectrum at P21

showed that there was no shift in the position of the spectralfeature, so in modelling

the differences between the spectra the ratio of iron to ironoxide was used to generate the

variation. Figure 5.18 shows the percentage difference between the experimental spectra

and the spectrum at P21. There are three simulated spectra; the difference between the

simulated P21 spectrum and simulations of films with 40, 20 and 10% oxide content. The

ratio of magnetite to maghemite has been kept constant in these simulations. The trend of

the difference can be reproduced by varying the ratio of ironto iron oxide from 65%/35%

to 80%/20%. This is a large variation in composition and would certainly lead to unwanted

device properties.

5.3.6 Summary

Spatial variations in reflectivity were observed across a 60nm Fe3O4/MgO thin film in a

2×2mm2 area with a spatial resolution down to 50µm. A spectral feature indicative of the

presence of iron oxide was observed, which varied in both magnitude and position across
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Figure 5.18: Percentage difference between the experimental spectra and the spectrum at
P21 for the medium map. The percentage difference between the simulated P21 spectrum
and simulated spectra with lower oxide content are also shown, demonstrating that varying
the iron to iron oxide concentration reproduces the experimental trend. “65% − 40%
oxide” means the difference between a simulated spectrum with 65% oxide/35% iron and
a simulated spectrum with 40% oxide/60% iron composition.

the film, indicating a variation in the composition of the sample. Modelling the reflectivity

spectra of the 21st point on the sample allowed an estimate ofthe composition of the film

at that point to be calculated. By taking the difference between the simulated spectrum at

point P21 and spectra with different ratios of iron to iron oxide the experimental trend of

varying reflectivity could be reproduced.

5.4 Reflectivity variation across an Fe3O4/YSZ thin film

5.4.1 Preparing an Fe3O4/YSZ thin film by pulsed laser deposition

An Fe3O4 thin film was deposited using pulsed laser deposition by Dr. Kosuke Matsuzaki

of the Tokyo Institute of Technology, Japan. A KrF laser was used to ablate a sintered

Fe3O4 target onto an yttrium stabilised zinc oxide (YSZ) substrate. 100 nm of Fe3O4 was

deposited in2 × 10−6 mbar partial pressure of molecular oxygen at 300◦C. The sample

was subsequently annealed in2 × 10−6 mbar at 1200◦C. The sample is unpatterned so it

was expected to be uniform.
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5.4.2 Description of the map for Fe3O4/YSZ deposited by PLD

Seven reflection spectra were recorded at different positions on the sample, with a spot

diameter of 20µm. The spectra were taken in a line along the length of the sample, with

each spectrum separated from its neighbours by 0.1 mm. A diagram of this map is given

in figure 5.19.

Figure 5.19: Map showing the positions of the seven reflection spectra recorded from the
Fe3O4/YSZ thin film.

5.4.3 Map of reflectivity across the sample

Normalising the spectra to the gold reference spectrum produces the seven spectra shown

in figure 5.20. It can be seen that there is little to no variation in reflectivity across the

sample, suggesting it is highly uniform. There is a strong absorption at 540 cm−1, the

location of a TO phonon mode in Fe3O4. There is a smaller feature at∼620 cm−1 due to

the YSZ substrate. These spectra suggest that the film consists primarily of Fe3O4 with

almost no contaminant oxide present.
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Figure 5.20: Normalised reflection spectra taken from the Fe3O4/YSZ thin film. There is
a very strong absorption at 540 cm−1 indicating the film is composed of Fe3O4.

The difference between the spectra taken at points 2-7 and the spectrum at point 1 was

taken in order to see if there was any variation in the strength of the absorption across the

sample, shown in figure 5.21. There is no variation observable above the noise. The IR

microspectroscopy for this sample suggests that this Fe3O4/YSZ thin film is composed of

Fe3O4 and is highly uniform, making it ideal for spintronic applications.
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Figure 5.21: Difference between reflection spectra taken atpoints 2-9 and point 1. There is
no change in the strength of the absorption, indicating thatthe film is comprised of highly
uniform Fe3O4.
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5.4.4 Supplementary characterisation by TEM

The TEM micrograph in figure 5.22 was obtained by Dr. Vlado Lazarov and Dr. Leonardo

Lari and is reproduced from the work of Matsuzakiet al76. The micrograph clearly shows

a highly uniform Fe3O4 structure down to the atomically sharp interface with the substrate.

This confirms the observation in the IR spectroscopy that there is no variation across the

sample and it is comprised of highly uniform Fe3O4.

Figure 5.22: TEM micrograph of the Fe3O4/YSZ thin film, reproduced from the work of
Dr. Kosuke Matsuzaki76. The micrograph shows the Fe3O4 film is uniform and free of
contaminant phases up to the atomically sharp interface with the YSZ substrate.

5.4.5 Summary

Seven reflection spectra were taken from different points across an Fe3O4/YSZ film. All

the spectra were identical and showed a strong absorption feature at 540 cm−1 which is

indicative of Fe3O4. TEM data from this sample shows that the film is oxidised uniformly

to Fe3O4 down to the substrate, where the interface is atomically sharp.

5.5 Conclusions

Three Fe3O4 thin films were produced by post-oxidation, one by simultaneous-oxidation

and one by PLD. Reflectivity spectra, obtained at the SOLEIL synchrotron, were taken
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at several points across each sample. This was done in an attempt to determine the com-

position of the samples and also to try and observe any spatial variations in reflectivity,

which could be linked back to the film structure. The reflectivity spectra observed demon-

strated that the post-oxidised films were∼ 75% iron with an Fe3O4 layer at the surface,

contributing to 25% of the films thickness as expected. Simulated reflection spectra with

this composition ratio, magnetometry and TEM all support this conclusion. There was

significant variation in reflectivity across the simultaneously-oxidised sample, over a large

area and on a length scale close to the resolving limit of the IR microscope. Through

modelling the variation in the reflectivity it was possible to estimate the composition of

the sample at point 21; Fe(35%)γ-Fe2O3(15%)Fe3O4(50%) .The trends in the variation

of reflectivity across the sample could be reproduced by varying the ratio of iron to iron

oxide from 65%/35% to 80%/20%, while keeping the ratio of Fe3O4 to γ-Fe2O3 constant.

There was no reflectivity variation observed across the sample deposited by PLD and all

the spectra showed a strong Fe3O4 absorption feature, strongly indicating the sample is

highly uniform Fe3O4. The TEM data confirmed the IR microspectroscopy observations,

showing a highly ordered Fe3O4 film down to an atomically sharp substrate. Post oxi-

dation has been shown to produce an oxide layer of limited thickness, although such a

layer was shown to be uniform across the sample. This suggests post oxidation is only

useful for growing Fe3O4 films thinner than∼ 5 nm. Simultaneous oxidation was shown

to produce a film which is predominately oxidised but to more than one oxide phase, with

the amount of oxidation varying across the sample. This suggests that it may be possible

to grow Fe3O4 by this technique but not with the growth conditions used. A systematic

study of various growth conditions must be undertaken to determine conclusively if this

technique can produce device quality films. PLD was shown to produce high quality uni-

form films, although this technique is not currently available in a laboratory at York. The

IR microspectroscopy was capable of estimating the film composition, as well as what

the variation in the composition was across the samples, with a quick, straightforward

and non-destructive measurement. In all three of these verydifferent cases, the IR mi-

crospectroscopy proved an excellent indicator of both film composition and film quality,

demonstrating it is a very powerful technique for characterising magnetic thin films.



Chapter 6

Spatially and Spectrally Resolved MRE
Measurements of GMR Multilayers at
the SOLEIL Synchrotron

In chapter 5, IR microspectroscopy was demonstrated to be a powerful technique for char-

acterising the spatial variation in chemical composition of a material. In this chapter, mag-

netic field-dependent IR microspectroscopy is used to probethe magnetotransport of GMR

materials. A gradient in MR was created in a CoFe/Cu multilayerby controlled annealing

in a furnace. The multilayer was characterised using an electrical four-point probe mea-

surement to establish its average MR, as well as with an IR camera to demonstrate there

was a variation in MR across the multilayer. The MRE measurement performed with the

IR microscope is used to provide both the spectral information needed to model the sys-

tem, as well as the important spatial resolution. By modelling the MRE of the multilayer

it is possible to investigate the underlying mechanism of the MR, which is impossible with

a conventional four-point probe measurement.

6.1 Preparing a sample with a spatial variation in MR

The samples used in this study were [CoFe1.5 nm/Cu1.2 nm]25/TaN7 nm multilayers provided

by Seagate Technology. In order to investigate variations in MR across a material it was

necessary to produce a sample where there was a controlled variation in MR. A multilayer

with an MR gradient was produced by annealing a multilayer ina furnace at 450◦C for

20 minutes in an argon atmosphere, as shown in the schematic diagram in figure 6.1, by

Matthew Illman as part of his undergraduate final year project. A temperature gradient
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was established across the sample by attaching a a conducting metal plate to one side

of the sample. The conducting metal plate acts as a heat sink,creating a gradient in

temperature across the sample. The multilayer has already been optimised by Seagate by

controlled annealing at low temperature. These samples were part of a series provided by

Seagate with different annealing temperatures with the multilayers annealed at 450◦C and

above showing a reduced MR. Annealing the multilayer at 450◦C will cause damage to

the sample, with regions of the sample at higher temperatureexperiencing greater damage

(and a reduced MR) than those regions at lower temperature. This creates a gradient in

MR across the sample, with high MR in the coolest region near the heat sink and a low

MR away from the heat sink.

Figure 6.1: Schematic diagram depicting the procedure for establishing an MR gradient in
a CoFe/Cu multilayer. The conducting metal plate acts as a heatsink, creating a temper-
ature gradient across the sample. The higher temperature regions will be damaged more
by the annealing and will have a lower MR, so the MR decreases inmagnitude across the
sample when moving away from the heat sink.

6.2 Four-point probe measurement of magnetoresistance

The MR of the annealed multilayer was measured in a 12 kOe external magnetic field

using the procedure outlined in section 3.2.1 for performing electrical four-point probe

measurements. Figure 6.2 shows the MR curve for the annealedmultilayer alongside
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the MR curve for an as-deposited multilayer for comparison.The MR of the annealed

sample is(−11.6±0.1)%, which is a significant reduction from the(−28.3±0.1)% of the

as-deposited multilayer, demonstrating that the annealing does significantly damage the

sample and lower its MR. The experiment was repeated in the maximum external magnetic

field attainable using the equipment at SOLEIL of 900 Oe, wellbelow the multilayer’s

saturation field of approximately 7 kOe, Figure 6.3 shows that in this low-field regime the

annealed multilayer has an MR of(−4.8±0.2)%, which is higher than the(−3.3±0.2)%

measured for the as-deposited multilayer. This result suggests that in fields substantially

lower than the saturation field the damage to the annealed multilayer causes the layers

to switch more freely, contributing to a larger MR than seen in the as-deposited sample.

There is no spatial resolution in this electrical measurement, so all local variations in MR

are masked.
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Figure 6.2: MR curves of the annealed multilayer annealed at450◦C and an as-deposited
multilayer taken at 12 kOe, beyond the saturation field of∼7 kOe. The annealed multilayer
has an MR of(−11.6± 0.1)%, less than half of the original as-deposited MR of(−28.3±
0.1)%.

6.3 Measuring a variation in the MRE across the sample
using an IR camera

In order to obtain a spatially resolved image of the variations in MR across the sample,

the MRE was measured in the emission geometry as outlined in section 3.3 using an IR

camera. An IR camera image of the temperature of the sample isshown in figure 6.4,

where the colour coded scale bar describes temperature in Kelvin. The higher of the two

cool regions in the middle of the heater pad is a silver control sample, the lower cooler

region is the annealed multilayer. There is a large variation in temperature at the edges of
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Figure 6.3: MR curves of the annealed multilayer and an as-deposited multilayer taken
at 900 Oe, substantially below the saturation field of∼7 kOe. In low fields, the annealed
multilayer displays an MR of(−4.8 ± 0.2)%, greater than the(−3.3 ± 0.2)% MR of the
as-deposited multilayer.

the sample where the emitted radiation is not normal to the sample plane therefore data

near the edges of the samples is ignored when calculating theMRE.

Figure 6.4: IR camera image showing temperature variationsin the experiment, the sample
is the lower of the two cool regions in the middle of the sampleheater pad, the higher cool
region is a silver control.

The IR camera image of the GMR of the annealed sample, obtained with an external

magnetic field of 900 Oe, is shown in figure 6.5. The image is of a3.0×2.4mm area of the

centre of the sample to avoid anomalous results associated with being near the edge of the

sample. The colour scale bar denotes percentage change in GMR across the sample. The

correlation factor,γ, is 11.9 if the maximum MRE observed from the sample corresponds

to the maximum MR value measured from the electrical measurement. The MRE, and

therefore MR, is clearly varying across the sample. The MRE decreases, in general, in

the direction of increasing temperature and sample damage,in agreement with the earlier
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prediction, demonstrating that an MR gradient can be established across a multilayer via

the process proposed.

Figure 6.5: Spatially resolved MR measurement of the multilayer annealed at 450◦C taken
with an IR camera in an external magnetic field of 900 Oe. The measurement is of a
3.0 × 2.4mm area near the centre of the sample to avoid anomalous data being collected
from near the edges of the sample. The MRE, and therefore MR, is decreasing across the
sample in the direction of increasing temperature and sample damage. The reduction in
MRE across the sample indicates a gradient in MR has been created across the sample.

6.4 Spatially and spectrally resolved MRE measurements

6.4.1 Comparison between MRE measurements in the reflection ge-
ometry between York and SOLEIL

MRE measurements on the as-deposited multilayer at 900 Oe and12 kOe were performed

in York as controls, shown in figure 6.6. An MRE measurement performed at SOLEIL on

the as-deposited multilayer without the IR objective in place at 900 Oe was compared to

the data from York. The MRE spectra show that with a 900 Oe external magnetic field the

data obtained from York and SOLEIL are comparable, allowingfor confident comparison

of data obtained at the two institutions.
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Figure 6.6: MRE spectra of the as-deposited multilater takenat both York and SOLEIL
with an external magnetic field of 900 Oe. The data is comparable between the two insti-
tutions. An MRE spectra taken at 12 kOe is also shown for comparison.

6.4.2 Performing the first spatially and spectrally resolved MRE mea-
surement

Three MRE spectra were collected from the annealed multilayer, along a line in the di-

rection of increasing sample damage as depicted in figure 6.7. The points were separated

by 1 mm, orders of magnitude greater than the 50µm spot diameter, ensuring that each

spectrum is sampled from a different part of the sample. Figure 6.8 shows the spectra

from these three points. There is a clear and substantial variation in MRE, defined as the

difference between the MRE at 4µm and 15µm, across the sample. The MRE increases

markedly in the direction of increasing sample damage. Thisdemonstrates conclusively

that the low field GMR is increasing across the sample in the direction of increasing sam-

ple damage. The MR data in a low magnetic field shows that annealing causes a reduction

in MR so this is in agreement with the MRE measurement. This result was the first MRE

measurement to ever be performed with both spatial and spectral resolution.

6.5 Modelling the spatial and spectral variations in the
MRE

The three MRE spectra from the annealed sample were simulatedusing the Jacquet-Valet

model outlined in section 2.3. The model is valid for this material as the electron mean

free path,λFM = 6nm, is several times longer than the CoFe layer thickness,D = 1.5 nm.

This allows the average electron to travel through several layers of the material before
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Figure 6.7: Schematic of where the spatially and spectrallyresolved MRE measurements
were performed. Three MRE spectra were taken in a line in the direction of increasing
sample damage. The spacing between the points is an order of magnitude greater than the
spot diameter of 100µm, ensuring the spatial resolution.
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Figure 6.8: Low field MRE spectra for each of the three points onthe sample. There is
a clear decrease in MRE magnitude, defined as the difference between the MRE at 4µm
and 15µm, across the sample.
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experiencing a spin-selective scattering event, so the conductivities are within the SAL

described in section 2.3 and the theory should hold. The material parameters used in the

model are given in table 6.1. The values ofτFM, the scattering time in the magnetic layers,

andτNM, the scattering time in the non-magnetic layers, are calculated from experimentally

obtained values of the mean free pathsλFM = 6nm77 andλNM = 30nm78 respectively.

ci, the fraction of the sample at the interface, is estimated tobe very small due to the high

immiscibility of the Co, Fe and Cu79. m1 is unity in fields greater than∼7 kOe because the

multilayer has reached saturation as can be seen in figure (6.2). m1 is a fitting parameter

in lower fields (0 < m1 < 1).

Parameter Description Value

cFM Fraction of the multilayer which is ferromagnetic 0.55
cNM Fraction of the multilayer which is non-magnetic 0.43
ci Fraction of the multilayer which is an interface fitting parameter
τFM Relaxation time in ferromagnetic layers 3.57× 10−15 s
τNM Relaxation time in non-magnetic layers 1.78× 10−14 s
τi Relaxation time at FM/NM interfaces fitting parameter
β Bulk spin asymmetry coefficient 0.8580

γ Interfacial spin asymmetry coefficient 0.7581

ε∞ Static dielectric constant 3.5
φ Angle of incidence of incident radiation 80◦

N Average conduction electron number density 1.04× 1029 m−3

m0 Fraction ofms in 0 Oe 0
m1 Fraction ofms in 900 Oe fitting parameter

Table 6.1: Model parameters for the Jacquet-Valet model of an annealed CoFe/Cu multi-
layer. The values ofm1, ci, andτi are used as fitting parameters to try and simulate the
shape of the experimental MRE spectra.

Three explanations for the origin of the variation in MR are explored with the model.

Intermixing at the interface will cause a reduction in the MRas the interlayer exchange

coupling is dependent on the separation distance between the magnetic layers. This pos-

sibility is explored by usingci as a fitting parameter. It is also plausible that a small

quantity of intermixing at the interface will cause a changein the interfacial scattering

time, leading to variation in spin selective scattering andtherefore MR across the sample.

This possibility is explored by usingτi as a fitting parameter. The third explanation is that

the annealing has caused disruption to the magnetic ordering within each magnetic layer,

causing an increase in layer reversal in low fields, creatingthe variation in MR observed.

This possibility is explored by usingm1 as a fitting parameter.
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6.5.1 Modelling the variation in MR as a variation in interfacial thick-
ness

τi, the interfacial scattering time, is estimated to beτi = 1 × 10−14 s, a typical value for

a metal. The value ofm1 was estimated from the electrical MR curve in figure 6.2. At

900 Oe, the MR is 41% of its saturation value, som1 = 0.41. The antiferromagnetic

exchange coupling between layers is sensitive to the layer separation, so a change in inter-

facial thickness should weaken the exchange coupling leading to increased switching in a

low field. Simulated spectra withci varied between zero (no interfaces) and one (complete

intermixing) are given in figure 6.9. The spin asymmetry at the interface,γ, is assumed to

have not changed. Increasingci causes the spectral minimum to shift towards the near-IR,

whilst the MRE magnitude, the difference between the MRE at 4µm and the location of

the spectral minimum, is almost constant. Neither of these traits are consistent with the

trends observed experimentally, so the variation is not a result of increased intermixing at

the interface.
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Figure 6.9: Simulated MRE spectra whereci has been varied between 0 and 1 andτi =
1×10−14 s. The simulated spectra do not show the significant variation in MRE magnitude
of the experimental spectra, whilst there is a shift to the near-IR of the spectral minimum
that is not present in the experimental spectra.

6.5.2 Modelling the variation in MR as a variation in interfacial scat-
tering time

The value ofτi was varied across a range of reasonable scattering times fora metal,1 ×
10−13 s and1 × 10−17 s, while ci andm1 were kept constant. The previous modelling

demonstrated that there was no appreciable difference to the MRE spectra due to varying
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ci, so a degree of intermixing was allowed, settingci = 0.25. The simulated spectra with

varyingτi are shown in figure 6.10. The shape of the spectra varies significantly with τi,

the spectral minimum moving towards the near-IR asτi is made shorter. This does not

agree with the experimental spectra, where the spectral minima appear to be at or just

beyond 15µm.
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Figure 6.10: Simulated MRE spectra where theτi has been varied andci = 0.25. The
spectral minimum of the simulated spectra moves towards thenear-IR asτi is shortened.
This does not agree with the experimental spectra, where theminima are at or beyond
15µm.

6.5.3 Modelling the variation in MR as a variation in layer switching
in a 900 Oe magnetic field

The previous two attempts at modelling the MRE involved varying the ratioci/τi in order

to change the value ofβSAL and therefore the MRE. Instead, the variation in the MR

was assumed to be due to variations in the amount of layer switching occurring across

the sample. Where the sample has experienced greater damage the magnetically active

layers become disorded, causing layers to reverse magnetisation in lower fields. In areas

of the sample with significant damage, a high MR in a lower fieldis expected as more

layer switching has occurred. This translates into the model as a variation inm1, the

fraction of ms in a given field. Figure 6.11 shows the result of usingm1 as a fitting

parameter. The simulated spectra are in excellent agreement with the experimental spectra

with m1 as a fitting parameter. The simulated spectra have spectral minima outside the

bolometer’s detection range. However, these minima have been observed in previous work

by Mennickeet al.82, supporting the argument that the variation in MR is due to changes

in the degree of layer switching across the sample. Simulated spectra usingm1 as a fitting
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parameter are shown in figure 6.11, showing that the experimental MRE spectra can be

well reproduced by assuming there is a variation in the amount of layer switching across

the multilayer. The value ofm1 required to reproduce the spectra at points 1, 2 and 3 was

m1 = 0.25, 0.5 and 0.8 respectively. A simulation wherem1 = 1 (ideal) is also shown for

comparison. As variations inτi andci are unable to explain the variation in MR, it can be

stated with confidence that the variation in MR is due to a variation inm1, the degree of

layer switching due to disorder within the magnetic layers in a given field.
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Figure 6.11: Simulated MRE spectra withm1 as a fitting parameter. The simulated spectra
fit well to the experimental spectra, strongly indicating that increased layer switching due
to disorder in the magnetic layers in damaged parts of the sample is causing local increases
in MR.

6.6 Conclusions

A spatial MR gradient across a CoFe/Cu multilayer was established by attaching a heat

sink to one end of the multilayer and heating it in a furnace. Electrical four-point probe

measurements of the MR of the multilayer, as well as an as-deposited multilayer, demon-

strated that the annealing causes a substantial drop in MR at12 kOe. At 900 Oe, the

maximum achievable field in the MRE experiments, the annealedmultilayer displayed a

greater MR than the as-deposited multilayer. This was shownthrough modelling of the

MRE spectra of the annealed multilayer to be due to increased layer switching in a 900 Oe

field, due to damage to the magnetically active layers causedby heating the sample. The

alternative proposals, that the reduction in MR was due to variations in intermixing at the

interface or a change in the interfacial scattering time, were found to be incorrect through

MRE modelling. Simulated MRE spectra with varying interfacial parameters were unable

to reproduce the shape of the experimental MRE spectra. Changing the thickness of the
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interface had very little effect on the spectral shape and varying the interfacial scattering

time caused a shift of the spectral minimum towards the near-IR, which is not physical.

The electrical MR measurements are not spatially resolved as they average over a large

area of the sample. Spatial resolution was achieved using anIR microscope and scanning

stage, clearly showing a variation in MRE of∼0.7% and therefore a variation in MR across

the sample. This was the first time both spatial resolution and the spectral resolution nec-

essary to model the system were obtained simultaneously in asingle MRE measurement,

establishing the MRE as a powerful remote sensing technique for probing MR.



Chapter 7

Utilising Far Infrared Synchrotron
Radiation to Correlate the MRE With
the MR of Spin Valves

In chapter 6 it was demonstrated that the MRE can be used as a method of remotely prob-

ing the MR of a material. However, no attempt was made to make aquantitative connection

between the magnitude of the MRE and the magnitude of the MR. There has been some

successful effort in making this connection in the mid-IR, although these correlations are

complicated phenomenological formulae consisting of several fitting parameters. Previ-

ous theoretical work has outlined a correlation between theMRE and the MR, with the

correlation predicted to be simpler in the far-IR. Using far-IR radiation from the SOLEIL

synchrotron, the correlation was examined experimentallyfor the first time using a se-

ries of spin valves with different MR values. It was also possible to gain insight into the

magnetic properties of the spin valves by modelling the MRE spectra.

7.1 Spin valve structure and composition as well as its
link to the MR

7.1.1 Structure and composition of the spin valves

The spin valves used in this experiment were grown by HGST andhave the structure

shown in table 7.1. They have a typical spin valve structure;a CoFeGe ferromagnetic

layer pinned to an IrMn layer separated from a free CoFeGe ferromagnetic layer by a

non-magnetic metallic copper spacer. Figure 7.1 shows a schematic of this structure. Five
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Ta 4.0nm
Ru 2.0nm Capping layer
Cu 1.0nm
(CoFe)1−xGex 6.0nm Free ferromagnetic layer
Cu 3.5nm Non magnetic spacer layer
(CoFe)1−xGex 3.0nm Pinned ferromagnetic layer
CoFe 2.0nm Pinned ferromagnetic layer
IrMn 6.0nm Antiferromagnetic pinning layer
Ru 2.0nm Orientation layer
Ta 3.0nm Seed layer
Glass Substrate

Table 7.1: The general structure and composition of the HGSTspin valves.

A11 x = 0%
A12 x = 5%
A13 x = 10%
A14 x = 20%
A15 x = 30%

Table 7.2: Germanium content of the five spin valve samples.

spin valve samples were produced with different concentrations of germanium in the mag-

netically active layers. The germanium causes an increase in the resistance of the layer,

causing a decrease in the spin diffusion length in the magnetically active layers83, reduc-

ing the CIP MR and enhancing the CPP MR. The germanium concentrations of the five

samples, A11-A15, with percentage germanium concentrations ranging from 0% to 30%,

are shown in table 7.2.

7.1.2 MR of the spin valve samples

These spin valves were chosen for this experiment because they are known to have dif-

ferent values of MR whilst retaining a very similar structure. The plot of MR against

germanium concentration in figure 7.2 shows that there is a very rapid drop off of the CIP

MR with increasing germanium concentration, caused by the increase in resistance as the

spin diffusion length decreases.

Figure 7.3 shows the in plane MH loop for spin valve A11 near the switching point

of the free magnetic layer. It takes a relatively modest fieldof ∼150 Oe to fully reverse
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Figure 7.1: Structure of the spin valve samples, with layer thickness approximately to
scale.

Figure 7.2: CIP MR for the spin valve samples decreases as a function of germanium
concentration in the magnetically active CoFe layers. Data and image courtesy of HGST.
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the free layer, well below the 900 Oe maximum of the electromagnet. This is beneficial

as there will be good reproducibility between repeat measurements as there will be no

variation in layer saturation between the measurements. The smaller, flatter curve is the

out of plane MH loop, which is not relevant here. Figure 7.4 shows the complete exchange

biased MR curve for sample A11. A large change in resistance,and therefore a large

change in MR, occurs when the free layer switches. For the MRE tobe sensitive to this

change in resistance, a reflection spectrum must be taken at amagnetic field value either

side of the switch. For these experiments, these field valueswere−500 Oe and 300 Oe.

The magnetic field was swept between the maximum achievable field of±900Oe so that

the measurement has good reproducibility, minimising hysteretic effects.

Figure 7.3: In plane MH curve for spin valve A11, showing the magnetisation of the free
CoFeGe layer saturating in∼150 Oe. The smaller, flatter curve is the out of plane MH
loop, which is not needed in this analysis. Data and image courtesy of HGST.

7.2 MRE spectra of spin valves in the far-IR

MRE spectra were collected from each of the spin valve samplesusing the techniques

outlined in section 3.3. A mid-IR MRE spectrum was obtained for each spin valve using
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Figure 7.4: Exchange biased MR curve for spin valve A11. The maximum resistance
change is either side of the switch of the free layer. Data andimage courtesy of HGST.

an MCT detector sensitive in the range∼ 1.5−20.0µm (in York) whilst a far-IR spectrum

was obtained for each sample using a bolometer sensitive in the range∼ 14.5 − 50.0µm

(at SOLEIL). Figure 7.5 shows the MRE spectra for the five spin valves. The magnitude

of the MRE, the difference between the highest and lowest MRE values for each spectrum,

decreases with increasing germanium concentration. The spin valves with the higher CIP

MR also have the largest MRE, so the trend of the MRE spectra agrees with the trend of the

electrical MR results. The black vertical line at 14.5µm is the boundary between the mid-

IR and the far-IR. Although the detection ranges of the two detectors overlap, the data is

statistically insignificant towards the edges of the range for both detectors. At 14.5µm the

data from both detectors is still good, so the spectra are combined at this wavelength. Data

from the bolometer is discarded below 14.5µm as is data from above 14.5µm from the

MCT detector. The MCT and bolometer data match up well at the boundary, suggesting

that there was no drift and that the far-IR data is accurate. This experiment is the first to

demonstrate the MRE this far in to the far-IR and reconcile that data with data from the

near-IR.

Figure 7.6 shows the magnitude of the MR plotted against the magnitude of the MRE.
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MRE spectra for spin valves as a function of Ge content

Figure 7.5: The Ge content of the spin valve decreases the spin diffusion length, leading
to a much reduced CIP MR, which is observable here as a reductionin the absolute mag-
nitude of the MRE. The far-IR MRE, to the right of the black vertical line, is presented
experimentally for the first time and agrees with the near-IRdata where the MCT and
bolometer detection ranges overlap.

The trend is roughly linear so it should be expected that any correlation between the MR

and MRE should be linear in form.

7.3 Modelling the MRE in the far-IR using the Jacquet-
Valet model

The MRE spectra were modelled in a similar way to the CoFe/Cu multilayers discussed in

the previous chapter. The parameters used for the spin valves are shown in table 7.3 below.

The aim here is to model the reduction in the MR between the different samples due to

the germanium doping and two models are proposed. Firstly, as the resistance increases

due to the increasing germanium concentration, the scattering time in the ferromagnetic

layer could be shortened. Reducing the scattering time meansan increase in the number

of spin-independent scattering events, causing a decreasein spin polarisation; leading

to a reduction in MR in a CIP geometry. The effect is much less inthe CPP case as

the average electron experiences many layers and the spin polarisation and MR are not

dominated by the effects in a single layer. The parameter that controls the scattering

time in the CoFeGe isτFM, so this is used as the fitting parameter. The second proposal

is that the addition of germanium dopant atoms decreases thespin diffusion length in



Spatially Resolved Infrared Spectroscopy For Spintronics page 127

0 0.2 0.4 0.6 0.8 1

MRE (%)

0

2

4

6

8

10

G
M

R
 (

%
)

Figure 7.6: The magnitude of the MRE of the spin valves increases linearly with MR,
implying that the correlation between the MR and MRE should belinear in form.

the ferromagnetic layers, causing an increase in the amountof interfacial scattering as

it is now more likely that electrons will scatter to the interface from the ferromagnetic

layers, leading to a reduction in spin polarisation at the interface. This will reduce the

CIP MR as electrons passing near interfaces will experience increased spin-independent

scattering and therefore the MR will be reduced. This effectis even more prominent in

the CPP geometry as the average electron will cross many interfaces and will experience

proportionally more spin-independent scattering events;reducing the MR. The value ofγ,

the interfacial spin asymmetry coefficient, is used as a fitting parameter in order to fit the

reduction of MR. Reducingγ should reduce the MR as the model predicts MR∝ β2
SAL and

βSAL ∝ γ. Varyingγ is in essence the same as varying the ratioci/τi in order to change the

value ofβSAL like in the previous chapter. It is worth noting here that themodel used only

calculates the CIP GMR. Experimental evidence suggests that there is actually an increase

in CPP MR with the addition of germanium which this model does not account for.

Figure 7.7 shows the simulated MRE spectra for the spin valvesusing τFM as a fit-

ting parameter. AsτFM decreases, the magnitude of the MRE increases. This suggests

that the shortening of the scattering time is increasing theMR, which does not agree with

the experimental observation, so this interpretation mustbe incorrect. Figure 7.8 shows

the simulated MRE spectra for the spin valves usingγ as a fitting parameter. The mag-

nitude of the MRE of the simulated spectra (the difference between the maximum and

minimum value of the MRE) reduces very quickly asγ decreases, as the magnitude of the

experimental MRE spectra drops with MR. The simulated spectraalso fit closely to their
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Parameter Description Value

cFM Fraction of the spin valve which is ferromagnetic 0.65
cNM Fraction of the spin valve which is non-magnetic 0.32
ci Fraction of the spin valve which is an interface 0.03
τFM Relaxation time in ferromagnetic layers sample dependent
τNM Relaxation time in non-magnetic layers 1.49× 10−14 s
τi Relaxation time at FM/NM interfaces 3× 10−17 s
β Bulk spin asymmetry coefficient 0.7183

γ Interfacial spin asymmetry coefficient fitting parameter
ε∞ Static dielectric constant 3.5
φ Angle of incidence of incident radiation 80◦

NFM Average conduction electron number density sample dependent
NNM Average conduction electron number density 3.77× 1029 m−3

m0 Fraction ofms in 0 Oe 0
m1 Fraction ofms in 900 Oe 1

Table 7.3: Model parameters for the spin valve samples. To attempt to model the variation
in MR with germanium concentration, the interfacial spin asymmetry coefficient,γ, and
the scattering time in the ferromagnet,τFM, were used as fitting parameters in independent
models. The value ofNFM was calculated by taking the value ofN for CoFe and germa-
nium and taking an averageN weighted by how much germanium was present. This was
then used to calculateτFM for each sample. Values ofc were calculated from the relative
thicknesses of the layers and values ofN were calculated from the molar mass, density
and valency of each atom.m0 = 0 andm1 = 1 as the spin valve goes from antiparallel to
parallel alignment, a full switch of magnetisation in 900 Oe.
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experimental analogues, as demonstrated in figures 7.9 through 7.13, indicating that the

choice of fitting parameter was sound.
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Figure 7.7: Simulated MRE spectra for the spin valves withτFM as a fitting parameter. The
shortening of the scattering time in the ferromagnet leads to an increase in the MR rather
than a decrease, suggesting this interpretation is incorrect.

7.4 Investigating the correlation between the MRE and
the MR of the spin valves

7.4.1 Relating the simulated MR to the experimental MR

It was stated in the previous section that MR∝ β2
SAL. The MR was plotted againstβ2

SAL,

shown in figure 7.14 to determine if this relationship is trueand to determine the propor-

tionality constant if so. The figure shows that the relationship between the MR andβ2
SAL

is indeed linear with a constant of proportionality of 2.7.

7.4.2 Relating the MR to the MRE in the mid-IR

Previous theoretical work by Dr. Ralph Mennicke84 had shown that the MR is related

to the spectral minimum of the MRE,λmin, the magnitude of the MRE at the spectral

minimum, MREmin and the conduction electron number densityN . Equation 7.1 shows

this phenomenological correlation between the MR and the MRE, whereC, α andη are

fitting parameters.
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Simulated MRE spectra for spin valves as a function of Ge content

Figure 7.8: Simulated MRE spectra for the spin valves withγ as a fitting parameter. The
rapid drop off in MRE due to the lowering ofγ is consistent with that found experimen-
tally where the drop off in MR was caused by an increase in germanium contaminant
concentration.
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Figure 7.9: Simulated and experimental MRE spectra for spin valve A11 - 0% Ge content.



Spatially Resolved Infrared Spectroscopy For Spintronics page 131

10 20 30 40 50

Wavelength (microns)

−1

−0.5

0

0.5

1

M
R

E
 (

%
)

gamma = 0.11

A12 5% Ge content

Figure 7.10: Simulated and experimental MRE spectra for spinvalve A12 - 5% Ge content.
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Figure 7.11: Simulated and experimental MRE spectra for spinvalve A13 - 10% Ge con-
tent.
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Figure 7.12: Simulated and experimental MRE spectra for spinvalve A14 - 20% Ge con-
tent.
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Figure 7.13: Simulated and experimental MRE spectra for spinvalve A15 - 30% Ge con-
tent.



Spatially Resolved Infrared Spectroscopy For Spintronics page 133

0 1 2 3

beta_SAL^2 

0

1

2

3

4

5

6

7

8

9

E
le

c
tr

ic
a
l 
M

R
 (

%
)

y = 2.71877x
R² = 0.974814

beta_SAL^2
beta_SAL^2 fit

Figure 7.14: Plot of electrical MR againstβ2
SAL for each of the spin valve samples. There

is a linear relationship between the MR andβ2
SAL, demonstrating that the prediction that

MR ∝ β2
SAL holds.

MR (%) = C ·Nα · [λmin · MREmin (%)]η (7.1)

Using the fitting parameters from Dr. Mennicke’s thesis84, C = 1.46, α = 0.45 and

η = 0.93, an estimate for the MR was obtained for each of the spin valvesamples. The

electrical MR was plotted against the MR estimated from the MRE, shown in figure 7.15,

using equation 7.1. The correlation, which is meant to be linear in form, does not hold

with error for four of the five spin valves; giving the relation MR% = 3.6× MRE%. The

correlation formula is a complex phenomenological function of the spectral features, with

several fitting parameters. It is based on difficult to measure parameters of the spectra,

such as the location of the spectral minimum, leading to a large degree of inaccuracy. In

order to correlate the MR to the MRE well, a new approach is necessary.

7.4.3 Relating the MR to the MRE in the far-IR

Previous theoretical work by Mennickeet al84, shown in figure 7.16, has shown that in

the far-IR the correlation between the MR and MRE is much simpler, depending only on

material constants andω−0.5:

MR(%) ≈ MRE(%)√
2ǫ0ρ0ω

(7.2)
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Figure 7.15: Plot of electrical MR against MR estimated fromthe MRE in the mid-IR.
The correlation between the MR and the MRE is poor in the mid-IRdue to the large
uncertainties in the correlation formula.

Figure 7.16: Previous theoretical work showing the MRE out into the far-IR. The spectra
flattens out asω0.5, allowing for a much simpler correlation84.
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This correlation is much simpler and contains no fitting parameters, in principle giving

a direct correspondence between the electrical MR measurement and the MRE in the far-

IR. The MRE was measured at 27.5µm where there is not much noise in the far-IR spectra

and the spectral shape is clearly has a
√
ω dependence. The plot of MR against the values

calculated from this correlation factor are given in figure 7.17. The correlation between

the MR and the MRE is strongly linear, with a correlation factor of 0.64. This shows

an almost direct correspondence of the MR to the MRE, experimentally confirming the

theoretical prediction that the MR and MRE correlate strongly in the far-IR for the first

time. However, the correlation factor is supposed to be unity, so there is an additional

unexpected correlation factor, the origin of which is unclear.
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Figure 7.17: Plot of electrical MR against MR estimated fromthe MRE in the far-IR.
The correlation between the MR and the MRE is good in the far-IR,with an almost direct
correlation observed. This is the first time the predicted correlation between the MR and
the MRE has been observed in the far-IR.

7.5 Conclusions

Experimental MRE spectra were obtained for five spin valves ofdifferent MR out to

∼ 50µm, the longest wavelength MRE measurement with spectral resolution ever per-

formed. The MRE spectra from the far-IR compliment their mid-IR counterparts well. A

significant variation in MRE, and therefore MR, between the spin valves was observed.

Previous theoretical work had predicted the MRE spectra to take a
√
ω dependence in the

far-IR and the experimental spectra appear to follow this predicted trend. Simulated MRE

spectra were obtained for all the spin valves, using the reduction in spin polarisation at
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the interface due to germanium contamination as a fitting parameter, in order to obtain

a lowering of the MR. The simulated spectra demonstrated the same
√
ω dependence as

the experimental spectra and the fit between the simulated and experimental spectra was

excellent. The model used predicted the MR to depend on the electrical properties of the

spin valve as MR∝ β2
SAL. Taking the MR values for the spin valves and plotting them

against the correspondingβ2
SAL values showed that this relationship holds with a constant

of proportionality equal to 2.7. The phenomenological correlation formula used for previ-

ous mid-IR measurements was shown to result in a poor correlation, with too much error

introduced when measuring parameters of the MRE spectra. In the far-IR, the previously

untested correlation formula, which is much simpler in formwas shown to give an ex-

cellent correlation between the electrical MR measurements and the MRE measurements.

The correlation is almost direct, of the form MR% = 0.64×MRE%. The correlation factor

is supposed to be unity, so there is an additional unexpectedand unexplained contribution

to the correlation. As the measurements and model focussed only on one kind of system it

is still unknown whether this analysis can be trivially generalised to other systems. It will

also be necessary in future work to resolve the problem of making choices of parameters

that reduce the CIP MR when it has been shown to increase. This will involve significantly

modifying the current model to include CIP MR or will require the development of a new

model. This result provides the first experimental observation of this predicted correlation

and demonstrates the promise of far-IR MRE measurements for making accurate, quick,

non-invasive MRE measurements, which can also be spatially resolved, unlike electrical

measurements of MR.



Chapter 8

Conclusions

IR microspectroscopy and the MRE have been shown to be powerful, versatile techniques

for the characterisation of the structural, chemical and magnetic properties of magnetic

thin films. The main conclusions drawn from the research performed are now summarised.

A series of Fe3O4/MgO thin films of thickness 10, 18, 37, 64, 110 nm were grown by

MBE. The shape of the reflectivity spectra of these Fe3O4 films was successfully repro-

duced using a multiple reflection model as a function of thickness, although the reflectiv-

ity magnitude is underestimated for all film thicknesses. There was a phonon absorption,

predicted to be at 18.5µm, that occurred at shorter wavelengths in these films, linearly

approaching the bulk value as the film thickness increased. This is potentially due to a

strained portion of the film near the interface with the substrate resulting in a different

phonon energy and therefore position. As more Fe3O4 is deposited on top the contribution

of the strained portion of the film decreases in importance and the location of the absorp-

tion shifts towards the far-IR, reaching the bulk value at∼ 145 nm. This effect could be

used in the future to make quick estimates of the thickness ofFe3O4, or potentially as a

method of identifying and quantifying strain in the lattice.

The MRE spectra of the films could be reproduced with a reasonable conductivity vari-

ation and the fitting parameter, used to fit the magnetic field dependence, wasη ∼ 1. As

the magnetisation of the film was never saturated it is not possible to say thatη = 1 but the

close match between the experimental and theoretical magnitudes of the MRE strongly

suggests that it is true. An additional shift in the phonon absorption position was also

observed to occur in the magnetic field, potentially due to the field slightly modifying the
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bond lengths in the lattice, causing a change in the phonon energy. The MRE was demon-

strated to be a useful technique for probing the magnetoelectronic properties of iron oxide

thin films in a quick and non-destructive way. The next stage of this research would be

to uncover the reason why the magnitude of the reflectivity inthe simulations is always

less than the experimental reflectivity. With this problem overcome, an experiment could

be designed where the reflectivity spectra are used to estimate the thickness of some films

so determine whether the technique is accurate enough to extract film thickness in this

manner. It would also be beneficial to perform electrical MR measurements at a high-field

lab in order to determine whether the fitting parameterη is truly unity. It would also be

interesting to perform a more detailed TEM analysis of the films to see whether the argu-

ment that there is an increase in strain at the interface holds.

Three Fe3O4 films were produced by post-oxidation, one by simultaneous-oxidation

and one by PLD. Reflectivity spectra from several positions oneach sample were recorded

on the SMIS beamline at the SOLEIL synchrotron. This was donein an attempt to identify

the chemical composition of the samples as well as to determine whether this composi-

tion was varying across any of the samples. The sample post-oxidised for 15 minutes was

shown to be composed of∼75% iron with∼25% Fe3O4 at the surface with VSM and

TEM data which was consistent with the spectroscopic results. No variation in compo-

sition was detected across the samples. The sample deposited by simultaneous-oxidation

showed significant variation in sample composition across the sample. By modelling the

reflectivity of the spectrum taken at a point, it was possibleto estimate the film composi-

tion to be Fe(35%)γ-Fe2O3(15%)Fe3O4(50%). The trends in the variation of reflectivity

across the sample could be reproduced by varying the ratio ofiron to iron oxide from

65%/35% to 80%/20%, while keeping the ratio of Fe3O4 to γ-Fe2O3 constant. The film

deposited by PLD had a strong Fe3O4 absorption and showed no spatial variation in re-

flectivity. This was confirmed with TEM data, showing a highlyordered Fe3O4 film down

to an atomically sharp substrate.

Post-oxidation was shown to be useful only if the thickness of Fe3O4 film required is

less than∼ 5nm. Above this thickness the film is not completely oxidised,compromis-

ing the magnetic properties of the film. Simultaneous oxidation was shown to produce

films which had variable sample composition. It may be possible to grow uniform Fe3O4

films with this technique although not with these growth conditions. PLD was shown to

produce high quality, uniform Fe3O4 thin films that would be ideal for use in devices. IR
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microspectroscopy was shown to be a powerful technique for determining the composition

and quality of magnetic thin films. This study could be expanded by performing a system-

atic study of the post-oxidised growth technique to see if itpossible to grow magnetite thin

films in that manner. It would also be interesting to perform this kind of measurement on

a patterned sample, for example, to see if it is possible to determine the composition of

individual devices.

A spatial gradient in MR was established across a CoFe/Cu multilayer by attaching a

heat sink to one side of the multilayer and heating it in a furnace at 450◦C. Electrical MR

measurements showed that the annealing caused a substantial drop in the MR across the

sample in a 12 kOe magnetic field. At 900 Oe, the maximum field achievable in the MRE

experiments conducted at SOLEIL, the annealed multilayer had a greater MR than the

as-deposited multilayer. Through MRE modelling, this was shown to be due to increased

layer switching caused by damage to the sample from the annealing. It was also shown

that variations in interfacial properties were unable to explain this effect through MRE

modelling. A spatial variation in MR was observed across thesample by performing the

measurement with an IR microscope, which is impossible witha conventional electrical

MR measurement. This was the first time both the spectral resolution needed to model

the system and spatial resolution were obtained in a single measurement, showing that the

MRE is a powerful technique for remote sensing the MR. This workcould be extended

by designing a more powerful electromagnet to be incorporated around the microscope,

which would facilitate measurements on other materials such as Fe3O4, or devices where

Fe3O4 is a spin injector. It would also be interesting to perform this experiment on a pat-

terned samples to see if the MR of a single device can be determined in this way.

Experimental MRE spectra were obtained for five CoFeGe based spin valves samples

with different MR out to∼50µm, the longest wavelength spectrally resolved MRE mea-

surement ever performed. The MRE data in the far-IR obtained with a bolometer was

shown to compliment the mid-IR data collected with an MCT detector. A significant vari-

ation in MRE was observed between the samples in both the mid-IR and far-IR, consistent

with there being a variation in MR between the samples. Previous theoretical work had

shown that the MRE has a
√
ω dependence in the far-IR, which should lead to a much

stronger correlation between the MR and the MRE than exists inthe mid-IR. The
√
ω de-

pendence was observed in the experimental MRE spectra in the far-IR. Simulated spectra

were produced for the five samples, with the reduction in spinpolarisation at the interface
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as a fitting parameter, which are in excellent agreement withthe experimental spectra. The

MRE model used predicted that the MR depends on the electricalproperties of the spin

valve as MR∝ β2
SAL. This dependence was observed and the proportionality constant

determined to be MR= 2.7 × β2
SAL, showing that it is possible to probe the underlying

physics contributing to the MR of the system with this model.The correlation in the mid-

IR was shown to be poor, MR% = 3.6 × MRE%, while the correlation in the far-IR was

shown to be much better; where the measured MR was 0.64 times the theoretical MR

which was close to what was predicted. The correlation factor is shown to be 0.64 for the

far-IR correlation, when it is theoretically predicted to be 1. More work needs to be done

in order to uncover why there is a constant of proportionality and not a direct correlation

as predicted.

The MRE is a powerful technique for the remote sensing of MR andcan be used to

obtain a diverse array of information about magnetic materials, as has been demonstrated

in this thesis. The advances made in this research highlightthe advantages of performing

IR measurements of MR over electrical measurements of MR; thesample is unharmed,

spatial resolution can be obtained and the underlying mechanisms behind the MR can

be explored. This serves to demonstrate that the MRE and related magneto-optical tech-

niques are valuable assets for researchers in spintronics and that there is a promising future

in using the technique to perform cutting edge research in the field.
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