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Abstract

Magnetoresistance, a change in the resistance of a mateaalexternally applied mag-
netic field, is an extremely important property of magnetiatenials. The discovery of
giant magnetoresistance has led to a revolution in comgutiriving increases in storage
density of hard disks and paving the way for commerical spim¢ devices. Convention-
ally, magnetoresistance is measured by sourcing a cutmenigh a material and measur-
ing the voltage. Ohm’s law is used to calculate the resigtaiadhe material with and
without an external magnetic field, the difference betwdasé results being the magne-
toresistance. This technique is limited as it does not aipatial resolution, so variations
in magnetoresistance in a material can not be detectedtrie®contact must also be
made to the material, which can cause damage to the matenng lmeasured. The mag-
netorefractive effect, the change in the reflection spettofi a material in an external
magnetic field, can be used as an alternative to the eldatneasurement of magnetore-
sistance. The magnetorefractive effect allows non-com@asurements of magnetoresis-
tance to be made, so the material remains undamaged, whosbfering the possibility
of spatial resolution. Modelling the spectral magnetaetive effect can also aid in un-
derstanding the underlying physical mechanism behind tagnetoresistance, which is
impossible with an electrical measurement. Infrared relacmicrospectroscopy was
used to observe variations in reflectivity acrosg®;ethin films. By modelling these vari-
ations, it was possible to estimate the chemical compwosiifothe samples as well as
observe any variations in composition across them. A dpai@ation in magnetoresis-
tance was observed across a CoFe/Cu multilayer using the toagfnactive effect, whilst
also obtaining the spectral resolution necessary to moeedystem, the first time such a
measurement has been performed. The correlation betweanapnetorefractive effect
and magnetoresistance had been predicted to be strongfardinérared by previous the-
oretical work. The magnetorefractive effect in the faréméd was measured for a series
of spin valves, demonstrating this strong correlation i fér-infrared for the first time,
providing long awaited experimental confirmation of thisdhetical 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 arba fretd of condensed matter
physicg23458 Spintronics involves controlling and manipulating théiimsic spin an-
gular momentum of electrons, as well as their charge, inrdadereate devices that have
properties and perform functions that are impractical fopossible) with conventional
electronics. Quicker, more energy efficient computers witiheased functionality are on
the horizon. Advances in spintronics such as spin qélitspin quantum computation,
spin diode$, spin quantum field effect transistdrand reprogrammable magnetic logic
are all exciting, active frontiers of research in modern pating. Spintronics has already
been commercially successful for the data storage induBiwy discovery of giant magne-
toresistance (GMR), and the subsequent development of G&lbaagnetic read heads
for computer hard drives, drove the increase in areal denéilata storage at the begin-
ning of the 21st century. Intensive research in magnetrag®continues today, primarily
focusing on spin transfer torque magnetic random accessonyg(@&TT-MRAM)°, race-
track memory! and heat assisted magnetic recording (HANMR)

1.2 Giant magnetoresistance (GMR)

GMR is a large change in a material’s electrical resistiuityhe presence of an applied
external magnetic field, an effect discovered indepengdntl Albert Fert® and Peter
Griinberg* for which they shared the 2007 Nobel prize in physicsMaterials which
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display magnetic order necessarily have a density of statésh is distinct for each spin
carrier at the Fermi level. It is useful to treat the two spanrers independently as two
separate current channésthis is a good approximation as long as the spin relaxation
length is sufficiently long so that the spin of each carri@reserved when passing through
the material. Spin up and spin down electrons have diffeseattering probabilities in a
magnetic material as the density of states at the Fermi giedifferent for up and down
spins in magnetic materials. The simplest type of systeiretkabits GMR is a magnetic
bilayer consisting of two layers of a ferromagnetic maleseparated by a non-magnetic
spacer layer. This system can exist in either a parallel tpanallel state as shown in
figure 1.1&’.

-
Up spin channj Down spin channel

—> —> é\\ M P —> —>
NM
<— <— X M A L <

v v

(a) Ferromagnetic layers aligned antiparallel

é_

Up spin channel Eown spin channel
< M A & <

<— <—
NM /
eee—m\;< <

(b) Ferromagnetic layers aligned parallel

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

When a current is passed through the material in the antipbstdte as in figure 1.1b,
both spin channels have an equal resistance as both exgedanncrease in scattering in
one of the layers. In this situation neither spin carrier a@tes the resistivity. Defining
p' as the up spin channel resistivity apdas the down spin conductivity, the resistivity of
the antiparallel arrangement is:



Spatially Resolved I nfrared Spectroscopy For Spintronics page 30

Tl
p+p
Pap = 5 (1.1)

If the current is passed through the material in the parsiége as in figure (1.1a) then
one of the spin carriers experiences an increased degreattérsng at both layers while
the other carrier is subject to a much reduced quantity dtes@ag. In this instance the
resistivity is dominated by the spin carrier which has eigrered the least scattering, the
overall resistivity of the material has decreased:

Qpri
Po=—""7T (1.2)
Pt 4 ph

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

_ L 12
GMR < 2P _P—pp _ (p*—p") (1.3)

P e Aptpt
There are many areas where GMR is used in spintronics, imgugkvelopment of
magnetic random access memByymagnetoresistive sensétsmagnetometer8 and for
spin injectiorft.

1.3 The magnetorefractive effect (MRE)

The magnetorefractive effect (MRE) is a magneto-opticahnéque used to probe the
magnetotransport properties of magnetic matetfald uses the fact that a material’s re-
flectivity is determined by its complex dielectric functiomhich is in turn determined by
the material’s optical conductivity. If a material exhdbihagnetoresistance, its conductiv-
ity changes with the applied magnetic field. If the conduttiof the material is changing,
this should therefore be measurable as a variation in thectefity spectrum of the ma-
terial. This variation in reflectivity with externally apptl magnetic field, the MRE, was
first observed experimentally by Jacquet and Valet in NiF&IGICu multilayers®. The
MRE can therefore be used as a non-contact optical technayubd remote sensing of
magnetoresistance. Since this initial observation, the NiB& been used to probe the
magnetoresistance of materials such as magrg&titeanganite®, Fe/Cr superlattice§
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and granular materiadé

The magnetoresistance of a material is usually measure@igrming an electrical
four-point probe measuremeft a technique which has two main limitations. Firstly, it
is extremely difficult to routinely obtain spatial resotuti with a four-point probe mea-
surement, as the contact pins have to be thick enosghr(m) to not buckle under the
pressure of being pressed against the sample surface witlyspThis makes any mea-
surement of the MR of a sample an average over several mitksef the sample. The
MRE has previously been shown to be able to provide spatialutsn, by measuring the
variation in emissivity (rather than reflectivity) of CoFe/@nd Co/Cu multilayers in the
presence of an externally applied magnetic figldThe second problem is the physical
damage and potential surface contamination to the sampkedaby the spring loaded
contacts. As the MRE is non-contact, it can remotely probévtReof a material quickly,
without causing any contamination or damage to the sample,thhe potential to be per-
formedin situ after deposition of the materil It is also possible to model the spectral
MRE of magnetic materials, which can reveal information dltbe physical mechanism
of the MR in the materidf that is impossible to obtain with an electrical measurement
Attempts have been made to correlate the MRE and MR in an éffarse the MRE to
guantitatively determine the MR, with some success.

1.4 Aims of this thesis

This doctoral thesis ultimately aims to demonstrate théytf the MRE as a measure of
the MR of a magnetic material. Spatially resolved MRE experita will be demonstrated
for the first time, whilst also collecting the necessary sg¢mformation to probe the un-
derlying MR mechanisms, which is impossible with currenttmes of measuring the
MR. The ability to characterise these parameters is crifmalhe development of GMR
materials for use as spin injectors, especially®eas it is predicted to be an ideal spin
injector. It is first necessary to be able to obtain refletstispectra of magnetic materials
and to be able to accurately model these spectra. In chapendlated reflection spectra
of a series of FgO, thin films are produced and compared to their experimentdbaunes.
With the ability to obtain experimental reflection specaswell as the ability to simulate
the spectra, the spatial variation in reflectivity acrostedent FgO, thin films was mea-
sured using an IR microscope. In chapter 5, these infraredospectroscopy results are
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used to probe the spatial variation in chemical compostictoss each sample. A varia-
tion in composition will result in a variation in MR, giving sight into the growth quality
of each of the films. With the ability to measure spatial vi#oiss in reflectivity demon-
strated, spatial variations in MRE, and therefore MR, weré@dowith the IR microscope.
In chapter 6, a bespoke electromagnet was used with the IR$c@pe to perform mag-
netic field-dependent reflection spectroscopy measuraménCoFe/Cu multilayer was
annealed to create a gradient in MR across the sample, wtdstsubsequently detected
as a gradient in MRE across the sample. This is the first timexdadly and spectrally
resolved MRE measurement has been attempted, allowinglothatiation in MR across
the multilayer to be observed as well as providing insighd ithe physical origin of the
underlying MR mechanism. The MR and MRE are linked in the nRdsy a correlation
factor, which is obtained from information of the MRE spek$taape, material parameters
and fitting parameters. In the far-IR, this correlation isdicted to be much simpler, de-
pendent only on material parameters. In chapter 7, MRE specthe mid and far-IR of a
series of spin valves with different MR are used to experit@énconfirm 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 argOgehin films, CoFe/Cu multilayers
and CoFeGe based spin valves;Bgis predicted to be half-metallic, making it an ideal
spin injector. This makes it an excellent candidate mdtmiduilding spintronic devices.
CoFe/Cu multilayers have a very high MR, making it easier toaetariations in MR
across the sample. Spin valves switch in a very low field, ngakihem ideal for studies
where strong magnetic fields are difficult to achieve, as ésdaise in the experiments
detailed in this thesis. The behaviour of these materidesys is examined in detail in the

following sections.

2.1.1 Physical properties of FgO,

Fe,O, single domain particles have the highest remanent maatietisof any naturally
occurring magnetic material, leading to;Bg being the first magnetic material to be dis-
covered by ancient civilisatiod It is named for Magnesia in northern Greece, the site
of its discovery by the ancient Greeks.;Pg has the inverse spinel structdfeshown in
figure 2.1. This is a face centred cubic (FCC) Qattice with Fé* ions filling 1/8 of the
available tetrahedral sites. Half of the remaining octahlddttice sites are occupied, there
are an equal number of Feand Fé* ions occupying these sites. The average charge on



Spatially Resolved I nfrared Spectroscopy For Spintronics page 34

the octahedral sites is F& as the F&" ions exchange electrons with their’Feneigh-
bours. The FgO, unit cell comprises fouf100} planes which between them contain all of
the &~ and octahedral ions, while the tetrahedral ions are halfvedyeen the planés

() Fe” at tetrahedral site

@ Fc’ at octahedral site

oo

) —=[010]

Figure 2.1: Diagram showing the inverse spinel structuré&0,. The G~ ions are
arranged in an FCC structure, whilst the*Feions display octagonal symmetry and the
Fet ions display tetragonal symmetry. Image courtesy of Wilresesteiri®.

The lattice constant of £@, is 8.397A 3 and MgO has a lattice constant of 4.282
which is almost exactly half that of E®,. MgO has the rocksalt structure, so two MgO
unit cells will share a common® FCC sub-lattice with F®,, with a very low lattice
mismatch of—0.3%3%". There is therefore little strain at the interface facilitg almost

perfect epitaxial growth of E®, films on MgO substrates.

In ordered magnetic materials, the unpaired electron sgiga parallel (ferromag-
netism) or antiparallel (antiferromagnetism) in order timimise the exchange ener$y
The ions in FgO, are separated by too great a distance for the exchangeatiberdo
propagate and align the electron spins, so another exclmegeanism is required. This
extra energy minimisation arises from superexchdhda the ground state, the 2p orbital
of the &~ ion is filled and can exchange electrons with the partiallgdil3d orbitals in
the neighbouring F€* or F€* ions. This leads to an indirect exchange coupling across
the &~ ion which leads to antiferromagnetic ordering between iredaelectrons on the
Fe*5T and Fé' ions. As these ions have differing numbers of electrondehids to imper-
fect cancellation of the electron magnetic moments. HefReg), exhibits ferrimagnetic
behaviour. Superexchange also makes it difficult for anreatenagnetic field to couple
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to the electron magnetic moments, resulting in the very kighOO kOe) saturation field
of Fg;0,%.

The band structure of ordered magnetic materials is sphiteaFermi energykr, such
that one spin carrier has a greater number of occupied stbfeé!. The band structure of
these materials is said to be spin polarised(zes of particular interest as the bulk band
structure is predicted theoretically to be 100% spin pséatiatE- 4243, materials with this
property are called half-metals as the conduction is of only type of spin carrier. This
is a vital material property as it allows the possibility ofacting a 100% spin polarised
current into a non-magnetic material, which is particyl@mportant for devices based on
tunnel magnetoresistance (TMR). TMR, first discovered byieheft*, occurs when two
ferromagnetic layers are separated by a thin insulatingy leya magnetic tunnel junction
(MTJ). The probability of tunnelling through the gate oxidedependent on whether the
layers are parallel or antiparallel, one having a low rasis¢ and the other having a very
high resistance. The TMR ratio is dependent on the spin igaléon, P, in each of the
ferromagnetic layers:

2P P

TMR = ———
1-P P

(2.1)
where the spin polarisation in each ferromagnetic layeegeddent on the density of
states at’r in each layer:

D' (Eg) — D* (EF)

P = ot B + DY (B9

(2.2)

For FgO,, P, = P, = 1 as there are only down spin states available to occupy
at Fr. For a perfect MTJ, this would result in one state with lowisesice and one
with an infinite resistance, resulting in extremely high M&ues. Experimentally, MR
values in excess of 500% have been observed in g0,AdgO/Fg,0, MTJ*¢. However,
previous researdf suggests that the band structure is not 100% polarised attthréace
which is critical in thin films. The degree of spin polarigetiis critically dependent on
the crystal direction of the substrate as this determinegdmmination plane of £©®,
at the interface which leads to different spin polarisatio&fficient spin injection is an
important precursor to the construction of many spintrai@eices such as spin transistors
and magnetic logic gates, so the ability to deposit highigugk;O, 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 Fertranée&sg first demon-
strated the effect for Fe/Cr multilayers. CoFe/Cu is curremitye widely used for GMR
multilayer structures and is the basic structure of the ilayrs considered in this thesis.
Alloying cobalt and iron reduces the saturation field of thegmetic layers, allowing them
to reverse in lower fields, whilst also safeguarding agaimstmal instability®. For hard
disk applications, this is useful as it allows a lower writeldito be used, reducing the
energy cost of writing bits in a hard disk, making it more effit if it used as a storage
medium. Copper is used as a hon-magnetic spacer as it is doalkayovell with cobalt
or iron*®, maintaining sharp interfaces.

CoFe/Cu has been used as the basis of spin valves, materialtheistructure anti-
ferromagnet/pinned ferromagnet/non-magnetic spaeerferromagnéf. The antiferro-
magnet pins the magnetisation of the ferromagnetic layiernit contact with, preventing
its magnetisation from reversing in low magnetic fields. sTpinning creates exchange
anisotropy, causing an asymmetric hysteresis ¥bop phenomenon referred to as ex-
change bias in contemporary literatefe The free ferromagnetic layer magnetisation
may reverse in an externally applied magnetic field. Thievedl a system to be engi-
neered where a very small external magnetic field is requoesivitch the system from
a very high resistance to a very low resistance, making tloeal ifor hard drive applica-
tions>3. There has been a push for current-perpendicular-to-glaR®) GMR rather than
current-in-plane (CIP) GMR, as the CPP GMR was shown to be dabbl€IP GMR in
a CoFe/Cu multilayef. Recently, it has been shown that introducing germaniumanto
spin valve increases its CPP GMR, whilst reducing its CIP GRR

2.2 Theory of the MRE

The MRE makes use of the conductivity dependence of the comdpéectric function of
a material to probe changes in MR. In this section, the oridjithis conductivity depen-
dence is explored and is used to define expressions for the MEIENS of the emissivity
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and reflectivity of a material. Finally, the finer details aftthe theory behind the MRE in
the reflection geometry is implemented into the MRE modelswigie 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, thecg&lons in the material ex-
perience an excitation due to the electromagnetic field efpfopagating photons. The
electric field generated in the material by the incoming phstis oscillatory, giving rise

to a harmonic oscillator electric fiel&,(w, t), of the forn?®:

E(w,t) = R[|E| exp (iwt)] (2.3)

Wherew is the angular frequency of the incident radiation ardenotes the time-
dependence. The effect of the magnetic field is insignificathis non-relativistic limit
and is neglected. This electric field results in an oscitlatbsplacement of the electrons
in the material about their lattice sites, characterised Hisplacement fiel®(w, ¢):

D(w,t) = e€pe(w)E(w,t) (2.4)
= epe(w)R[|E| exp (iwt)] (2.5)

Whereg, is the vacuum permittivity anedlw) is the dielectric function of the material.
The conductivity of the materiad;, now depends on the oscillatory nature of the electric
field and therefore must be (in general) complex. An expoedssir the complex dielectric
function,e*(w), in terms ofs can be derived from the Maxwell-Angpe law:

VxH = Jg+ = pod (2.6)
= aDgt"’t) + o E(w,t) 2.7)

The first term,Jq4, represents the current density due to the displacemehpislerated
by the incoming photons while the second tedmis the current density of free conduction
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electrons. J represents the total current density in the material ands the vacuum
permeability. Substituting the expression for the disphaent field into the Maxwell-
Ampere law and performing the differentiation yields:

VxH = iwee(w) -E(w,t)+ o -E(w,t) (2.8)
= [0+ iwepe(w)] -E(w, 1) (2.9)
= 0" (w) E(w,t) (2.10)

Wheres*(w) is the total complex a.c. conductivity:(w) may now be defined in terms
of the real (d.c.) dielectric function and an imaginary coctivity contribution:

10
(w) = - — 2.11
€'(w) = e(w) e (2.11)
The complex dielectric function can now be used to calculseMRE in the reflection
and emission geometries. There are many different corauatiechanisms so the exact
form of ¢*(w) depends on the material being considered. A descriptiomefvarious
methods of conduction that were considered is given in ae@i4, 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 wavelengt, is defined as the radiated intensity from
the material/,, to that of a black body at the same temperatiixg>’:

Iy

= A 2.12
Tos (2.12)

€x
If e, = 1, then the object is a blackbody and the true temperatureeodlipect, ;e
is the same as the temperature obser¥ggd, However,, < 1 in general, Sdye # Tops
The intensity of the emitted radiation is given by the SteBatzmann law, from which
the following expressions are derived:
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I, = Ao (Tye—T7) (2.13)
Ly = Ao (Tie—Ty) (2.14)
where A is the area of the emitting body, is the Stefan-Boltzmann constafit,,s is
the temperature observed by the IR camé&ig, is the actual temperature of the emitter
and T is the ambient temperature of the laboratory. It has beemnzes that there is
perfect radiative coupling and that the emission is norim#hé sample. If the emissivity
is a function of a magnetic field, expressions for the emiigsat two different fields,
ex(Ho/1), can be deduced:

Ao [Thye—Ti] (Ho) = Ao [ThHo) — T}] (2.15)
Ao [The—Ti] x(H) = Ao [ThHy) — 1] (2.16)

The percentage difference in emissivity between the twdgieMRE%, can then be
calculated:

(Ho) — ex(Hy1) T*(Ho) — T*(Hy)
€A<H$ x 100% = I

obs

MRE% — 2

x 100% (2.17)

In general, there is a correlation factor,linking the MRE to the MR. If the form of
~ is known, then it is possible to measure a variation in cotiditic as a variation in the
emissivity of a material.

MR(%) = ~ x MRE(%) (2.18)

2.2.3 The link between resistivity and reflectivity

If a black body is in thermal equilibrium with its environntethen its emissivity is equal
to its absorptivity. The absorptivity of a material is related to its reflectivik, and its
transmissivity,l", as’®:
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en=a=1-R-T (2.19)

The reflectivity of a material is determined by its complegléctric function¢* (w)®":

(e -1 [Vew -1)
" (WH) (WH) (2:20)

¢*(w) is dependent on the conductivity, of the material:

10
(w) = - — 2.21
€ (w) = ew) — (2.21)
As o is the optical conductivity, changes in the conductivity ¢é@ad to measurable
changes in the reflection spectra of the material. The ptagerdifference between the

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

MRE(%) = R(H(}%(;fml) x 100% (2.22)

The correlation between the change in conductivity and liaage in reflectivity with
magnetic field is defined in the same way as for the emissiomggy, although the
correlation factor will be different:

MR(%) = 7 x MRE(%) (2.23)

Reflection MRE measurements are performed using mid-far-nefilaradiation as in
this wavelength regime the photons caugeaband rather thamterband transitions, al-
lowing only the conduction electrons (which can be treated aearly free electron cloud)
to contribute. This is important as these electrons areoresple for the magnetism of the
material, so exciting electrons out of this band affectatiagnetic behaviour of the mate-
rial which is undesirable. The skin depth of metals-50 nm in this regime, for metallic
films >10 nm this means the reflection is primarily from the film whisldesirable. 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 tlbethating conductivity contri-
bution is Drude metallic conduction. The Jacquet-Valet eitbf multilayer reflections
may be used to model the MRE provided the spin-dependent omiguctivities o'/,

are in the self-averaging limit (SALY:"/+ are in the SAL if the average spin-independent
electronic mean free path is far longer than the averagardistbetween spin-selective
scattering sites such as interfaces and defects in the madpatéce. If this condition is
met, the average electron travels through several layagreahultilayer before experienc-
ing a spin-selective scattering event, so the global camdtycprocess can be assumed to
be independent of any local variations in scattering pcaeint the multilayer. The Drude
conductivity is therefore:

ot — Netron (2.24)
m

The key material parameters that will determine the condticin the multilayer are
the average carrier number density across the multilayeand the SAL scattering time,
TsaL. IV is calculated by taking the individual carrier number dgesiof each layer and
taking a weighted mean, with the layer thickness as the Mieglfactor. s, is calcu-
lated from the scattering times in the ferromagnetig,] and non-magneticr{v) layers
as well as an interfacial contribution, Each scattering time is weighted by the relative
concentration of ferromagnetiey) and non-magnetice{y) material in the multilayer.
An interfacial concentration;, representing the area between layers where the behaviour
is not bulk-like, is summed in parallel with the magnetic aath magnetic layer contribu-
tions to give an expression fogx, :

-1
- (CF_M Lo ﬁ) (2.25)

TFM TNM Ti

Although dependent omgy and cgy, 7saL itself is spin-independent. The spin de-
pendence is introduced into a modifiegh,. by weighting the contributions of the ferro-
magnetic layer and the interfacial region according to thie polarisation in the bulk
ferromagnet and the interfaces respectively. This is dgrietboducing a bulk spin asym-
metry coefficient,5, as well as an interface spin asymmetry coefficient,The overall
spin asymmetry coefficientisa, , is given by the weightedsa, :
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BsaL = TsaL {ﬂ (CF—M> + (9)} (2.26)
TEM Ti

As the spin-dependence is contained with#a, , it is this parameter that will eventu-
ally contribute to the MRE.

BsaL @andTsa are then used to calculate the real and imaginary parts afiébectric
function of the material in zero field and an applied field. Theectric functions con-
sist of two terms. Firstly, the static dielectric constant, which determines the high
frequency response of the material. The second term is aeDrodductivity term depen-
dent onfsa. /7sa. @and the fraction of saturation magnetisation,Y in the two applied
magnetic fields between which the greatest change in resesta expectedy;;. The
Drude term is also dependent on the plasmon frequengywhich is dependent oV
as well as the angular frequency of the incident IR radiatvbich gives the wavelength
dependence. The real and imaginary parts of the dielectniction in the magnetic field,
R [e(w,Ho/1)] andS [e(w, Hoy1)], can be expressed as follows:

oJQTgAL (1 + WDTS2AL + mO/l/BgAL)
r [e(w, Ho/l)} = €5 — P ; T -~ (2.27)
(1 — wpTdaL + moj103aL)” + 4w?7dn,
% (1 + WPTSQAL + mo/lﬁéAL)
S [e(w,Hop)] = ; — > (2.28)
(1 — WpTgaL + Moy lﬁsAL) + dw?Tgp.

These dielectric functions can be used to calculate thectifily spectra in s and
p polarisation in each fieldisp(Ho/1). The MRE is calculated from these reflectivity
spectra, as shown in equation 2.29.

[Rs(Ho) — Rs(H1)] + [Bp(Ho) — Rp(H1)]
[Rs(H1) — Rp(H1)]

MREY = x 100% (2.29)

2.4 Modelling the MRE of iron oxide thin films

2.4.1 Constructing the Fg@O, and MgO dielectric functions

Modelling the MRE of FgO, is more complicated than modelling metallic multilayers
as the Drude conductivity is not the dominant conductionhmasm across the whole
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wavelength regime. The dielectric function is built fronh @fl the contributing conduc-

tivity processes, which are discussed in the followingisectFegO, is not a very good

conductor so the skin depth is very long, leading to sigmificaflection from the sub-
strate. It is therefore necessary to incorporate the drédianction of the MgO substrate
into the model and consider how the radiation reflected frioensubstrate interacts with
the radiation reflected from the film.

Deriving the Drude contribution to the Fe;O, dielectric function

There are four conductivity processes in,Gg Drude conduction, hopping conduction,
increased conduction due to d-s transitions and increassdliction around phonon res-
onances. Following equation (2.11), the dielectric fumttiakes the following form:

€Fe,0, — €0 + €brude T €phononTt €ds + €hopping (2-30)

Wheree,, is a material constant representing the real, high frequerelectric re-
sponse of FgO,. The form of the a.c. Drude conductivity can be obtained flohm’s
law®0:

J=0E = —Nev (2.31)

The equation of motion is found by substituting in the d.cud conductivity from
equation 2.24 and taking to be the time derivative of the electron displacement from
equilibrium,r:

2
—Nev = Ne 7_E
m
My — _¢E (2.32)
.

This equation relates the damping £ 7—!) to the force exerted on the electron by
an external electric field. The photon electric field is datilry, therefore the equation of
motion can be approximated as a forced, damped harmonitatscdriven by a time-
varying electric field:
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mi + mAr + mwir = —elE| exp [i (wt — k-r)] (2.33)

It is assumed that the electron motion is non-relativisfimrang the negligible mag-
netic effects of the time-varying electric field to be igrahréhe form of the electric field
can be simplified by making the assumption that the averagatiement of an electron
is far smaller than the wavelength of the incident radiafiorc A\, r -k < 1) leading to

an expression of the form:

mi + mAt + mwir = —e|E| exp (iwt) (2.34)

Making the additional assumption that the electric fieldhe tmaterial is isotropic

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

O0?r(t) or(t)
oz o

+wir(t) = —£|E| exp (iwt) (2.35)
m

To obtain a steady state expression«f() it is required that the driving force domi-
nates the motion of the electrons, that is that the periodsoilation is much faster than
the average scattering time. In this limit, the solutionte tifferential equation is the

simple harmonic motion solution:

r(t) = Aexp (iwt) (2.36)
82(;) = iwAexp (iwt) = iwr(t) (2.37)
8282(;) = fw?Aexp (iwt) = —wr(t) (2.38)

Substituting in the derivatives leads to the following eegsion:

(—w? + iyw + wj) r(t) = ——E(t) (2.39)

(&
m

Calculating the time derivative of this equation and reagiaa for v (¢):

v(t) = |——— E(t) (2.40)
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The equation of motion is recovered if both sides of the eqonadre multiplied by
—Ne, whereN is the number of electrons displaced by the electric fieldhabthe Drude
conductivity modified for the oscillatory electric field issgn by:

Ne? '
o= (2.41)

5
m Wy — W+ 1yw

This directly leads to the complex dielectric function oétimaterial in an external,
time-varying electric field:

1 Ne2 1

€0 M wi—w?+iyw

*(w) = e(w) +

(2.42)

. . . . N o2
This expression can be rewritten in terms of the electrosrpaafrequencwf) = Zio ,

which is a measure of how effective the screening of the coimaluelectrons is due to the
electrons oscillating in the electric field:

W

2
p
wi — w? + iyw

(2.43)

By making the assumption that the band conduction is relgtifat and therefore
resonance free, = 0), rearranging leads to the form of the Drude dielectric fiomc
used in the MRE models used in this thesis:

(w) = €elw)—

€Fe,0, — €s0 Tt €Drude (2-45)

——— (2.44)

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

As discussed previously, E®, is not a good conductor. When deriving the form of the
Drude contribution to the dielectric function, the assuomptvas made that the band struc-
ture is flat and that there are no resonances. Modificatioietdielectric function have to

be made to account for contributions to the conductivityfr@sonant sources, in this case



Spatially Resolved I nfrared Spectroscopy For Spintronics page 46

from phonons and the d-s transition. The conductivity cambeeased due to electron-
phonon scattering at certain frequencies that are depéeodethe bonding energies be-
tween different atoms in the E@, film. These phonon resonances are introduced into the
dielectric function as Lorentz oscillators:

n Sj UJJ'2

= 2.46
€phonon le w — 02— i”ijj ( )

where S is the strength; is the resonant frequency angdthe collisional damping
factor of the j-th resonance. There is also an overlap of thar®l 4s bands on the Fe
sites. There is a resonance in the conductivity as electwso#late between the more
conducting 4s band and the less conducting 3d band, knowmeas-$ transition, which
can also be modelled as a Lorentz oscillator:

n 2
Sj-dswj-ds

Wids — W? — 17j-dsWj-ds

(2.47)

€ds =

=1

It is also possible for electrons to tunnel betweefFand Fé* lattice sites. These
electrons couple with phonons to form polarons that “hopgiMeen the octahedral sites
causing an increase in the conductivity. Modelling the pmiehopping conductivity is a
difficult guantum mechanical problem and it is usually estied from a large set of fitting
parameters (such as those produced by Degairgl.?'). Ahn et al. have shown that the
hopping conductivity is reasonably constant {00 Q~cm™!) in the near/mid-IR% The
hopping contribution to the dielectric function can bermstied as follows:

47
€hopping = __iweo Chopping (2.48)
. T1x10t (2.49)
B iw '

Thus, the full MgO and F©, dielectric functions are:
€EMgO = €oo T €phonon (2-50)

n S] w?

MgO ~IMgO
= oo + Me (2.51)
MgO Z w2 —w? — Yingo%invgo

j=1 "Imgo
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€Fe,0, — €oo + €brude T €phonont €ds + €hopping (2-52)
n % w2
Fe, O JFe,,0
S IR @59
: —w? = W
j=1 JF9304 f}/JFeSO4 JFe304

=}

2
S_dsF‘*304 wj'dsFe3O4

i w? —w? — iy wi
j:l J'dSFe304 ]'dsFe304 ]'dsFe304
N wp 7.1 x 10"
FFe30s 2 — fyw iw

2.4.2 Combining the MgO and FgO, dielectric functions to model
the MRE

Using the Fresnel equations, it is possible to determine ted p polarisation reflection
coefficients using the dielectric functions defined by eigumst2.51 and 2.53:

- cos p — \/e(w) — sin? ¢ (2.54)
cosp + /e(w) —sin
ry - e(w) cos p — y/e(w) — sin? @ (2.55)

e(w) cosp + y/e(w) — sin® ¢

wherey is the angle of incidence of the IR radiation with respect®normal. The
total reflectivity is the average of the s and p polarisatediectivities:

_ |rs|” + |rpl

i 2

(2.56)

Equation 2.56 can be used to calculate the reflectivity froensurface of the F©®,
and from the MgO. It is also necessary to consider the effeicisterference between
reflections from the MgO/R®, interface and the E®, surface. The interference of the
two reflections will be dependent on the thickness of thgogdilm, the thickness of the
MgO is assumed to be sufficiently large that there is no refledtom the bottom of the
substrate. The total reflectivity, inclusive of the inteef@ reflections, can be obtained by
following the procedure of Mcinty® and defining the following-dependent quantities:

& =1/ —esinp (2.57)
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where j=1 for air, j=2 for FgO, and j=3 for MgO as shown in the schematic in figure
2.2. ¢ is the complex dielectric function of the j-th phase.

3 MgO

Figure 2.2: A schematic illustrating the three-phase sysiged in order to model the
reflectivity for thin films of FgO,/MgO. The thickness of the film is t and the angle of
incidence as defined from the normal4s The three phases are air (j=1), the®Ggthin
film (j=2) and the MgO substrate (j=3). Image courtesy of Bmés Naughtof?

The reflectivity between two neighbouring phases j and k ind@polarisation can
now be determined from the Fresnel equations:

G &

Tsfjk = —ij s (2.58)
& g

Tpjk = 0+ ot (2.59)

The influence of the magnetic field of the incident radiat®meglected as the mag-
netic permeabilities in the near-IR are assumed to be uHitg.total reflectivity including
the interfered reflections in s and p polarisation, as a fanatf the wavelength of the
incident radiation, is:
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Tsi2+ rszzexp(2i3)
ses 1 + renarsipzexp(2if) ( )
T2 + Tprezexp(27
ronzs = pr12 1 Tpr2zexp(2if3) (2.61)

1 + rppaarprzexp(2if)

where:

. 27T€2t

R (2.62)

B

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

2 2
Risy = Irsizd ;'TP’m' (2.63)

Ast < ), the expression can be simplified by assuming that the attemuof the
electric field caused by the exponential term is linear inrthar-IR. Taking the second
order Taylor expansion of the exponential term in equatib66 and 2.61 results in:

rsin2+ Tsi23(1 + 2i )
— 2.64
fsnzs 1+ renarsps(1l + 2i0) ( )
1+2¢
Tpi2s = ronz + ol +205) (2.65)

14 Tp/lzrp/zg(l + 226)

The Fresnel coefficients for three layer systems are retate reflection coefficients

of the substrate in the absence of the film in s and p polasisati;;; andrp3:

r +r
1+ rsnarsis
Tpi12 + Tpi23
Tpny = b (2.67)

1+ rpnarpes

Dividing equations 2.64 and 2.65 by 2.66 and 2.67 respdygtiyges the following

expressions:
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T's/13 1+ 2ip (#Zm)
Tpa2s L+2if (WLPT/?M) (2.69)
Tpi13 1+ 23 (m?fr—m) |

Taylor expanding the denominator to second orde$ @nd rearranging leads to ex-
pressions for the reflectivity of the interfered system img p polarisation:

4t 2 g2
Tsi23 = Ts/13 {1+ /\51 (2_2)] (2.70)
2 2
&2 &
4t € o) T \e
ronzs = Tpnzd 1+ Aél (i) <>2 <> (2.71)

(4) - (2)

Averaging the contributions of the s and p polarisationagigiquation 2.63 gives the
total reflectivity spectrum of the system. Taking reflectspectra at the two fields between
which there is the greatest change in resistafgg,(Ho,1 ), gives the MRE of the system:

R123(H0) - R123<H 1)

MRE% =
’ Ris(H1)

x 100% (2.72)

The field dependence, which is discussed in greater detaliapter 4, is introduced
as a factor of 1 + nh?) in Ry23(H;), where h represents the change in resistance of the
material and is a fitting parameter.



Chapter 3

Experimental Techniques

In this chapter the experimental techniques used to obtainvalidate data presented in
this thesis are described. Firstly, sample preparation blecalar beam epitaxy is pre-
sented. This is followed by a detailed experimental desonpof probing GMR through
electrical measurements and the MRE in the reflection andsemnigeometries, exam-
ining the relative merits of each technique. Different ekpental procedures for syn-
chrotron based infrared radiation experiments are higtdid and bespoke equipment and
programs that were developed to facilitate those expetsreme described. Finally, other
relevant thin-film characterisation methods that were @dedgside 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 th@gere grown in the Depart-
ment of Physics at York using molecular beam epitaxy (MBEksslotherwise stated.
MBE involves the very slow evaporation of metals onto a sabstso that a thin film
of metal is built up, ideally, a monolayer at a time, factitg good epitaxial growth,
in ultra-high vacuum (UHV). UHV conditions are necessaryrtimimise the number of
contaminant molecules present which may mix with the mdteisg deposited, compro-
mising the uniformity of the film and introducing unwantedetds. The base pressure
within the MBE chamber is held below 1 x 10~ mbar by a turbomolecular vacuum
pump backed by a rotary vacuum pump, as well as a titaniuninsatdbn pump and a lig-
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uid nitrogen cryopump. The pressure is monitored at vanmists around the chamber,
a schematic of which is given in figure 3.1. The pressure jaftre the turbomolecular
pump at the base of the chamber is monitored using a cold datipauge, the pressure at
the fast entry lock (FEL) is measured with a Penning gaugetlaagressure in the main

body of the chamber is monitored by an ion gauge.

¢ beam
Sample._ ———
Heater ™., ’—‘ ..t- Manipulator

N l «eses Sample
RHEED Shutter". RHEED
sgreen e gun
Shutter \
— :
S e Hearth Plasma
Sources Source
“—
‘ Nz(l)COId trap
—_—
To Turbo Pump <iE
1 Ti Sublimation
Pump

Figure 3.1: Schematic diagram of the MBE system, showingdbation of some of the

key equipment on the chamber including the turbomolecwarg manipulator and sam-
ple location. The iron metal target is located in the healdsest to the Balzers electron
gun. The FEL and sample insertion arm are not shown. Imagaesyuof Dr. James

Naughtor?*,

The metals are evaporated onto the substrate by direchesating heat from passing
current through a tungsten filament and by electron beanngedilectron beam heating
requires a high voltage to be placed on the tungsten healamgent whilst earthing the
source metal. When enough current is passed through the fitathe electrons acquire
enough energy to overcome the work function of the tungstelnaae accelerated into the
source metal crucible, causing rapid heating leading tp@edion of the metal. The metal
atoms then settle on the substrate forming the film. The rfadgaporation, and therefore
deposition of metal, can be controlled by varying the curhehe tungsten filament and
the high voltage at which the filament is held. A schematigdien is given in figure
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3.2. A slow deposition rate on the order oh&~! is required in order to allow the metal
atoms to rearrange themselves to form monolayers produriiigrm, defect free films.
Sometimes it is necessary to heat the substrate in ordevedly atoms enough energy
to rearrange themselves, or to allow a particular stoicktoynor surface reconstruction
to form. Sample heating is via direct heating and electraanbéeating of the sample
holder which in turn heats the substrate, up to a maximum ab00 °C. The system is
currently equipped to evaporate iron, silver, gold and reagm oxide, although these
could readily be exchanged to allow deposition of other iaeta

It is possible to determine how much metal has been depassiad a quartz ratemeter
crystal. The crystal is piezoelectric and is vibrating sihiatural frequency. The frequency
of vibration is proportional to the mass of the crystal, smasal is deposited on the crystal
it is possible to measure the variation in the vibrationaftrency of the crystal in order
to estimate the film thickness. The ratemeter has separhieatian settings for each
source, accounting for the density of the metal as well agligtance and angle from the
source.

Substrate

Evapo rated ato m&

.......

l e' Source material
e

® "

Electron beam heating filament

Figure 3.2: Schematic diagram of the basic principle oftebecbeam evaporation. Us-
ing a high voltage supply, an electron beam is acceleratediwe source material. This
evaporates the target metal which deposits onto the suofabe substrate.
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Substrates are introduced into the vacuum through the FIBIghais separated from
the main chamber with a gate valve. This allows the FEL to lgadkto atmosphere with-
out contaminating the vacuum in the main chamber. Once absgheric pressure, the
FEL can be pumped separately to the main chamber by a segdndasmolecular pump
until the pressure has equalised and the gate valve can Ioecdp&ubstrates are trans-
ferred into the manipulator using an insertion arm, cotgtbéxternally using permanent
magnets. The manipulator allows translational motion efsample perpendicular to the
sample plane, allowing the substrate to be moved from thertios position to a prede-
termined growth position. The manipulator can rotaéé ° in the sample plane whilst

allowing ~ 45 ° rotation out of the sample plane.

3.1.1 Growing FgO, by MBE

Fe,O, can be grown either by simultaneous oxidation or post okdatIn simultane-
ous oxidation, F€O, is grown epitaxially by co-deposition with atomic oxygerm@uced
by an oxygen plasma source or diatomic oxygen introducexthe chamber via a leak
valve. The iron deposited on the substrate reacts with tlggeyxand oxidises, forming
one of the phases of iron oxide. In the case of post-oxidaadiim of pure iron is de-
posited and is subsequently annealed in an oxygen richaamagnt. The surface of the
film oxidises first, then the oxygen diffuses through the fibmidising the iron in a self-
limiting fashiorf®. Which oxide is produced depends on many factors includingex
partial pressure, iron deposition rate and substrate teahype. The annealing time is an
important factor for post-oxidation whilst the oxygen ptespower is important if using
the plasma source for simultaneous oxidation. The diffjcaftses as F£, can only be
grown under very specific conditions. The phase diagramrtor oxide is complex as
shown in figure 3.3 and any deviation from the growth condgioan cause the formation
of a non-FgO, phase. Growing F©®, 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 motemylgen gas into
atomic oxygen, oxygen ions and electrons. A high voltags teflector plate at the end
of the source is used to trap the ions and electrons so onlgira béatomic oxygen leaves
the source. Parameters that were varied to try and detewpth@aum growth conditions
were the deposition rate of iron, oxygen partial pressure,substrate temperature, the
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annealing time and temperature for post-oxidation and thpd¥er when using the oxy-
gen plasma source. Due to the self-limiting nature of theation during post-oxidation,
Fe,0, films can only be grown to a thickness ©f 3 nm whereas films that are hundreds
of nanometres thick can potentially be grown by simultaisemxidation.

Woustite  Magnetite Haematite
12004
+Fe0
& TP reor
@ L
£ 1100 iy leseal &
E """""" * + +
E BO0+ Fes0s Fe;0, [Fe:Os
o i + FeD
8600+ 570 °C
oot Fe0,
H T T |
22 24 26 28 30
| Percentage of oxygen
FeO Fes0s Fes0s

Figure 3.3: Phase diagram of iron oxfeFe,O, exists in a non-mixed phase state in only
a very small region between900-1500C and~ 27.5 — 28.5% composition of oxygen
by weight, where 1500C is the approximate boiling point of iron oxide at these ayg
composition8’. The conditions of growth must therefore be accuratelyrdsteed and
tightly controlled in order to grow good thin films of e,

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 diresmttetal measurement
using a four-point probe. The probe has two current cont@ctstwo voltage contacts
which are tungsten spring-loaded pins sharpened to a pothhald against the sample
surface. A Keighley power supply is used to pass a constan¢muthrough the sample
material, typically of the order 1 mAL uA, through two of the pins. The remaining two
pins are used to detect the voltage across the sample as shdgare 3.4. Having

separate current and voltage pins, rather than sourcimgrdand sensing voltage through
the same pins, gives more accurate measurements. Thisasdeethe voltage sensing
circuit is now independent of the current source circuitrsitmpedance from that circuit
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and the resistance in the contacts is eliminated from thesamement. Using the sensed
voltage and sourced current the resistance of the film caeteerdined using Ohm'’s law.

A )—
-

112 3] 4

[ i
| I

H

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

A thin film that exhibits MR undergoes a change in resistiintgn applied field which
can be detected as a change in resistance in an applied fiedddifference between the
resistance in an applied fiel&(H,), and the resistance in another applied figtdH-),
is commonly expressed as a percentage change as in equétio 3neasurement is
performed by sweeping the electromagnet through a fullemgsts loop. This allows a
plot of percentage change in MR with applied field to be made.eRample four-point
probe MR curve for a GMR material is given in figure 3.5. For tnoaterials, the greatest
change in resistance is achieved by measuring the differegioveen the resistance at the
saturation field and zero applied field. However, in matsrtaht are exchange biased
(such as spin valves), the greatest change in resistanbsaswed by taking the difference

in resistance on either side of the switch of the free mageayer.

x 100% (3.1)

MR = Rﬁi) < 100 = R(H%(_Hf?ml)

It is important to note that as all four pins are on the surfaicne sample this tech-
nique is only sensitive to the current-in-plane (CIP) cdmition to the GMR. Four-point
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Figure 3.5: Typical GMR curves showing percentage chang&MiiR with applied mag-
netic field. For these curvé$;, = 0 Oe andH, = 9000 Oe.

probe measurements offer little to no spatial resoluticth@sliameter of the pins and their
separation distance leads to the measurement being pedawer an area of several mil-
limetres. This is a typical thin film sample size; the measwet 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 thfsgaht geometries; emis-
sion, reflection and transmission. In each case IR radigiased to measure the change
in the complex dielectric function, and therefore condutti of a material in an externally
applied magnetic field. The MRE measurements presentedsirtrtbsis were performed
in the emission and reflection geometries. The techniqguggguipment used to measure
the MRE in these geometries are discussed in the followintosec

3.3.1 Measuring the MRE through emissivity with an IR camera

In the emission geometry, the change in conductivity of eematin an externally applied
magnetic field is measured as a change in the emissivity eh#terial in the applied field.
The change in emissivity results in a variation in the appiatemperature of the sample
with the external field. A thermal imaging camera is used tilecba map of apparent
temperature across the sample in two different field$,) andT(H,). The MRE can
now be calculated, providing the ambient temperature oflaberatory ;) is known.
The GMR and MRE are related by a correlation factonising equation 32,
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T(Hs)* — T(Hy)*
TH)* - T4
MRE% = ~ x GMR% (3.2)

MRE% = x 100%

For many systems, one of the fields is usually 0 Oe. It is exahemiifficult to create
an environment where there the external magnetic field ig @®e because of the field
due to the remanent magnetisation of the electromagnettemdfeelds from other elec-
tronic equipment. This leads to increased uncertaintiesgaasurements performed at or
near 0 Oe. If there is little variation in MRE in the low field e then this effect is not
important. However, if the sample has a sharp MR curve thagyaignificantly in low
fields, then a large error can become associated with theursgasnt. A number of repeat
spectra (25 for IR camera measurements) are obtained tawsathis error.

The sample is attached to an ohmic heating pad using therasé @nd placed be-
tween the pole pieces of an electromagnet. A bespoke heateed to maintain a constant
sample temperature in the range35 — 40 °C. At this temperature the sample thermally
emits IR radiation which is collected in the CCD of a Jenoptikid%can 3021 IR camera,
which is sensitive to radiation in the wavelength rangd8um. The camera is positioned
at normal incidence to the sample at a distance of 65cm. 2§emaf the temperature
distribution across the sample are taken and are averageddte a time averaged map
of temperature across the sample in two different fields. Gaeels to be taken to ensure
that the electromagnet is used to take the sample throughtitsation magnetisation (or
the highest fraction possible) when switching between #iddiin order to minimise hys-
teretic effects and provide reproducibility. The thernmahges are imported into a Python
program (written by the author) which strips out the raw dp&aforms the averaging then
produces false colour image maps of MRE across the sampledathecan then be saved
both as a colour map and a&4) x 360 matrix of MRE values as a .csv file. A schematic

diagram of an emission geometry MRE measurement is givenurefig.6.

3.3.2 Measuring the MRE through reflectivity

In the reflection geometry, the change in conductivity of @agmal in an externally applied
magnetic field is measured as a change in the reflectivity ehthaterial in the applied
field. Reflection spectra are recorded at two different magfietd strengthsS,(H,) and
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Figure 3.6: Schematic diagram of an emission MRE measureasgomérformed in York.
A resistance heater pad is used to raise the temperature eathple so that it thermally
emits IR radiation which is detected by an IR camera. The &atpre is kept stable using
a negative feedback system which turns a heater on and off Wieetemperature of the
thermocouple goes beyond set limits. A magnetic field candpdiead in the direction
indicated.

S(H2). The MRE in this geometry is defined as the difference betvwleese two spectra,
expressed as a percentage (equation 3.3). Several repetasgre recorded at each field
and averaged in order to improve the signal to noise ratics i§itritical as the percentage
change in MRE is often very small, on the orderof).1 — 1.0%.

S1(H1) — S2(Ho)

MRE% =
’ Sa(Ho)

x 100% (3.3)

In laboratories such as in York, which are not climate cdledy there can be drifts
in reflectivity caused by variation in the ambient tempem@td his could occur for many
reasons but the most significant contribution would be frbmn gradual heating of the
electromagnet during the experiment, The ohmic heatingp®itagnet can cause an in-
crease in temperature at the sample location which in tuisesaa change in the overall
intensity of the reflected spectrum. The effect of this dnfintensity can be significantly
reduced by collecting an extra spectrufii(H;), at one of the two fields to include in
the averaging. If the drifty, is linear between measurements, then the values of the thre
reflectivity spectra are given by, S, + = and.S; + 2x. The expression for the MRE
becomes:
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[51(H1);53(H1)} _ SQ(HQ)

MRE = 1
% S,(H2) < 100%
51(H1)+51(H1)+21 _ S H o
_ 2 | = SH) —z 100%
Sa(H2) + o
S1(H1) — Sa(H»)
MRE% Sy X 100% (3.4)

The term accounting for the drift is insignificant comparedhe magnitude of the
spectra so can safely be neglected. Without the additiqreaiteum the drift has a compli-
cated second order presence in the equation for the MRE andiescsignificant.

A schematic diagram of an MRE measurement in the reflectiomgég is shown in
figure 3.7. The sample to be measured is fixed substrate dewg vacuum grease, to a
goniometer and placed within a 12 kOe electromagnet sohibdtdld direction is parallel
to the sample plane. The goniometer allows the sample positnd orientation in 3D
to be controlled, facilitating alignment of optical compmits. Polarisers can also be in-
serted during alignment if polarisation-dependent mesaments are to be performed. The
measurement is performed by reflecting IR radiation, salficem a Fourier transform IR
spectrometer (FTIR), off the surface of the sample at an asfgle65 ° and collecting the
radiation in a mercury cadmium telluride (MCT) detector. Hoairce in the FTIR is an
IR bulb that generates randomly polarised IR radiation ewringe2 — 25 um, although
in practice the measurable rangeJst — 20 um as the photon count at the extremes of the
range is too low to get the signal-to-noise ratio necessapydvide statistically meaning-
ful data. The MCT detector requires a reservoir of liquidogen to cool the detector to a
temperature where there is minimal thermal noise, allowietean signal to be observed.
Omnic software is used to collect and process data from tteztie.

The entire experimental bench is housed within a perspetacwr which is purged
with an N, atmosphere. Molecules such as £dd HO have molecular bonding orbitals
that absorb strongly in the near-IR. Displacing these mdésowith N, stops the detected
signal from being attenuated by the atmosphere and produsigeal which has far fewer
contaminant spectral features. It is also possible to redue effect of absorption in the
optics and detector by normalising the spectra againsttaridass, highly reflecting ref-
erence spectrum from a material such as gold. Before a measntés performed, the
electromagnet is swept through a full hysteresis loop,ganaximum positive and neg-
ative field. This facilitates reproducibility of the measorent by minimising hysteretic
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Figure 3.7: Schematic diagram of a reflection MRE measureaeperformed in York.
IR radiation from an FTIR is reflected from the surface of thenple and collected in
an MCT detector in an Natmosphere. An externally applied magnetic fidfj €an be
applied in the direction indicated using a 12 kOe electrameag

effects. The reproducibility is also aided by using a LabWogram to control the elec-
tromagnet remotely, removing any human error in settingctiveect field. Several repeat
measurements are taken of each spectra in order to impre\acturacy of the measure-
ment. The spectra are averaged before being input intoiequaB or 3.4. It is usually
sufficient to perform 4-8 repeat measurements in high field©kOe) to obtain an error
of £0.01%. However, in fields close to zero there can be a much greatertainty in the
magnitude of the field. This occurs if the magnetisation efshmple varies sufficiently
in zero field due to random thermal effects. It is often nemgst perform more than 8
repeat measurements in this low field regime in order to otgafficient precision. The
data obtained from the Omnic software is exported as a .cswafit is analysed using a
Python program written by the author. The program takesdhe.csv files and creates
files containing averaged reflection spectra and MRE spedtighvean be plotted against

wavenumber in cm', wavelength irum and energy in eV.

3.3.3 Synchrotron based MRE experimental techniques

There are limits to the information that can be obtained flwoth the emission and re-
flection MRE measurements performed in York. In the emissemmggtry, the IR camera
used has a very narrow spectral rangel@ um. This narrow spectrum provides no spec-
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tral resolution so can not be used to successfully model tREMt is not possible to
discover anything about the underlying MR processes, ottigther there is any varia-
tion in the magnitude of the MR spatially across the sampte.tike reflection geometry
the opposite is true. There is sufficient spectral resatuitiothe range~ 4 — 20 um to
successfully model the MRE but due to the diffuse beam spstimpossible to spatially
resolve variations in MRE across the sample. It is therefopssible to measure spatial
variations in GMR with such a reflection geometry measurém@iso, the correlation
between the MRE and GMR is stronger in the far-IR, a region ofsgrextrum which is
inaccessible with the FTIR bulb source and MCT detector irldheratory at York.

To overcome these three limitations, a new experimentatquiore was developed
that offers both spectral and spatial resolution as weluéfgcgent IR radiation in the far-
IR to perform measurements in the far-IR. These experimeumts place on the SMIS
beamline at SOLEIL, the French national synchrotron lighirse, in Saint-Aubin, Paris.
Synchrotron radiation sources have high brightness, sitieland brilliance across the
electromagnetic spectrum from microwaves to hard x-raylse IMIS beamline offers
sufficient radiation in thev 1.5 — 50.0 um range to obtain meaningful statistics in the
far IR, overcoming the laboratory limitation of insufficigpihoton flux beyond- 20um.
The microscope is fitted with an MCT detector which is capalfldatecting radiation
in the range~ 1.5 — 20.0 um. Far-IR radiation is detected using a liquid helium cooled
bolometer which is sensitive to radiation in the rangé4 — 50 um. The second advan-
tage of synchrotron radiation is that the beam of radiatimdpced is highly collimated.
The electrons in the storage ring are highly relativistierefore the radiation emitted is
strongly collimated in the direction of travel due to rel&tic beaming. This produces a
much less diffuse beam of radiation than the FTIR sourcearnahoratory at York. The
problem of obtaining spatial resolution is ultimately re®al using an IR microscope. The
radiation from the synchrotron is passed through a Schwhildsobjective before being
focussed onto the sample and collected by an MCT detector imitasreflection ge-
ometry that is used for the measurements in York. The cortibmaf these advantages
provides an MRE measurement which is spectrally resolvdekingngd .5—50.0 um and
the possibility of spatial resolution down to the diffraxtilimit (~ 1 x 1 um) in the IR).
This measurement configuration provides both spectral patia$ resolution in a single
measurement, which has previously been unattainable.
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Design of a bespoke electromagnet

Scanning stage

Figure 3.8: Scale diagram of the SMIS beamline IR micros@if#OLEIL, showing the
bespoke electromagnet and 3D scanning stage. The detaotbizeamline optics to the
right of the microscope are not shown for clarity. Image tesy of Sephane LeFrancois.

The SMIS beamline is not designed to accommodate an eleatyost, so the mi-
croscope on the beamline had to be significantly modified deioto be able to perform
spatially resolved field dependent measurements. The Bt of the microscope has a
diameter of 65 mm so a bespoke electromagnet needed to beuxded with pole pieces
that fit around this objective, as well as being physicallyabranough to fit around the
microscope and beamline optics in the vicinity of the micaoyge. The electromagnet was
constructed with a 70 mm pole piece separatigh The magnet was built to give a max-
imum theoretical magnetic field of 1000 Oe when operated st VV/2 A power supply,
a simple calculation using = %\”56 demonstrates tha¥ = 2785 (turns per coil) are
necessary to generate the desired field. The maximum madiedt at the sample po-
sition was measured to be900 Oe, slightly lower than the predicted maximum due to
flux leakage in the yoke due to the sharp corners and otheciags 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 electromagitbtdimensions in millime-
tres. The electromagnet was built in the Department of BYaiechanical workshop at
the University of York. Image courtesy ofé&thane LeFrancois.
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Writing a LabView control program to control the electromagn et

A LabView 2011 program was written in order to automate usthefelectromagnet in
the MRE experiments performed at SOLEIL. This allowed repodaility when sweep-
ing the electromagnet through hysteresis loops and in Btg@t desired magnetic fields,
minimising errors due to hysteresis and human error inrggttie fields. The automation
allows for a much quicker, simpler experiment than if theexikpent was performed man-
ually. The program sends control voltage signals to a Natibrstruments NI USB-6211
data acquisition (DAQ) box which controls a Kepco BOP 50-8MI\Vspower supply. The
maximum control voltage sourced by the DAQt30 V, therefore the power supply scales
the control voltage by a factor of 5. The program performs taan functions. Firstly,
the program can sweep the magnet through an entire hystévegi, to a maximum field
specified by the user. This is particularly useful at the iveigig of an experiment to
minimise errors arising due to hysteretic effects. Seqgrttle program can sweep the
electromagnet around a hysteresis loop in four stagespisip@t each stage in order to
perform experiments at the required magnetic fields. Thgrara goes from zero applied
field to the maximum positive magnetic field, then from the maxm positive magnetic
field to zero, then repeats for the negative maximum magfietat before returning to
zero field ready for the next experiment. The user decideswieelectromagnet sweeps
to the next field by pressing the appropriate button on thevieat front panel, shown in
figure 3.10. The maximum positive and negative fields neeth@dtite same, allowing full
customisation of the hysteresis loop. The speed with whhehmagnet sweeps around
the hysteresis loop can also be controlled, with indicasti@wving 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 measerg of a sample’s mag-
netisation by tracing a hysteresis loop of magnetisatiah epplied field (an M/H loop).
VSM is a very useful technique for characterising magnetatemals as M/H hysteresis
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Figure 3.10: Screenshot of the LabView 2011 program thabtely controls the electro-
magnet for use in experiments at the SOLEIL synchrotron.

Figure 3.11: Modified SMIS beamline showing the operatiaglattromagnet and 3D
scanning stage.
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loops provide several valuable pieces of information alloeitmagnetic behaviour of the
sample. It is possible to determine the magnetic field reguio fully saturate the mag-
netisation of a sample in one direction. The saturation fidld is defined as the point
where the magnetisation plateaus with applied field. Thaevalf magnetisation atl,

is known as the saturation magnetisatidh,. Once a sample has been takerHtg if
the field is reduced to zero some of the magnetic moments isahele will begin to
reverse. The magnetisation that remains is known as thenemhanagnetisatior,..
Finally if a magnetic field is applied in the reverse sensa the field required to reduce
the magnetisation to zero, is known as the coercive fle|Jd M, depends entirely on the
composition of the sample as it comprises the number as weklative strength of the
magnetic moments in the materidf., H, andM,, which are illustrated in figure 3.12,
can all vary with material structure and temperature soltasdo be taken when analysing

these parameters.

Figure 3.12: Example schematic hysteresis loop for a feagmatic material, showing the
saturation field d,), the coercive fieldH.) and the remanent magnetisatiavi,{). For
this Ioop'\,\fl—: ~ 1but0 < M— < 1in general.

The measurement is performed by placing the sample betvineepale pieces of an
electromagnet. The sample is then vibrated using a piezioielenotor at a constant fre-
guency, passing pickup coils which detect the variation agnetic flux due to the pres-
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ence of the sample. A current is induced in the pickup coid & proportional to the
magnetic moment of the sample but independent of the appi@ghetic field. If the

physical dimensions (or mass) of the sample are known atetyrdnen the number of
magnetic moments in the sample can be deduced allowing theetisation to be calcu-
lated. The voltage induced is very small so a lock-in amplifreist be used in order to
lock onto the specific vibration frequency. With this it isgsile to greatly reduce the
noise in the measurements.

The VSM used to perform these measurements is a MicroSendelNI0 Mk 1. This
VSM allows vector magnetisation measurements at fields @2 t@e with noise of less
than0.5 x 107 Am?. The field direction can be rotated througt{540.0 & 0.2) © and
temperature dependent measurements can be performecehet®w& and 773 K with a
resolution of 0.01 K. The VSM measurements presented inthieisis were made by the
author and/or Mr James Sizeland unless otherwise statexladihor 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# powerful tool for the
analysis of thin films as it allows the atomic scale structfrenaterials to be examined.
A high voltage electron gun is used to generate a beam ofretextvhich is focussed
onto the sample by a series of magnetic lenses. The eledcatter through the material
depending on the relative charge density in the region amdalected by a CCD detector.
From this information it is possible to determine where theaa of significant charge
density, such as atoms and some molecular bonds, are loddtedsample must first be
prepared by thinning it to electron transparency. This isedmechanically and then fine
thinning is performed using an ion mill. In the York-JEOL MNaentre this is done using
a precision ion polishing system (PIPS) which uses Ar iorchip away tiny fragments of
material leaving the sample very flat and thin. Samples cagréygared to observe either
the plan view of the structure or the cross section of the naté€ross sectional analysis
is very important as it allows accurate determination of fitmeckness, as well as judging
the uniformity of crystal structure and surface and intggbhroughness and cleanliness
over several nanometres. HR-TEM also helps to spot defe@itexmsuch as dislocations,
vacancies, stacking faults, interstitial atoms and ahéige domain boundaries (APBS).



Spatially Resolved I nfrared Spectroscopy For Spintronics page 69

It is very important to prepare the sample along a plane aftatysymmetry, this way
bright columns of atoms are formed in the resultant imagésowut blurs from underlying
layers. The TEM used to produce the micrographs in this inle@edouble aberration-
corrected JEOL JEM-2200Fs TEM with a 200 kV electron gunated in the York-JEOL
Nanocentre. The TEM micrographs presented in this thesie mduced 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 FgO, films of 10, 18, 37, 64 and 110 nm thickness were grown by Dr.eam
Naughton in the MBE system in York. Dr. Naughton obtained ttieeeimental reflection
and MRE spectra presented in this section using the techoigflised in chapter 3 of this
thesis for obtaining MRE spectra in York. In this section,M#eE model used to describe
the films is compared to the experimental data. Systemadilysis of the simulated spec-
tra in context of the experimental data allowed the modeleantodified and improved,
providing a closer reproduction of the experimental seasrwell as a deeper insight into
the underlying physics.

4.1 Modelling of the reflectivity of Fe;O, thin films as a
function of thickness

The growth conditions used by Dr. Naughton in the prepanadiothe films considered
were based on those used by Ga@l®’. The MgO substrates were cleanedsituby
sonication in acetone and then isopropanol to remove can&nnorganic molecules.
The substrates were further cleangekitu by annealing in atomic oxygen at 973K for
two hours. The substrates were then cooled to 623 K in theexyg eliminate any oxy-
gen vacancies introduced during annealing. ThgOgdilms were then deposited on the
substrates by simultaneous oxidation with an oxygen plasuece, as outlined in section
3.1.1. The iron deposition rate was &4, with an RF plasma power of 200 W and oxy-
gen partial pressure @fx 105 mbar. The film thicknesses and structure were determined
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using cross sectional HR-TEM performed at the York-JEOL Nandre by Dr. Naughton.

Simulated reflection spectra were generated using a Pyttagrgm written by the
author. This program is a transcription and extension of aehwritten in MathCad
provided by Dr. Naughton. The benefits of the Python progresraa increase in com-
putational efficiency as well as the ability to easily pemicgpectral analysis such as peak
height and gradient calculations. The spectral analysistionality is new to the Python
version of the model and is the work of the author. The proguass the theory outlined
in chapter 2, calculating the reflectivity from the Fresngli@ions using the MgO and
Fe,O, complex dielectric functions given below:

EMgO = €co T €phonon
n S 2
W2
o IMgO ™ IMgO
= EOOMgO -+ E 3 R ' (41)
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j=1 wj*dspegod‘ w Z%fdsFegoz;wJ*dSFesoél
2
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1 w? —iyw iw

2
7dsF6304 wjfdsFeB 04

+ eooFe30

The parameters in table 4.1 were taken from previous work oy, Ahoi, Noh, De-
giorgi, Wachter, lhle an&imsab26961.70 The simulated reflectivity spectra produced by
these groups are in good agreement with previous experanetitdies in the energy
regime of interest, so they are used in this model with confide Using the parame-
ters in table 4.1, a series of reflection spectra with diffexalues of film thickness were
produced. The simulated spectra are given in figure 4.1lat@ddrresponding experi-
mental spectra are given in figure 4.1b, where both sets atrspkave been normalised
against a gold reference spectrum.

The experimental and simulated spectra in figure 4.1 shovsdnge general trends
but there are a few discrepancies between theory and exgearirihere is a significant
underestimation of the reflectivity at short wavelength$soAthe location of the F®,
phonon absorption peak at 185 is shifting towards longer wavelengths in the experi-
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MgO resonance parameters
j=1 j=2
Wingo 25.25 pm 15.55 um
Virgo 1315.79 pm 111.11 pm
Sirgo 6.80 0.043
Fe;O, resonance parameters
=1 i=2
Wige,0, 30.30 pm 18.52 pm
Vireyo, 250.00 pm 227.27 um
Sergo4 996.00 821.00
d-s transition parameters
Wj—dsp, o, 2.02 pm
Vi—dsee,0, 2.31 pm
S)—dss, o 11920
374
Other parameters
€conigo 3.01
€oore,0, 4.6
o 1.01 x 10" Hz
N 1.86 x 10* m—3

Table 4.1: The various modelling parameters necessarylar to calculate the reflectivity
and MRE spectra for the E®,/MgO system. The MgO parameters were obtained from
Ahn, Choi and NoR*®°. The FgO, modelling parameters were derived from Degiorgi,
Wachter and Ihl&'. The damping termy() and number of free carriersV() were taken
from Simsa’®.
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(a) Modelled infrared reflectivity spectra for MgO(111), and varithisknesses (10, 18, 37, 64
and 110 nm) of Fg0, on MgO(111).
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(b) Experimental infrared reflectivity spectra for MgO(111), andows thicknesses (10, 18, 37,
64 and 110 nm) of F®©, on MgO(111).

Figure 4.1: Plots comparing the experimental and simulegidction spectra. The over-
all trend of the experimental spectra is followed by the dated spectra. However, the
simulations underestimate the reflectivity at short wawglles and the spectral feature at
~18.5um shifts in the experimental spectra but does not in the sitadlspectra.
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ment but not the simulation. The reflectivity is ultimatelgpgndent on the conductivity
of the film. The simulations suggest that the conductivitieed to build the dielectric
function may have been underestimated. One possible extmarfor the low conductiv-
ity is that the model underestimates the metallic naturéheffim. For this to be true,
either the assumption that the Drude contribution to thelaotivity is negligible is false,
or the film contains a significant fraction of unoxidised iramtroducing an extra Drude
term and increasing the conductivity. It is also possibbt the hopping conductivity is
underestimated. Calculating the hopping conductivity isamemely difficult quantum
mechanical problem to solve as it is a 3-body (at least) ateyn and is very sensitive to
the relative positions and separations of atoms in thec@attit is possible that the fitting
parameters as stated may be unique to their films and areastieating the conductivity
of the films grown in York. In the following section, the hopgiand Drude conductivity
contributions to the reflectivity are investigated by vagythem to try and obtain spectra
that are the same shape as the experimental spectra.

4.2 Modelling the reflectivity of Fe;O, thin films

4.2.1 Modelling the conductivity contribution to the reflectivity

Figure 4.2 shows the experimental reflection spectrum ®d &0 nm thick sample. Three
simulated spectra are also shown; one where there is a Deutleaind no hopping term
(Drude only,R « w™?), one where there is a hopping term and no Drude term (Hopping
only, R « w™') and one with both terms (Both). The spectrum where the dartan is
solely Drude is a different shape to the experimental spettthere is a step at 12.5 um
whereas in the experimental spectrum there is a small pealksdocation. The spectrum
where the two terms are of equal order appears similar toxgpergnental spectrum, with
a peak atv 12.5 um, but the magnitude of the peak is overestimated. Fin&kéyspectrum
where the hopping term is dominant is most like the expertalespectrum, with a peak
at ~ 12.5 um that is closer to the size of the experimental peak. Thesetgpsuggest
that the dominant dependencebn frequency is? oc w~! from the hopping term. This
gives credence to the assumption that the Drude contributas insignificant'.

A set of simulated spectra were plotted for increased vadfié®pping conductivity,
shown in figure 4.3, to attempt to verify whether the hoppiogductivity may have been
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Figure 4.2: Plot of the experimental reflection spectrumhef 110 nm FgO, film with

a set of simulated reflection spectra with different conshitgtprofiles. The simulated
spectrum where the conductivity is dominated by polarorphapgives a reasonable ap-
proximation to the shape of the experimental spectrum. Trhelated spectrum where the
Drude term is of the same order as the hopping is less of a giptitefisimulated spectrum
where the Drude term is dominant does not reflect the expatahgpectrum at all. Thisis
consistent with the prediction that the hopping term is dant in the wavelength regime
of interest.

underestimated.

It can be seen that increasing the hopping conductivitydarlonepping= 1000 2~ 'cm™*
fits the general shape of the spectra much better baf—'cm~t. The reflectivity is
higher to the left of the peak than on the right 600 Q~*cm™!, the lowest value for
which this is true. Higher values increasingly exaggeragenhagnitude of the peak. The
overall magnitude of the reflectivity is still much lower than the experiment. Figure
4.4 compares the experimental reflection spectrum of therbthick film with simulated
spectra with the original hopping conductivity &f0 Q2~'cm~tand the increased value of
1000 2~ tem™!. It is again clear that the increased hopping conductivitggthe simu-
lated spectrum the correct shape, with a peak rather thapastthe spectral feature.

Figures 4.5-4.9 compare the experimental spectra withithalated spectra with a
hopping conductivity ofi000 2~'cm~! for each sample, assuming that the conductivity
of all the films is the same. This conductivity value is doublat reported by Ahf¥.

It can be see from figure 4.10 that the shapes of the simulatszira are now signif-
icantly closer to the shapes of their experimental couatgésp The overall reflectivity of
the simulated spectra are much closer to those of the expetainspectra but are still un-
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Figure 4.3: Plot showing a series of simulated reflectiorcspenith increasing hopping
conductivities. The best fit to the overall shape of the erxpental spectra comes when
the value of the hopping conductivity 1600 Q~cm~1.
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Figure 4.4: When compared to the experimental reflectiontepéar the 64 nm sample,
a much better fit to the general shape is obtained with a hgpgnductivity double the
size of the previous estimate.
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Figure 4.5: Experimental and simulated reflection spedteald nm FgO, thin film.
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Figure 4.6: Experimental and simulated reflection spedteal® nm FgO, thin film.
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Figure 4.7: Experimental and simulated reflection spedtea3y nm FgO, thin film.
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Figure 4.8: Experimental and simulated reflection spedteaGat nm FgO, thin film.
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Figure 4.9: Experimental and simulated reflection spedteald.0 nm FgO, thin film.
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derestimates. The changing experimental position of th®ehonon absorption is not
reproduced by the simulation, so must be the result of a phenon not yet incorporated

into the model.
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(a) Modelled infrared reflectivity spectra for MgO(111), and varithisknesses (10, 18, 37, 64
and 110 nm) of FgO, on MgO(111) withohepping= 10002~ tem~1.
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(b) Experimental infrared reflectivity spectra for MgO(111), andoas thicknesses (10, 18, 37,
64 and 110 nm) of F€®, on MgO(111).

Figure 4.10: Plots comparing the experimental and simdliag#ection spectra. The over-
all trend of the experimental spectra is followed by the dated spectra. However, the
simulations underestimate the reflectivity at short wawglles and the spectral feature at
~18.5um shifts in the experimental spectra but does not in the sitaedlspectra.
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4.2.2 Modifying the simulated spectra to account for the shifting phoon
resonance.

The experimental reflection spectra show a shift in the lonabf the absorption peak
predicted to be at8.5 um; the peak shifts towards this bulk value with increasing fil
thickness. This shift is not reproduced in the simulateadspe This shift is possibly due
to strain in the lattice shifting the bond energy associatgd the phonon. Thég&8.5 um
absorption is Raman active and such shifts in phonon energyadstrain have been ob-
served in Raman spectra of J& ’%. It is therefore reasonable to assume the same would
be true in reflection spectra. Figure 4.11 shows a plot oftifefsom the bulk location of
the phonon peak with film thickness. It can be clearly seeth thie exception of the 10 nm
sample, that the phonon peak position shifts linearly toadhe bulk value of 18.bm.
Extrapolating down to zero shift, a prediction can be madettie bulk value is recovered
for a ~145nm thick film. It is possible that for the 10 nm sample then fi$ still in an
island growth phase. This would lead to the film being discw@us across the surface
of the substrate leading to very different material prapsrtit appears that above 18 nm
the film is continuous. Thus, as more material is added, th&ibotion from the ordered
film becomes more important resulting in the shift in enemyyards the bulk value.
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0
2 0.4+
5
£ 0.3
=
S 0.2

0.1 1 . Peak shift from bulk value

Extrapolation to bulk value
0 20 40 60 80 100 120 140
Film thickness (nm)

Figure 4.11: The position of the spectral feature due to #8©Jshifts linearly towards
the bulk value, reaching it a thickness ©l45nm. The 10 nm thick sample does not
follow the trend of the other films.

In order to produce more accurate MRE spectra, this phondnrggds to be incor-
porated into the model. This was done by taking the peakipaditom the experimental
spectra and putting those values into the model insteadediulk value. The result of this
produces the more accurate simulated reflection spectrgurefé.12a.
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(a) Simulated reflectivity spectra using the experimentally determined locatitwe ¢fgO, reso-

nance peak.
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(b) Experimental infrared reflectivity spectra for MgO(111), andaas thicknesses (10, 18, 37,
64 and 110 nm) of F€®, on MgO(111).

Figure 4.12: Plots comparing the experimental and simdlegection spectra, where the
experimental position of the E®, resonance has been incorporated into the model. The
overall trend of the experimental spectra is followed by sheulated spectra, although
the simulations underestimate the reflectivity at shortelevgths.
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4.3 Modelling the MRE of Fe;O, thin films

4.3.1 Assigning the magnetic field dependence of the f&, dielectric
function

The magnetic field dependence is introduced into the modelddsiplying the appropri-
ate conductivity components of the & dielectric function by(1 + nh?), whereh is
the fractional change in conductivity in the applied magnéeld andn is a fitting pa-
rameter to test the proportionality of the optical and d.ectical response. Electrical
four-point probe measurements of the MR of the films show da&h film has an MR
of approximately 1% at 10 kOe, typical of f&, thin films’3, giving h? = 1 x 10~ for
each sample. Theh? term represents the small conductivity change within tledediric
function caused by the magnetoresistance, hence we udertiigo fit the magnitude of
the MRE. As the value of is very small, it will be difficult to say with certainty whesh
the difference imh? is due to a real change in magnetoresistahcey in the fitting pa-

rametery,.

The spin-dependent conductivity of the;Bg ultimately gives rise to the MR, so it
is necessary to know which terms in the;Bg dielectric function are spin-dependent
and of significant magnitude in the spectral range underiderstion. ¢,, is a mate-
rial constant and is independent of the magnetic field so #id 8ependence must be
distributed amongSiyhonon €ds; €hopping @Nd €prude- €phonon IS treated as independent of the
external magnetic field. If it was field-dependent then thvesald be uncharacteristically
large increases in the MRE signal at every®gphonon resonance, which is not seen in
the experimental MRE spectray represents a relatively high energy phenomena, outside
the wavelength range of interest, so is discounted for #@son. The hopping term is
potentially spin-dependent as the polaron hopping occetwden the 3d electrons that
are responsible for the ferrimagnetism in;8g. Although the Drude term must be spin-
dependent (as the band structure is necessarily spiri®piithas been previously noted
that the contribution ofoppingiS dominant ovetpge We can therefore, to a first approx-
imation, assign the magnetic field dependence to the hopeimngwith confidence:
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This approach is different to that taken in previous MRE medeéiere the magnetic
field dependence was assumed to be due only to the spin-dapEndf the Drude con-

ductivity, as in a pure metallic system.

4.3.2 Fitting the simulated MRE to the experimental spectra

Thenh? term was used to fit the magnitude of the main feature in the MiEtsum of
each film. These MRE spectra are shown with their experimantbgues in figure 4.13.
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Figure 4.13: Stacked experimental and simulated MRE sp#mutfee,O, films of increas-
ing thickness. The height of the main spectral feature wad tsgauge the value gf?,
the gradient (as measured from the maximum and minimum)edigture however is not
accurately reproduced for very low/high thickness. Theralso an additional feature in
the experimental spectra around 181 that is not present in the simulated spectra.

The magnitude of the main spectral feature of each film wassored forh? = 1 x
10~4, with no fitting parameter( = 1), shown in figure 4.14. The simulation agrees
within error (£0.05%) suggesting that the value of thes approximately unity and there
is a one-to-one correlation between the optical and etedtresponses. The experimental
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feature magnitudes are reproduced with only a slight chantee value ofph? between
samples of(0.9 < nh? < 1.3) x 1074, as shown in figure 4.15. The narrow range in
values ofyh? is consistent with there being little variation in the MRWween the samples.
Our approximation for (h ~ 1 x 10~%) gives the range of the scaling paramejeas
0.9 <7 < 1.3, which is very close to 1.
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Figure 4.14: Comparison between the experimental and sietljaeak heights for the
12.5um MRE spectral feature as a function of film thickness. Theealih used gives
h? = 1 x 10~* and the fitting parameter = 1. The simulated peak heights agree within
error with the experimental peak heights for all samplegpkthe 18 nm sample.
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Figure 4.15: Comparison between the experimental and sietljaeak heights for the
12.5um MRE spectral feature as a function of film thickness. The pesaghts are fitted
with nh? values in the ranggh? = 0.9 x 10~* — 1.3 x 10~*. The simulation can be made
to follow the experimental trend with only a modest changth@value ofi)h?.

The gradient (as measured between the lowest and highess pbithe main spectral
feature) is well reproduced for the intermediate thickregsaples, but not for the 10 nm
and 110 nm samples, a shown in figure 4.16. There is also apecid additional spec-
tral feature at~18.5um in the experimental spectra of the thicker samples thabis n
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reproduced in the simulations.
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Figure 4.16: Comparison between the experimental and sietllgradients of the
12.5um MRE spectral feature as a function of film thickness. The &ftran closely
matches the experiment at intermediate thicknesses, isavat110 nm and is not a good
fit at 20 nm.

The feature in the MRE spectrum at 18 in the thicker films must be due to the
Fe;O, phonon resonance in that region as the feature becomes mwrngngnt with in-
creased film thickness. This feature also seems to shiftrttsathe bulk location for this
Fe,O, phonon. The experimental evidence strongly suggests lieae is an additional
shift in the location of this phonon with magnetic field whicas not been accounted for
in the simulation. In a bid to reproduce the feature, a snahge in the position of the
phonon of 0.0um was introduced into the applied field dielectric functidhe results of
this modification are given in figure 4.17.

The small shift introduced into the simulation accountsthea feature seen in the ex-
perimental spectra. The physical origin of this shift cooédthe magnetic field modifying
the bond lengths in the material, causing a change in theibgrahergy resulting in a
different phonon wavevector. A magnetic field has been shiowre capable of shifting
the position of a phonon resonance in GaAs by Chetrad’®. Overall, the simulated spec-
tra now fit the experimental spectra far more closely tharr@vipus simulations, where
the magnetic field dependence was assumed to be entirely diobe Drude conductivity.
Although the model is very good at intermediate thicknessid is still significant differ-
ences between the experimental and simulated spectra/aidgbvihicknesses. Allowing
the FgO, phonon location to shift both with thickness and with the leggbmagnetic
field also greatly increases the accuracy of the model, asasdietter representing the

underlying physics of the system.
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Figure 4.17: Stacked experimental and simulated MRE spéatr&e;O, films of in-
creasing thickness, where the location of thg@zephonon resonance has been shifted
by 0.05um when the magnetic field is applied. The behaviour of thetamfdil spectral
feature at 18.,um is accurately reproduced by this simple modification tontioelel.

4.4 Conclusions

A series of FgO,/MgO thin films of thickness 10, 18, 37, 64, 110 nm were grown by
MBE. The reflectivity of these F®, films was successfully reproduced using a multi-
ple reflection model as a function of thickness. It has beenastrated that the E@,
phonon resonance at 18/ occurs at shorter wavelengths in these thin films, linesly
proaching the bulk value (at145 nm) with increasing thickness. This is possibly due to a
strained portion of the film at the substrate in each film hguardifferent phonon energy,
the effect of which decreases in importance as more unstiaraterial is deposited above
it, causing a shift in phonon position towards the bulk vadii increasing thickness and
strain. Such measurements could prove to be a useful, vérk gay of estimating the
film thickness from its reflectivity spectrum. The MRE speatfahe FgO, films can

be reasonably reproduced by usilig= 1 x 10~* as the conductivity difference in the
applied magnetic field, suggesting the value of the fittingapeeter is) ~ 1. If a suffi-
ciently large magnetic field could be applied in order to s#ithe films then the exact
value ofn could be determined, perhaps reinforcing the claim thastiading parameter is
almost unity. However, magnetic fields of the strength resgliare not available in York,
so the one-to-one correlation between the MRE and MR is syowggested but not
conclusively demonstrated. The simulated MRE spectra wa@uged by assigning the
magnetic field dependence to the hopping term, whereasguework had assigned the
dependence to the Drude term. The simulated spectra weeasomable agreement with
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the experimental spectra, suggesting this approach id.vaAln additional experimental
MRE spectral feature that becomes more prominent with isangahickness was repro-
duced in the model by introducing a slight (0,0%) shift in the FeO, phonon position
with the field. This observation was unexpected and couldhetaresting opportunity for
further investigation. These results demonstrate thenpiatéor using the MRE technique
for probing the underlying magnetoelectronic propertiethim 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 sesmstt its microstructure. For
a FgO, based device, small variations in chemical compositionateange the magnetic
properties of the device. Contaminant oxide phasesj®fHeased devices lead to a reduc-
tion in spin polarisation, leading to device failure. Inglwhapter, the variation in oxide
composition across several & thin films, produced by different deposition methods,
is measured using IR reflection microspectroscopy at theESIOkynchrotron. Where
a significant variation in composition is observed in a s&anfR reflectivity modelling
is used in an attempt to establish which oxide phases aremresd in what relative
concentrations. This modelling is an extension of the workhapter 4. IR reflection
microspectroscopy is presented as a quick, reliable waetdrdhining the quality of an
Fe; 0, thin film with spatial resolution. Complementary magnetamend 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 takértlve IR microscope on the
SMIS beamline at the SOLEIL synchrotron, using the techesooutlined in section 3.3.
Reflection spectra were taken over the rahge- 20.0 um with a spot diameter of 20m.
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In order to eliminate contaminant peaks from atmospheniccas (and from within the
detector itself) it is necessary to normalise the spectainaga gold reference spectrum.
Gold is highly reflective across the spectral range beind asel has no spectral features,
making it an ideal normalisation standard. Once normatisatas removed unwanted
spectral features, the remaining features will be due tditire There are several iron
oxide phonon resonances in this spectral range, shownlm3ah The locations of these
resonances are marked on each of the plots of reflectionrageanake determination of
which oxides may be present simpler.

Oxide | Formula | Position (cnr?)
haematite| a-Fe,0, 437
525

maghemite| ~-Fe,0, 440
550

magnetite,  Fe,0, 540

Table 5.1: The locations in wavenumbers of characteristanpn resonances ofFe,Os,
~-Fe,0; and FgO,.

5.2 Variations in reflectivity across post-oxidised FgO,/MgO
thin films with annealing timescale

5.2.1 Preparing FgO,/MgO thin films by post-oxidisation

The first series of three E®, thin films under consideration were grown by MBE in
York by the author, with the assistance of Dr. Siew Wai Pognthie the post-oxidation
technique outlined briefly in section 3.1.1. 20 nm iron filmsrevdeposited at 1Amin-1.

The films were then subsequently annealed in an atmosphemletular oxygen at a
partial pressure of x 10~° mbar at 320C. The samples were annealed for 15, 44 and 60
minutes respectively so they could be used to determineiptst-oxidising time affects
the quality of the film produced. It was previously noted tin&t oxidation process is self-
limiting and only the top 3 nm of the sample will oxidise, tefare it is expected that there
will be a strong metallic reflectivity contribution from theon 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 positorthe sample, with a spot diam-
eter of 20um. The first seven spectra were taken in a line along the lesfgtie sample,
with each spectrum separated from its neighbours by 0.1 nortedt that this was rep-
resentative of the rest of the sample, three additionaltspgere obtained from another
part of the sample roughly 1 mm away, which were also sephiat®.1 mm. A diagram

of this map is given in figure 5.1.

0.1 mm

Figure 5.1: Map of the reflection spectra obtained for thet-paglised samples. Ten
spectra were taken in total in two parts of the sample to bedtthe spectra obtained were
representative of the whole sample.

Reflectivity maps for the sample post-oxidised for 15 minute

Figure 5.2 shows the ten reflection spectra obtained frorsahgple post-oxidised for 15
minutes. It can be seen that there is little variation betwthe spectra, suggesting that
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Figure 5.2: Spectra taken at ten points across the postsexid-gO, thin film that was
annealed for 15 minutes. The ten spectra are almost idéstiggesting there is little
reflectivity variation across the film.

the sample has a uniform composition across a large areandlismg the ten spectra to
the gold produces the spectra shown in figure 5.3. There iggndisant spectral feature
at any of the locations indicated. There are some small odntnt peaks beyond 600

wavenumbers but otherwise the spectra are all very simildvary flat.

Reflectivity maps for the sample post-oxidised for 44 minute

For the sample annealed for 44 minutes, a similar resulusdoFrom figure 5.4, there is
again no obvious differences between any of the ten reflgcspectra, with the spectra
all being very flat and metallic. The contaminant peaks h@vere more prominent,
suggesting that the extra annealing time does not promaier lmpiality oxide formation

but does allow for more contaminants to form at the film swefac

Reflectivity maps for the sample post-oxidised for 60 minute

The reflection spectra from the sample which was anneale@@aninutes are almost
identical to those taken from the sample annealed for 44 tesnuThis suggests that at
some time between 15 and 44 minutes the contamination ofutti@ce is complete and

no further damage to the surface is possible.
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Figure 5.3: Normalised spectra taken at ten points acrasgast-oxidised F©, thin
film that was annealed for 15 minutes. The normalisationaiesvénat there are no major
spectral features and that the spectra are all flat with sam@minant peaks. This sug-
gests that there is very little oxide formation and the spectis being dominated by the
strongly reflecting iron.
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Figure 5.4: Normalised spectra taken at ten points acrasgadst-oxidised F©, thin
film that was annealed for 44 minutes. The spectra are fre@ofaxide and have more
prominent contaminant peaks than the sample which was kthiest 15 minutes. There
is almost no variation between the ten spectra.
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Figure 5.5: Normalised spectra taken at ten points acrespadist-oxidised F©, thin
film that was annealed for 60 minutes. The spectra are alrdestical to those from the
sample annealed for 44 minutes, suggesting that therensitatdi 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 athial 15 minutes and the
samples annealed for 44 and 60 minutes was calculated tdéifyube differences between
the reflection spectra of the samples. For each sample, tiedpectra taken at different
points are very similar, so P1 was chosen arbitrarily. It lbarseen from figure 5.6 that
the samples annealed for 44 minutes and 60 minutes have ivatgrgeflection spectra,

while the sample annealed for 15 minutes has a very diffesdlgction spectrum, having
a steadily reducing reflectivity with increasing wavenumbghe variation between the
samples annealed for 15 and 60 minutes can’t be caused bgehanthe contaminant

oxide concentration as there is no difference in peak hgigatvariation is very linear.

In order to highlight any differences between the variowessa taken from the sample
annealed for 15 minutes, the spectra were subtracted fromather to determine if there
were any slight changes in peak heights between spectra.diffeeence between the
spectra taken at points 2-9 and the spectrum at point 1 waessqd as a percentage
(Rpﬂj%;f"l X 100%) and plotted in figure 5.7. There is no variation with peak heigsible
above the noise, although there is some drift at long wavéeusn Similar conclusions
can be drawn for the samples annealed for 44 minutes and G@esibut the spectra are
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Figure 5.6: Percentage difference between spectrum P1ltfrereample annealed for 60
minutes and the samples annealed for 15 and 44 minutes. litece@en that the 44 and 60
minutes samples are very similar but the reflectivity speutof the sample annealed for
15 minutes is very different, with a much lower reflectivitytvincreasing wavenumber.

not produced here for brevity.
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Figure 5.7: Plot of the difference between spectra fromsdr9 and the spectrum from
point 1 expressed as a percentage. There is no variationvabse above the noise.

5.2.4 Supplementary characterisation by VSM and TEM
The hysteresis loop for the sample annealed for 15 minutggas in figure 5.8. The loop

has very low coercivity and a large remanent magnetisatioaracteristic of an iron hys-
teresis loop. This hysteresis loop would suggest that trgnetec behaviour of the sample
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is being dominated by the presence of a large quantity of present in the film. This
argument is supported by the TEM micrograph presented imdi§l®. The micrograph
shows that this region of the film is approximately 75% irorichrhas not been oxidised,
while there is a layer of F®, on the surface, comprising 25% of the total film. It is
important to note that this micrograph only shows an appnaxely 22 nm section of the
sample, which is two orders of magnitude lower than the te&wi of the IR microscope,
so gives very localised information and may not be represgigetof the entire sample.
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Figure 5.8: Magnetometry data for the sample annealed famibthites. The hystere-
sis loop has a low coercivity and high remanence, indicatiag the signal produced is
dominated by the presence of iron in the film. Image courté®jroJames Sizeland.

5.2.5 Modelling the reflectivity of the sample annealed for 15 minutes

Using the multilayer reflectivity model discussed in detaithapter 4 the reflectivity of
the sample annealed for 15 minutes was simulated, shownureflyy10. The simulation
assumes the 75% Fe and 25%Ggsplit implied by the TEM data. Reflectivity spectra
where the film is composed entirely of iron and entirely of®Ggare presented on the
same plot for comparison. The simulated spectrum of the Eaimpery flat, consistent
with the experimental spectra. The;Bg spectral feature is very weak in the simulation,
in agreement with the prediction that the presence of a lqugatity of iron would wash
out the reflectivity contribution of the oxide at the surfades the sample is only 20 nm
thick, there is a significant, broad absorption from the sabsat~ 640 cm~! which is not
observed in the experimental spectra. However, the filnktigss estimated from the TEM
results is~ 7 nm greater than the growth thickness, due to an oxygen plkaing nserted
between each plane of iron atoms in the oxide layer, so thisissirprising.The general



Spatially Resolved I nfrared Spectroscopy For Spintronics page 96

Figure 5.9: TEM micrograph showing the sample annealed3anihutes is 75% unoxi-
dised iron with a small layer of £E®, at the surface. Image courtesy of Mr. Daniel Gilks.
The inset diagram is the electron diffraction pattern ofdhgace layer and is of £©,.

trend of decreasing reflectivity beyond 600 cm~! is seen in both the experimental and
simulated spectra.

5.2.6 Summary

Ten reflection spectra were taken at points along a line aggghby 0.1 mm from F©,
thin films that had been annealed for 15, 44 and 60 minutesreTas no variation in
reflectivity observable across any of the samples. All tisaraples were featureless, sug-
gesting that there is a strong enough metallic reflectivtytcbution to wash out any oxide
absorption features. This supports the hypothesis thgpdseoxidation is self-limiting
in depth and only oxidising a few nanometres down into the filon. For the sample an-
nealed for 15 minutes, the magnetometry data strongly sig@efilm comprised mostly
of iron. The TEM data shows conclusively that the film is 75%w#th 25% FgO, as
a surface layer, as well as demonstrating that the ratiooof io FgO, is roughly con-
stant across this 20 nm section, potentially explainingldlc& of variation in reflectivity
across the film. A simulated reflectivity spectrum for the plarxannealed for 15 minutes
was produced, which was flat with very weak absorption festlike the experimental
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Figure 5.10: Simulated reflectivity spectrum of the sampleealed for 15 minutes (75%
iron - 25% Fg0O,). The FgO, absorption in the simulated spectrum is very weak, sug-
gesting that at this sample thickness and irogizeatio the iron reflectivity is washing
out the reflectivity contribution of the oxide.

spectra.

5.3 Reflectivity variation across an FgO,/MgO thin film
deposited by simultaneous-oxidation

5.3.1 Preparing FgO,/MgO thin films by simultaneous-oxidisation

An Fe,O, thin film was grown by MBE in York by the author, with the assista of Dr.
Siew Wai Poon, by the the simultaneous-oxidation technmuténed briefly in section
3.1.1. A 60nm iron film was deposited at Amin—! in an atmosphere of molecular
oxygen at a partial pressure 6fx 107> mbar at 320°C. As the iron is continuously
exposed to oxygen from the beginning of the deposition ikxpeeted 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 poed for this sample. The first
(large) map was produced as shown in figure 5.11, where eachipseparated from its
neighbours by 0.5 mm with a spot size20fx 20 um. The second (medium) map, follows
the same pattern as the large map but is located within treredormed by points 19-22
of the large map. The points are each separated byud25The third (small) map is
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located within this square, defined from point 21. This mdfp¥zs the same pattern as
the first two, except there are 36 spectra and they are seddmt50um, which is close

to the resolution of the IR microscope.

5mm

0.5mm

P1 P10 P21

10 mm
®
°
®

P5 P6 P25

Figure 5.11: Description of the three maps (large, mediuthsanall) produced for the
simultaneously-oxidised E®, thin film. The large map, consisting of the 25 points
shown, is & x 2 mn? grid with a 500 micron point separation. The medium map, iwith
the black square, is@5 x 0.5 mn? grid with a 125 micron point separation. The small
map, within the blue square, i)&5 x 0.25 mm? 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 simultaneouslydesed sample on the large, medium
and small scales described in the previous section arergessm figures 5.12, 5.13 and
5.14. It can be seen that at all three lengthscales thergngisant variation in reflectivity
across the sample, down to near the spatial resolution dRth&croscope. This indicates
that there is a spatial variation in the composition of thegla across a large area and
on small lengthscales. There is a strong absorption in thetspat~ 550 cm~*, which
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is a characteristic phonon resonance of maghemite. Themlmsts are not all located in
the same position, the deeper the absorption feature the imefeature is shifted towards
lower wavenumber. This suggests that there is a variatidinamelative concentration of
maghemite in the sample. Except for the location of the phaimsorption, the reflection
spectra of maghemite and magnetite are similar. The vaniati the depth of the feature
is therefore predicted to come from a variation in the rafio>adised to unoxidised iron,

with the spectra becoming flatter where more iron is present.

Fe304/Mg0O 60nm post-ox sample - large - normalised
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Figure 5.12: 25 reflection spectra taken ir2 & 2mn? grid with a 500 micron point
separation. There is significant variation in reflectivityass the sample suggesting that
there is a variation in sample composition across a large dilgere is a strong absorption
feature atv 550 cm™! 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, tleepage difference between
each spectra and the spectrum at point P21 were taken taghgtifferences between
the spectra. Point P21 was chosen as it is a common pointlf8rlahgth scales. The
percentage differences between the spectra, shown in figite show that there is a
variation in the depth of the absorption peak across the karbpt not in its position.
This suggests that the ratio of magnetite to maghemite soresbly constant across the

sample, with a variation in the relative amount of iron taniexide.
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Figure 5.13: 25 reflection spectra taken in&ax 0.5 mny grid, within the2 x 2 mm? grid,
with a 125 micron point separation. There is significantat#oin in reflectivity across the

sample on this smaller scale.
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Figure 5.14: 36 reflection spectra taken inzb x 0.25 mm? grid, within the0.5 x 0.5 mn?
grid, with a 50 micron point separation. Even near the resglimit of the IR microscope
there is significant variation in reflectivity across the péan The spectra with deeper
absorption features appear to be shifted significantly tdswa 540 cm™!, where an FgO,
phonon absorption is expected. This suggests that theragaetite present in this area
of the sample and that the ratio of magnetite to maghemiievapatially.
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Figure 5.15: Percentage difference between each spedrtharspectrum at point P21
for the medium sized area. There is a significant variatioiméndepth of the absorption
feature but not its position. This suggests that the ratimagnetite to maghemite does
not vary but there is a variation in the ratio of iron to ironaxacross the sample.

5.3.5 Modelling the reflectivity of the simultaneous-oxidation sample

An attempt was made to simulate the reflectivity of the sarapfmint 21 using the model
outlined previously in chapter 4. Point 21 was chosen as # tlva spectrum being used
to calculate the percentage difference between the spekdreodel the reflectivity, the
ratio of magnetite to maghemite was varied in order to fit thsifpn of the absorption
feature. Once the ratio of the oxides was determined, the o&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 functiorirtcorporate the maghemite.
The magnetite and maghemite dielectric functions were kte@as in equation 5.1, where

f is the fraction of magnetite present.

€oxide = [ €Fe,0, + (1 = f) €4-Fe,0, (5.1)

The simulated spectra in figure 5.16 demonstrate that if #ti® of magnetite to
maghemite is varied then the position of the absorptionufeatdoes move. The cor-
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rect position for the spectral feature is achieved for a darhat is 75% FgO, and 25%

v — Fe,O,. Overall, the reflectivity is underestimated in the same a&yhe simulations
produced in chapter 4. This underestimation is unexplagoedo attempt to address this
is made here. It must be noted that changing the ratio of nidgre# maghemite also
changes the depth of the spectral feature. This effect cagrmeed in fitting the ratio
of iron to iron oxide however as it has been shown that the w@itihe two oxides is not
changing, so the effect must be purely due to the variatidingmatio of iron to iron oxide.
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Figure 5.16: Simulated reflection spectra with differetibaof magnetite to maghemite.
The position of the absorption feature is dependent on ttie o the concentration of
each oxide present. The position of the feature in the exyarial spectrum is reproduced
when the ratio is 75% E®; and 25%y — Fe,O,.

Estimating the ratio of oxides to iron

The ratio of iron oxide to iron was used to fit the magnitudehefabsorption feature. The
iron was represented by an additional term in the dieletunction, weighted against the
dielectric function contribution from the combined oxid@deref’ is the fraction of iron

oxide in the sample:

€film = f,eoxide‘|‘ (1 - f/> €iron (5-2)

The simulated spectra in figure 5.17 show the variation irdéqeth of the absorption
feature with the ratio of iron to iron oxide. The experimémt@pth of the spectral feature
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is best reproduced by a simulation with 65% oxide and 35% ifidnis gives Fe(35%)
Fe,0,(15%)Fg0,(50%) as an approximate composition for this point in thegam
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Figure 5.17: Simulated spectra with different ratios ohioxide to iron. The depth of the
absorption feature in the experimental spectrum is remredwvith 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 spaatlathe spectrum at P21
showed that there was no shift in the position of the spe&datiure, so in modelling
the differences between the spectra the ratio of iron toaade was used to generate the
variation. Figure 5.18 shows the percentage differencedest the experimental spectra
and the spectrum at P21. There are three simulated spdutrdjfterence between the
simulated P21 spectrum and simulations of films with 40, 20090 oxide content. The
ratio of magnetite to maghemite has been kept constant se tsienulations. The trend of
the difference can be reproduced by varying the ratio of icanon oxide from 65%/35%
to 80%/20%. This is a large variation in composition and wiaidrtainly lead to unwanted

device properties.

5.3.6 Summary

Spatial variations in reflectivity were observed across ar6Fg0O,/MgO thin film in a
2 x 2 mm? area with a spatial resolution down to 8. A spectral feature indicative of the

presence of iron oxide was observed, which varied in bothmibade and position across
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Figure 5.18: Percentage difference between the experahgpéctra and the spectrum at
P21 for the medium map. The percentage difference betwessirtiulated P21 spectrum
and simulated spectra with lower oxide content are also shdemonstrating that varying
the iron to iron oxide concentration reproduces the expemial trend. 65% — 40%
oxide” means the difference between a simulated spectruimésio oxide/35% iron and
a simulated spectrum with 40% oxide/60% iron composition.

the film, indicating a variation in the composition of the sden Modelling the reflectivity
spectra of the 21st point on the sample allowed an estimateafomposition of the film
at that point to be calculated. By taking the difference betwihe simulated spectrum at
point P21 and spectra with different ratios of iron to irondexthe experimental trend of

varying reflectivity could be reproduced.

5.4 Reflectivity variation across an FgO,/YSZ thin film

5.4.1 Preparing an FgO,/YSZ thin film by pulsed laser deposition

An Fe;0, thin film was deposited using pulsed laser deposition by Dsuke Matsuzaki
of the Tokyo Institute of Technology, Japan. A KrF laser wasdito ablate a sintered
Fe,0, target onto an yttrium stabilised zinc oxide (YSZ) substrat00 nm of FgO, was
deposited ir2 x 10~% mbar partial pressure of molecular oxygen at 300The sample
was subsequently annealedirx 10~¢ mbar at 1200C. The sample is unpatterned so it

was expected to be uniform.
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5.4.2 Description of the map for FgO,/YSZ deposited by PLD

Seven reflection spectra were recorded at different positan the sample, with a spot
diameter of 2Qum. The spectra were taken in a line along the length of the Eawith
each spectrum separated from its neighbours by 0.1 mm. Aaiiagf this map is given

in figure 5.19.

0.1 mm

Figure 5.19: Map showing the positions of the seven reflacdjgectra recorded from the
Fe,0,/YSZ thin film.

5.4.3 Map of reflectivity across the sample

Normalising the spectra to the gold reference spectrumyaesithe seven spectra shown
in figure 5.20. It can be seen that there is little to no vasiain reflectivity across the
sample, suggesting it is highly uniform. There is a strongoaption at 540 cm!, the
location of a TO phonon mode in f@,. There is a smaller feature a620 cnt* due to
the YSZ substrate. These spectra suggest that the film topsimarily of FgO, with

almost no contaminant oxide present.
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Figure 5.20: Normalised reflection spectra taken from th@F#&' SZ thin film. There is
a very strong absorption at 540 chindicating the film is composed of E®,.

The difference between the spectra taken at points 2-7 agpctrum at point 1 was
taken in order to see if there was any variation in the stienfthe absorption across the
sample, shown in figure 5.21. There is no variation obseevabbve the noise. The IR
microspectroscopy for this sample suggests that thi©F¥SZ thin film is composed of
Fe;O, and is highly uniform, making it ideal for spintronic apglitns.
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Figure 5.21: Difference between reflection spectra takgoiats 2-9 and point 1. There is
no change in the strength of the absorption, indicatingtti&film is comprised of highly

uniform FgQO,.
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5.4.4 Supplementary characterisation by TEM

The TEM micrograph in figure 5.22 was obtained by Dr. Vladodrax and Dr. Leonardo
Lari and is reproduced from the work of Matsuzakial’®. The micrograph clearly shows
a highly uniform FgO, structure down to the atomically sharp interface with thessuate.

This confirms the observation in the IR spectroscopy thaetigeno variation across the

sample and it is comprised of highly uniformJ&&.

Figure 5.22: TEM micrograph of the E®,/YSZ thin film, reproduced from the work of
Dr. Kosuke MatsuzaKP. The micrograph shows the f&@, film is uniform and free of
contaminant phases up to the atomically sharp interfadetivit YSZ substrate.

5.4.5 Summary
Seven reflection spectra were taken from different pointesacan FgO,/YSZ film. All
the spectra were identical and showed a strong absorptadaréeat 540 cm! which is

indicative of FgO,. TEM data from this sample shows that the film is oxidised amily
to Fg,O, down to the substrate, where the interface is atomicallypsha

5.5 Conclusions

Three FgO, thin films were produced by post-oxidation, one by simultargeoxidation
and one by PLD. Reflectivity spectra, obtained at the SOLEchyotron, were taken
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at several points across each sample. This was done in ampatie determine the com-
position of the samples and also to try and observe any $patiations in reflectivity,
which could be linked back to the film structure. The reflattigpectra observed demon-
strated that the post-oxidised films were75% iron with an FgO, layer at the surface,
contributing to 25% of the films thickness as expected. Saedl reflection spectra with
this composition ratio, magnetometry and TEM all suppoid¢ ttonclusion. There was
significant variation in reflectivity across the simultansly-oxidised sample, over a large
area and on a length scale close to the resolving limit of Bhenicroscope. Through
modelling the variation in the reflectivity it was possibtedstimate the composition of
the sample at point 21; Fe(35%)¢e,0,(15%)Fg0,(50%) .The trends in the variation
of reflectivity across the sample could be reproduced byingrihe ratio of iron to iron
oxide from 65%/35% to 80%/20%, while keeping the ratio of®gto v-Fe,O, constant.
There was no reflectivity variation observed across the sadgposited by PLD and all
the spectra showed a strong,Bg absorption feature, strongly indicating the sample is
highly uniform FgO,. The TEM data confirmed the IR microspectroscopy obsemstio
showing a highly ordered E®, film down to an atomically sharp substrate. Post oxi-
dation has been shown to produce an oxide layer of limitecktt@ss, although such a
layer was shown to be uniform across the sample. This suggest oxidation is only
useful for growing FgO, films thinner than~ 5nm. Simultaneous oxidation was shown
to produce a film which is predominately oxidised but to mi@tone oxide phase, with
the amount of oxidation varying across the sample. Thisasigghat it may be possible
to grow FgO, by this technique but not with the growth conditions used.y8tamatic
study of various growth conditions must be undertaken terdehe conclusively if this
technique can produce device quality films. PLD was showmnrddyce high quality uni-
form films, although this technique is not currently avdeain a laboratory at York. The
IR microspectroscopy was capable of estimating the film awsition, as well as what
the variation in the composition was across the sample$, aviquick, straightforward
and non-destructive measurement. In all three of these diffgrent cases, the IR mi-
crospectroscopy proved an excellent indicator of both fibmposition and film quality,
demonstrating it is a very powerful technique for charasteg 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 bevanful technique for char-
acterising the spatial variation in chemical compositiba material. In this chapter, mag-
netic field-dependent IR microspectroscopy is used to pitedmagnetotransport of GMR
materials. A gradient in MR was created in a CoFe/Cu multildéyecontrolled annealing
in a furnace. The multilayer was characterised using artretatfour-point probe mea-
surement to establish its average MR, as well as with an IR @toedlemonstrate there
was a variation in MR across the multilayer. The MRE measurgémerformed with the
IR microscope is used to provide both the spectral inforomatieeded to model the sys-
tem, as well as the important spatial resolution. By modgitire MRE of the multilayer
itis possible to investigate the underlying mechanism efir, 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 [COE&/Cuy 2 nml25/TaN; nm multilayers provided
by Seagate Technology. In order to investigate variatiofdR across a material it was
necessary to produce a sample where there was a controtlatdoin MR. A multilayer
with an MR gradient was produced by annealing a multilayea farnace at 450C for
20 minutes in an argon atmosphere, as shown in the schenmgi@oh in figure 6.1, by
Matthew lllman as part of his undergraduate final year ptojéctemperature gradient
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was established across the sample by attaching a a corglucétal plate to one side
of the sample. The conducting metal plate acts as a heat siaifing a gradient in
temperature across the sample. The multilayer has alrezety dptimised by Seagate by
controlled annealing at low temperature. These samples paat of a series provided by
Seagate with different annealing temperatures with theilaygrs annealed at 45C and
above showing a reduced MR. Annealing the multilayer at°45Will cause damage to
the sample, with regions of the sample at higher temperatperiencing greater damage
(and a reduced MR) than those regions at lower temperaturs. ciéates a gradient in
MR across the sample, with high MR in the coolest region niearhieat sink and a low
MR away from the heat sink.

Direction of decreasing temperature

o
Furnace Sample Meital
heating conducting
element plate

Figure 6.1: Schematic diagram depicting the procedurediabdishing an MR gradient in
a CoFe/Cu multilayer. The conducting metal plate acts as adidgtcreating a temper-
ature gradient across the sample. The higher temperatgisngewill be damaged more
by the annealing and will have a lower MR, so the MR decreaseggnitude 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 kOeara{tenagnetic field
using the procedure outlined in section 3.2.1 for perfogratectrical four-point probe
measurements. Figure 6.2 shows the MR curve for the annealétidayer alongside
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the MR curve for an as-deposited multilayer for comparisdhe MR of the annealed
sample if—11.6+0.1)%, which is a significant reduction from thie-28.3 £0.1)% of the
as-deposited multilayer, demonstrating that the anngaloes significantly damage the
sample and lower its MR. The experiment was repeated in th@moax external magnetic
field attainable using the equipment at SOLEIL of 900 Oe, Wwelbw the multilayer’s
saturation field of approximately 7 kOe, Figure 6.3 shows ith¢his low-field regime the
annealed multilayer has an MR 6f4.8 +0.2)%, which is higher than the-3.3 +0.2)%
measured for the as-deposited multilayer. This resultassigghat in fields substantially
lower than the saturation field the damage to the annealetllayel causes the layers
to switch more freely, contributing to a larger MR than seetthie as-deposited sample.
There is no spatial resolution in this electrical measurgnso all local variations in MR
are masked.

GMR (%)
o
(92}

—25 as deposited
450K gradient

-3 ; ‘ ‘
—90000 —-5000 0 5000 10000
Applied Field (Oe)

Figure 6.2: MR curves of the annealed multilayer anneal&®@tC and an as-deposited
multilayer taken at 12 kOe, beyond the saturation field 8kOe. The annealed multilayer
has an MR of —11.6 £ 0.1)%, less than half of the original as-deposited MR e£8.3 +
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 varragion MR across the sample,
the MRE was measured in the emission geometry as outlinecttiose8.3 using an IR
camera. An IR camera image of the temperature of the samgleoisn in figure 6.4,
where the colour coded scale bar describes temperaturevinKéhe higher of the two
cool regions in the middle of the heater pad is a silver corsample, the lower cooler
region is the annealed multilayer. There is a large vamatidemperature at the edges of
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Figure 6.3: MR curves of the annealed multilayer and an ag®sieed multilayer taken
at 900 Oe, substantially below the saturation field-@fkOe. In low fields, the annealed
multilayer displays an MR of—4.8 4+ 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 thepaplane therefore data
near the edges of the samples is ignored when calculatingRte.

wires -

352

344

336

Ag control -~
320

sample 312
304

heater pad P

Figure 6.4: IR camera image showing temperature variatiotie experiment, the sample
is the lower of the two cool regions in the middle of the saniy@ater pad, the higher cool
region is a silver control.

The IR camera image of the GMR of the annealed sample, obtavith an external
magnetic field of 900 Oe, is shown in figure 6.5. The image ishbf & 2.4 mm area of the
centre of the sample to avoid anomalous results associatieth&@ng near the edge of the
sample. The colour scale bar denotes percentage changehaéhss the sample. The
correlation factor;, is 11.9 if the maximum MRE observed from the sample corredpon
to the maximum MR value measured from the electrical measemé The MRE, and
therefore MR, is clearly varying across the sample. The MREedses, in general, in
the direction of increasing temperature and sample danraggyreement with the earlier
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prediction, demonstrating that an MR gradient can be asted across a multilayer via

the process proposed.

0%

5%

10%

15%

20%

25%

30%

Figure 6.5: Spatially resolved MR measurement of the naylit annealed at 45C taken
with an IR camera in an external magnetic field of 900 Oe. Thasuement is of a
3.0 x 2.4mm area near the centre of the sample to avoid anomalous eiat dollected
from near the edges of the sample. The MRE, and therefore MRci®dsing across the
sample in the direction of increasing temperature and sauiginage. The reduction in
MRE across the sample indicates a gradient in MR has beeredraatoss 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 O&2k@e were performed
in York as controls, shown in figure 6.6. An MRE measuremeripopered at SOLEIL on
the as-deposited multilayer without the IR objective incglat 900 Oe was compared to
the data from York. The MRE spectra show that with a 900 Oe eatenagnetic field the
data obtained from York and SOLEIL are comparable, alloworgonfident comparison
of data obtained at the two institutions.
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Figure 6.6: MRE spectra of the as-deposited multilater ta¢domoth York and SOLEIL
with an external magnetic field of 900 Oe. The data is compeataétween the two insti-
tutions. An MRE spectra taken at 12 kOe is also shown for corsqar

6.4.2 Performing the first spatially and spectrally resolved MRE mea-
surement

Three MRE spectra were collected from the annealed multilafeng a line in the di-
rection of increasing sample damage as depicted in figureT®.& points were separated
by 1 mm, orders of magnitude greater than thet60spot diameter, ensuring that each
spectrum is sampled from a different part of the sample. reigu8 shows the spectra
from these three points. There is a clear and substanti@tiar in MRE, defined as the
difference between the MRE at4n and 15um, across the sample. The MRE increases
markedly in the direction of increasing sample damage. d@himonstrates conclusively
that the low field GMR is increasing across the sample in thecton of increasing sam-
ple damage. The MR data in a low magnetic field shows that dingezauses a reduction
in MR so this is in agreement with the MRE measurement. Thiglress the first MRE

measurement to ever be performed with both spatial andrspeesolution.

6.5 Modelling the spatial and spectral variations in the
MRE

The three MRE spectra from the annealed sample were simulaied the Jacquet-Valet
model outlined in section 2.3. The model is valid for this enetl as the electron mean
free path \gy = 6 NM, is several times longer than the CoFe layer thickness, 1.5 nm.

This allows the average electron to travel through sevengrs of the material before
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Direction of increasing
temperature and sample damage

Point 3 Point 2 Point 1

Figure 6.7: Schematic of where the spatially and spectraplved MRE measurements
were performed. Three MRE spectra were taken in a line in trection of increasing
sample damage. The spacing between the points is an ordexgriitude greater than the
spot diameter of 10Am, ensuring the spatial resolution.
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Figure 6.8: Low field MRE spectra for each of the three pointshensample. There is
a clear decrease in MRE magnitude, defined as the differertaeé&e the MRE at 4m
and 15um, across the sample.
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experiencing a spin-selective scattering event, so thedivities are within the SAL
described in section 2.3 and the theory should hold. Themabfmrameters used in the
model are given in table 6.1. The valuesrgy§;, the scattering time in the magnetic layers,
andmyw, the scattering time in the non-magnetic layers, are catledlfrom experimentally
obtained values of the mean free patg = 6nm’’ and \yy = 30 nm’® respectively.
ci, the fraction of the sample at the interface, is estimatdzbteery small due to the high
immiscibility of the Co, Fe and Cl. m, is unity in fields greater than 7 kOe because the
multilayer has reached saturation as can be seen in fig@te {6, is a fitting parameter
in lower fields () < m; < 1).

Parameter Description Value

CEM Fraction of the multilayer which is ferromagnetic 0.55

CNM Fraction of the multilayer which is non-magnetic 0.43

¢ Fraction of the multilayer which is an interface fitting paueter
TEM Relaxation time in ferromagnetic layers 3.57 x 107 s
TNM Relaxation time in non-magnetic layers 1.78 x 107 s

Ti Relaxation time at FM/NM interfaces fitting parameter
I5; Bulk spin asymmetry coefficient 0.8%

v Interfacial spin asymmetry coefficient 085

oo Static dielectric constant 3.5

) Angle of incidence of incident radiation 80

N Average conduction electron number density  1.04 x 10? m=3
mo Fraction ofm, in 0 Oe 0

my Fraction ofm, in 900 Oe fitting parameter

Table 6.1: Model parameters for the Jacquet-Valet modehafranealed CoFe/Cu multi-
layer. The values ofinq, ¢;, andr; 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 axplered with the model.
Intermixing at the interface will cause a reduction in the M&the interlayer exchange
coupling is dependent on the separation distance betweemalgnetic layers. This pos-
sibility is explored by using; as a fitting parameter. It is also plausible that a small
guantity of intermixing at the interface will cause a chamgehe interfacial scattering
time, leading to variation in spin selective scattering Hretefore MR across the sample.
This possibility is explored by using as a fitting parameter. The third explanation is that
the annealing has caused disruption to the magnetic ogdesithin each magnetic layer,
causing an increase in layer reversal in low fields, credtiegvariation in MR observed.
This possibility is explored by using, as a fitting parameter.
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6.5.1 Modelling the variation in MR as a variation in interfacial thick-
ness

7, the interfacial scattering time, is estimated torbe- 1 x 10~!*s, a typical value for

a metal. The value ofh; was estimated from the electrical MR curve in figure 6.2. At
900 Oe, the MR is 41% of its saturation value,s9 = 0.41. The antiferromagnetic
exchange coupling between layers is sensitive to the |laparation, so a change in inter-
facial thickness should weaken the exchange couplingngadiincreased switching in a
low field. Simulated spectra with varied between zero (no interfaces) and one (complete
intermixing) are given in figure 6.9. The spin asymmetry atititerface;y, is assumed to
have not changed. Increasingcauses the spectral minimum to shift towards the near-IR,
whilst the MRE magnitude, the difference between the MREah4and the location of
the spectral minimum, is almost constant. Neither of thesiéstare consistent with the
trends observed experimentally, so the variation is nosalref increased intermixing at

the interface.

MRE (%)

1E-14-0
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1E-14-0.5
1E-14 - 0.75
1E-14-1
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Figure 6.9: Simulated MRE spectra whefehas been varied between 0 and 1 ane-
1x10~*s. The simulated spectra do not show the significant varniati®éRE magnitude
of the experimental spectra, whilst there is a shift to theriR 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 ofr; was varied across a range of reasonable scattering timasni@tal,1 x
10~ s andl x 10~'"s, while¢; andm; were kept constant. The previous modelling
demonstrated that there was no appreciable differenceetVRE spectra due to varying
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¢, SO a degree of intermixing was allowed, settihg= 0.25. The simulated spectra with
varying ; are shown in figure 6.10. The shape of the spectra variedismgmiy with 7,
the spectral minimum moving towards the near-IRras made shorter. This does not
agree with the experimental spectra, where the spectrahmaiappear to be at or just
beyond 15um.

MRE (%)

0.25-1E-13
0.25 - 1E-14
0.25 - 1E-15
0.25 - 1E-16
—-1.51 0.25 - 1E-17

5 10 15 20 25 30
Wavelength (microns)

Figure 6.10: Simulated MRE spectra where théas been varied ang = 0.25. The
spectral minimum of the simulated spectra moves towardsdiae-IR asr; is shortened.
This does not agree with the experimental spectra, wherenthena are at or beyond
15um.

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 vagythe ratioc;/7 in order
to change the value ofs,. and therefore the MRE. Instead, the variation in the MR
was assumed to be due to variations in the amount of layechswg occurring across
the sample. Where the sample has experienced greater daneagegnetically active
layers become disorded, causing layers to reverse magtetisn lower fields. In areas
of the sample with significant damage, a high MR in a lower fisléxpected as more
layer switching has occurred. This translates into the madea variation inm, the
fraction of mg in a given field. Figure 6.11 shows the result of using as a fitting
parameter. The simulated spectra are in excellent agraemtlrthe experimental spectra
with m; as a fitting parameter. The simulated spectra have specimaheoutside the
bolometer’s detection range. However, these minima haga bbserved in previous work
by Mennickeet al 82, supporting the argument that the variation in MR is due @ngjes
in the degree of layer switching across the sample. Simaiggectra usingn; as a fitting
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parameter are shown in figure 6.11, showing that the expatah®RE spectra can be
well reproduced by assuming there is a variation in the amotlayer switching across
the multilayer. The value of:; required to reproduce the spectra at points 1, 2 and 3 was
my = 0.25, 0.5 and 0.8 respectively. A simulation wheng = 1 (ideal) is also shown for
comparison. As variations in and¢; are unable to explain the variation in MR, it can be
stated with confidence that the variation in MR is due to aatemn inm,, the degree of

layer switching due to disorder within the magnetic layera given field.

MRE (%)

Sim ideal
— = Sim 0.8
—1.5{----- Sim 0.5

5 10 15 20 25 30
Wavelength (microns)
Figure 6.11: Simulated MRE spectra with as a fitting parameter. The simulated spectra
fit well to the experimental spectra, strongly indicatingttincreased layer switching due

to disorder in the magnetic layers in damaged parts of th@kaisicausing local increases
in MR.

6.6 Conclusions

A spatial MR gradient across a CoFe/Cu multilayer was estadddiby attaching a heat
sink to one end of the multilayer and heating it in a furnackectical four-point probe
measurements of the MR of the multilayer, as well as an asdgigal multilayer, demon-
strated that the annealing causes a substantial drop in MR kDe. At 900 Oe, the
maximum achievable field in the MRE experiments, the annealgitilayer displayed a
greater MR than the as-deposited multilayer. This was shibwough modelling of the
MRE spectra of the annealed multilayer to be due to increaseuat bwitching in a 900 Oe
field, due to damage to the magnetically active layers cabgdubating the sample. The
alternative proposals, that the reduction in MR was due t@atrans in intermixing at the
interface or a change in the interfacial scattering timegWeund to be incorrect through
MRE modelling. Simulated MRE spectra with varying interfaparameters were unable
to reproduce the shape of the experimental MRE spectra. Qiatige thickness of the
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interface had very little effect on the spectral shape amging the interfacial scattering
time caused a shift of the spectral minimum towards the fRRawhich is not physical.
The electrical MR measurements are not spatially resolgeithey average over a large
area of the sample. Spatial resolution was achieved usihg aricroscope and scanning
stage, clearly showing a variation in MRE©0.7% and therefore a variation in MR across
the sample. This was the first time both spatial resolutiahtha spectral resolution nec-
essary to model the system were obtained simultaneouslgimyée MRE measurement,
establishing the MRE as a powerful remote sensing technmuerébing 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 aadraftremotely prob-
ing the MR of a material. However, no attempt was made to makmatitative connection
between the magnitude of the MRE and the magnitude of the MReTies been some
successful effort in making this connection in the mid-IRhaligh these correlations are
complicated phenomenological formulae consisting of s@iéting parameters. Previ-
ous theoretical work has outlined a correlation betweerMRE and the MR, with the
correlation predicted to be simpler in the far-IR. Usingfarradiation from the SOLEIL
synchrotron, the correlation was examined experimentalithe first time using a se-
ries of spin valves with different MR values. It was also plokesto gain insight into the
magnetic properties of the spin valves by modelling the MR&CHR.

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 haw the structure
shown in table 7.1. They have a typical spin valve structar€oFeGe ferromagnetic
layer pinned to an IrMn layer separated from a free CoFeGerfagnetic layer by a
non-magnetic metallic copper spacer. Figure 7.1 showsensatic of this structure. Five
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Ta 4.0nm

Ru 2.0nm Capping layer

Cu 1.0nm

(CoFe)_,Ge, 6.0nm Free ferromagnetic layer
Cu 3.5nm Non magnetic spacer layer
(CoFe)_,Ge, 3.0nm Pinned ferromagnetic layer
CoFe 2.0nm Pinned ferromagnetic layer
[rMn 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 H®T valves.

All z=0%
Al2 z=5%
Al3 z=10%
Ald  x =20%
Al5 z =30%

Table 7.2: Germanium content of the five spin valve samples.

spin valve samples were produced with different conceintiaiof germanium in the mag-
netically active layers. The germanium causes an increaeeiresistance of the layer,
causing a decrease in the spin diffusion length in the mazaiigtactive layeré®, reduc-
ing the CIP MR and enhancing the CPP MR. The germanium concenisaif the five
samples, A11-A15, with percentage germanium concent&tianging 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 becaageatlke known to have dif-
ferent values of MR whilst retaining a very similar stru&urThe plot of MR against
germanium concentration in figure 7.2 shows that there isyare@id drop off of the CIP
MR with increasing germanium concentration, caused byrtbeease in resistance as the

spin diffusion length decreases.

Figure 7.3 shows the in plane MH loop for spin valve A1l near stvitching point
of the free magnetic layer. It takes a relatively modest fadld-150 Oe to fully reverse
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Figure 7.1: Structure of the spin valve samples, with laydckihess approximately to
scale.
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Figure 7.2: CIP MR for the spin valve samples decreases ascidarnof germanium
concentration in the magnetically active CoFe layers. Dathimage courtesy of HGST.
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the free layer, well below the 900 Oe maximum of the electrgmes. This is beneficial
as there will be good reproducibility between repeat measants as there will be no
variation in layer saturation between the measuremente.shialler, flatter curve is the
out of plane MH loop, which is not relevant here. Figure 7 dvefithe complete exchange
biased MR curve for sample A1l. A large change in resistaand,therefore a large
change in MR, occurs when the free layer switches. For the MREe teensitive to this
change in resistance, a reflection spectrum must be takemagaetic field value either
side of the switch. For these experiments, these field valges —500 Oe and 300 Oe.
The magnetic field was swept between the maximum achievabtedi +900 Oe so that

the measurement has good reproducibility, minimisingémgsic effects.
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Figure 7.3: In plane MH curve for spin valve Al11, showing thagnetisation of the free
CoFeGe layer saturating tre150 Oe. The smaller, flatter curve is the out of plane MH
loop, which is not needed in this analysis. Data and imagetesyiof HGST.

7.2 MRE spectra of spin valves in the far-IR

MRE spectra were collected from each of the spin valve samygexy the techniques
outlined in section 3.3. A mid-IR MRE spectrum was obtainedeach spin valve using
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Figure 7.4: Exchange biased MR curve for spin valve A11l. Tlimum resistance
change is either side of the switch of the free layer. Dataiawadje courtesy of HGST.

an MCT detector sensitive in the rangel.5 — 20.0 um (in York) whilst a far-IR spectrum
was obtained for each sample using a bolometer sensitiveeirange~ 14.5 — 50.0 um
(at SOLEIL). Figure 7.5 shows the MRE spectra for the five spilves. The magnitude
of the MRE, the difference between the highest and lowest MRlegdor each spectrum,
decreases with increasing germanium concentration. Tihevajves with the higher CIP
MR also have the largest MRE, so the trend of the MRE spectraagrith the trend of the
electrical MR results. The black vertical line at 14u% is the boundary between the mid-
IR and the far-IR. Although the detection ranges of the tweckets overlap, the data is
statistically insignificant towards the edges of the ramydobth detectors. At 14om the
data from both detectors is still good, so the spectra ardoued at this wavelength. Data
from the bolometer is discarded below 14/ as is data from above 14 from the
MCT detector. The MCT and bolometer data match up well at thentbary, suggesting
that there was no drift and that the far-IR data is accurakes @xperiment is the first to
demonstrate the MRE this far in to the far-IR and reconcil¢ tfada with data from the
near-IR.

Figure 7.6 shows the magnitude of the MR plotted against thgmiude of the MRE.
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MRE spectra for spin valves as a function of Ge content
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Figure 7.5: The Ge content of the spin valve decreases theadghision length, leading
to a much reduced CIP MR, which is observable here as a reduottbe absolute mag-
nitude of the MRE. The far-IR MRE, to the right of the black vealiline, is presented
experimentally for the first time and agrees with the nead#®a where the MCT and
bolometer detection ranges overlap.

The trend is roughly linear so it should be expected that ansetation 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/Cuilaygts discussed in
the previous chapter. The parameters used for the spinsvafeeshown in table 7.3 below.
The aim here is to model the reduction in the MR between tHereéifit samples due to
the germanium doping and two models are proposed. Firgltheresistance increases
due to the increasing germanium concentration, the sgajtéme in the ferromagnetic
layer could be shortened. Reducing the scattering time meangcrease in the number
of spin-independent scattering events, causing a decieasggn polarisation; leading
to a reduction in MR in a CIP geometry. The effect is much lesthexCPP case as
the average electron experiences many layers and the slainsption and MR are not
dominated by the effects in a single layer. The parametdrdbiatrols the scattering
time in the CoFeGe isgy, SO this is used as the fitting parameter. The second proposal

is that the addition of germanium dopant atoms decreasespinediffusion length in



Spatially Resolved I nfrared Spectroscopy For Spintronics page 127

10

GMR (%)

2

L 3

MRE (%)

Figure 7.6: The magnitude of the MRE of the spin valves in@sdmearly with MR,
implying that the correlation between the MR and MRE shouldiresar in form.

the ferromagnetic layers, causing an increase in the anwunterfacial scattering as
it is now more likely that electrons will scatter to the irftare from the ferromagnetic
layers, leading to a reduction in spin polarisation at thterface. This will reduce the
CIP MR as electrons passing near interfaces will experiemceased spin-independent
scattering and therefore the MR will be reduced. This effe@ven more prominent in
the CPP geometry as the average electron will cross manyaoésr and will experience
proportionally more spin-independent scattering eveeticing the MR. The value of,
the interfacial spin asymmetry coefficient, is used as afjtparameter in order to fit the
reduction of MR. Reducing should reduce the MR as the model predicts MRZ,, and
BsaL o 7. Varying- is in essence the same as varying the rati¢in order to change the
value of3sa. like in the previous chapter. It is worth noting here thatth@del used only
calculates the CIP GMR. Experimental evidence suggestdibia ts actually an increase
in CPP MR with the addition of germanium which this model doesatcount for.

Figure 7.7 shows the simulated MRE spectra for the spin valgasy 7\ as a fit-
ting parameter. Asyy decreases, the magnitude of the MRE increases. This suggests
that the shortening of the scattering time is increasingRe which does not agree with
the experimental observation, so this interpretation rbesincorrect. Figure 7.8 shows
the simulated MRE spectra for the spin valves usjngs a fitting parameter. The mag-
nitude of the MRE of the simulated spectra (the differencevbet the maximum and
minimum value of the MRE) reduces very quickly-agecreases, as the magnitude of the
experimental MRE spectra drops with MR. The simulated speds@fit closely to their
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Parameter Description Value

CEM Fraction of the spin valve which is ferromagnetic 0.65

CNM Fraction of the spin valve which is non-magnetic 0.32

¢ Fraction of the spin valve which is an interface 0.03

TEM Relaxation time in ferromagnetic layers sample dependent
TNM Relaxation time in non-magnetic layers 1.49 x 107 "“s

Ti Relaxation time at FM/NM interfaces 3x1071'"s

B Bulk spin asymmetry coefficient 0.4

0% Interfacial spin asymmetry coefficient fitting parameter
€00 Static dielectric constant 3.5

1) Angle of incidence of incident radiation 80

Nem Average conduction electron number density sample depeénde
Nam Average conduction electron number density 3.77 x 10 m~3

mo Fraction ofm, in 0 Oe 0

my Fraction ofm, in 900 Oe 1

Table 7.3: Model parameters for the spin valve samples. téongit to model the variation

in MR with germanium concentration, the interfacial spigrametry coefficient;y, and

the scattering time in the ferromagnaty, were used as fitting parameters in independent
models. The value aVgy was calculated by taking the value &ffor CoFe and germa-
nium and taking an averag€é weighted by how much germanium was present. This was
then used to calculatg, for each sample. Values ofwere calculated from the relative
thicknesses of the layers and values\dofwere calculated from the molar mass, density
and valency of each atonm, = 0 andm; = 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.@ghré.13, indicating that the

choice of fitting parameter was sound.

1.5E-013
1.25E-014
1E-014
7E-014
2.5E-014

10 20 30 40 50
Wavelength (microns)

Figure 7.7: Simulated MRE spectra for the spin valves withas a fitting parameter. The
shortening of the scattering time in the ferromagnet leadgmtincrease in the MR rather
than a decrease, suggesting this interpretation is inttorre

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 MRSZ3,, . The MR was plotted againgg,, ,
shown in figure 7.14 to determine if this relationship is tamel to determine the propor-
tionality constant if so. The figure shows that the relatidpbetween the MR and2,,

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 Menni&ead shown that the MR is related
to the spectral minimum of the MRBE\y,, the magnitude of the MRE at the spectral
minimum, MRE,;, and the conduction electron number density Equation 7.1 shows
this phenomenological correlation between the MR and the MRRtereC', « andn are

fitting parameters.
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Simulated MRE spectra for spin valves as a function of Ge content
0.6 -
0.4 1
S 02
i
< A
0 _
All 0% Ge content - 8.50% MR
Al2 5% Ge content - 3.50% MR
—-0.2 Al13 10% Ge content - 2.25% MR
Al4 20% Ge content - 1.25% MR
Al5 30% Ge content - 0.50% MR
-0.4 : ‘ ‘ : : : : : :
5 10 15 20 25 30 35 40 45 50
Wavelength (microns)

Figure 7.8: Simulated MRE spectra for the spin valves witks a fitting parameter. The
rapid drop off in MRE due to the lowering of is consistent with that found experimen-
tally where the drop off in MR was caused by an increase in gairam contaminant

concentration.
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Figure 7.9: Simulated and experimental MRE spectra for spivevA1l - 0% Ge content.
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Figure 7.10: Simulated and experimental MRE spectra forwgdire A12 - 5% Ge content.
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Figure 7.11: Simulated and experimental MRE spectra forgalive A13 - 10% Ge con-
tent.
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Figure 7.12: Simulated and experimental MRE spectra for gpive A14 - 20% Ge con-
tent.
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Figure 7.13: Simulated and experimental MRE spectra for ggive A15 - 30% Ge con-
tent.
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beta_SAL~2 fit
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1+ y =2.71877x
R2 =0.974814

beta_SAL"2

Figure 7.14: Plot of electrical MR againsi,, for each of the spin valve samples. There

is a linear relationship between the MR afi), , demonstrating that the prediction that
MR o< 32, holds.

MR (%) = C - N [Amin - MREmin (%)]" (7.1)

Using the fitting parameters from Dr. Mennicke’s th&&ig' = 1.46, o = 0.45 and
n = 0.93, an estimate for the MR was obtained for each of the spin \vsdweples. The
electrical MR was plotted against the MR estimated from tHeBylshown in figure 7.15,
using equation 7.1. The correlation, which is meant to bedlirin form, does not hold
with error for four of the five spin valves; giving the relatiiMR% = 3.6 x MRE%. The
correlation formula is a complex phenomenological funtbthe spectral features, with
several fitting parameters. It is based on difficult to meagarameters of the spectra,
such as the location of the spectral minimum, leading togelaegree of inaccuracy. In
order to correlate the MR to the MRE well, a new approach is seany.

7.4.3 Relating the MR to the MRE in the far-IR

Previous theoretical work by Mennicle al®*, shown in figure 7.16, has shown that in

the far-IR the correlation between the MR and MRE is much semplepending only on
material constants anad5:

_ MRE(%)

MR(%) ~ —o—— (7.2)
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10+
S 84
X
o
=
T 6
O
9] —
@
o 44

2 —_— i
—— y = 3.61653x
R? = 0.962105
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Figure 7.15: Plot of electrical MR against MR estimated friiva MRE in the mid-IR.
The correlation between the MR and the MRE is poor in the midilR to the large
uncertainties in the correlation formula.

s-polarisation, in reflection, magnetisation M/M, =1
FM_NM_: grain diameter d =30A

bulk contribution p =0.2, interface contribution p =0.275
mean free paths 7, =350A, 3. =50A, 7 _=3a,

SAL mean free path %'=39.6A

Giant MagnetoResistance GMR=19.5%

0.0+

B i (e - L [ Sy, i ey

incident angle:
—I—‘bo = O°
4, = 15°

—i—‘bo = 30°

| —r—g,=45°
——, = 60°
; 6,= 75°

MRE in reflection, s-polarisation [%)]

"0 25 3 3B 4 45 50
@ wavelength [um]
Figure 7.16: Previous theoretical work showing the MRE otd the far-IR. The spectra
flattens out as)’-%, allowing for a much simpler correlatiéh
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This correlation is much simpler and contains no fitting paters, in principle giving
a direct correspondence between the electrical MR measutsand the MRE in the far-
IR. The MRE was measured at 27.8n where there is not much noise in the far-IR spectra
and the spectral shape is clearly hagiadependence. The plot of MR against the values
calculated from this correlation factor are given in figuré7/ The correlation between
the MR and the MRE is strongly linear, with a correlation faadd 0.64. This shows
an almost direct correspondence of the MR to the MRE, expaitiailg confirming the
theoretical prediction that the MR and MRE correlate strgnglthe far-IR for the first
time. However, the correlation factor is supposed to beyusih there is an additional
unexpected correlation factor, the origin of which is uacle

9

* sqrt(2*epsilon_0*rho_0*omega)
sqrt(2*epsilon_0*rho_O*omega) fit

8,

Electrical MR (%)

14 y =0.637172x
R? = 0.998539
0 T T T T ; T
0 2 4 6 8 10 12 14

MR calculated from the new correlation factor - far-IR

Figure 7.17: Plot of electrical MR against MR estimated frdra MRE in the far-IR.
The correlation between the MR and the MRE is good in the famiiy an almost direct
correlation observed. This is the first time the predictedetation between the MR and
the MRE has been observed in the far-IR.

7.5 Conclusions

Experimental MRE spectra were obtained for five spin valveslifiérent MR out to

~ 50 um, the longest wavelength MRE measurement with spectralutgso ever per-

formed. The MRE spectra from the far-IR compliment their iitdeounterparts well. A
significant variation in MRE, and therefore MR, between then s@ilves was observed.
Previous theoretical work had predicted the MRE spectrakis &3/.w dependence in the
far-IR and the experimental spectra appear to follow thesljmted trend. Simulated MRE
spectra were obtained for all the spin valves, using theatsaiuin spin polarisation at



Spatially Resolved I nfrared Spectroscopy For Spintronics page 136

the interface due to germanium contamination as a fittingrpater, in order to obtain
a lowering of the MR. The simulated spectra demonstratedahee§/w dependence as
the experimental spectra and the fit between the simulatéd@gmerimental spectra was
excellent. The model used predicted the MR to depend on #utriglal properties of the
spin valve as MRx (32, . Taking the MR values for the spin valves and plotting them
against the correspondint},, values showed that this relationship holds with a constant
of proportionality equal to 2.7. The phenomenological etation formula used for previ-
ous mid-IR measurements was shown to result in a poor ctiae)avith too much error
introduced when measuring parameters of the MRE spectraelfat-IR, the previously
untested correlation formula, which is much simpler in fonas shown to give an ex-
cellent correlation between the electrical MR measuresmand the MRE measurements.
The correlation is almost direct, of the form MiR= 0.64 x MRE%. The correlation factor
is supposed to be unity, so there is an additional unexpectédinexplained contribution
to the correlation. As the measurements and model focusggao one kind of system it
is still unknown whether this analysis can be trivially gexlised to other systems. It will
also be necessary in future work to resolve the problem ofimgathoices of parameters
that reduce the CIP MR when it has been shown to increase. Tlhiswelve significantly
modifying the current model to include CIP MR or will requitestdevelopment of a new
model. This result provides the first experimental obsé&wmaif this predicted correlation
and demonstrates the promise of far-IR MRE measurementsdkingnaccurate, quick,
non-invasive MRE measurements, which can also be spatesdiylved, unlike electrical
measurements of MR.



Chapter 8

Conclusions

IR microspectroscopy and the MRE have been shown to be pawegfsatile techniques
for the characterisation of the structural, chemical angimeéic properties of magnetic
thin films. The main conclusions drawn from the researchgoeréd are now summarised.

A series of FgO,/MgO thin films of thickness 10, 18, 37, 64, 110 nm were grown by
MBE. The shape of the reflectivity spectra of thesg@;efilms was successfully repro-
duced using a multiple reflection model as a function of thess, although the reflectiv-
ity magnitude is underestimated for all film thicknesseseréhwas a phonon absorption,
predicted to be at 184om, that occurred at shorter wavelengths in these films, dipea
approaching the bulk value as the film thickness increaséus i$ potentially due to a
strained portion of the film near the interface with the stdistresulting in a different
phonon energy and therefore position. As morgdzas deposited on top the contribution
of the strained portion of the film decreases in importanaktha location of the absorp-
tion shifts towards the far-IR, reaching the bulk value-at45 nm. This effect could be
used in the future to make quick estimates of the thickne$®d@,, or potentially as a
method of identifying and quantifying strain in the lattice

The MRE spectra of the films could be reproduced with a reasecabductivity vari-
ation and the fitting parameter, used to fit the magnetic fiejgeddence, was ~ 1. As
the magnetisation of the film was never saturated it is nagiptesto say that = 1 but the
close match between the experimental and theoretical matgs of the MRE strongly
suggests that it is true. An additional shift in the phonosaaption position was also
observed to occur in the magnetic field, potentially due &fikld slightly modifying the
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bond lengths in the lattice, causing a change in the phonerggnThe MRE was demon-
strated to be a useful technique for probing the magnetwelgc properties of iron oxide
thin films in a quick and non-destructive way. The next stafgéhis research would be
to uncover the reason why the magnitude of the reflectivitthensimulations is always
less than the experimental reflectivity. With this problemer@ome, an experiment could
be designed where the reflectivity spectra are used to @stimathickness of some films
so determine whether the technique is accurate enough tacefilm thickness in this
manner. It would also be beneficial to perform electrical MBasurements at a high-field
lab in order to determine whether the fitting parametés truly unity. It would also be
interesting to perform a more detailed TEM analysis of thadito see whether the argu-
ment that there is an increase in strain at the interfaceshold

Three FgO, films were produced by post-oxidation, one by simultanemtdation
and one by PLD. Reflectivity spectra from several positionsaxch sample were recorded
on the SMIS beamline at the SOLEIL synchrotron. This was doa@ attempt to identify
the chemical composition of the samples as well as to determvhether this composi-
tion was varying across any of the samples. The sample pagdited for 15 minutes was
shown to be composed 6f75% iron with~25% FgO, at the surface with VSM and
TEM data which was consistent with the spectroscopic resiNto variation in compo-
sition was detected across the samples. The sample depbgitemultaneous-oxidation
showed significant variation in sample composition acrbessample. By modelling the
reflectivity of the spectrum taken at a point, it was possiblestimate the film composi-
tion to be Fe(35%)-Fe,0;(15%)Fg0,(50%). The trends in the variation of reflectivity
across the sample could be reproduced by varying the ratimwofto iron oxide from
65%/35% to 80%/20%, while keeping the ratio of,Bg to y-Fe,O; constant. The film
deposited by PLD had a strong & absorption and showed no spatial variation in re-
flectivity. This was confirmed with TEM data, showing a higblglered FgO, film down
to an atomically sharp substrate.

Post-oxidation was shown to be useful only if the thickndssegO, film required is
less than~ 5 nm. Above this thickness the film is not completely oxidiseainpromis-
ing the magnetic properties of the film. Simultaneous oxafatvas shown to produce
films which had variable sample composition. It may be pdsgibgrow uniform FgO,
films with this technique although not with these growth datads. PLD was shown to
produce high quality, uniform E&, thin films that would be ideal for use in devices. IR
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microspectroscopy was shown to be a powerful techniquediarchining the composition
and quality of magnetic thin films. This study could be expahldy performing a system-
atic study of the post-oxidised growth technique to segabgsible to grow magnetite thin
films in that manner. It would also be interesting to perfohis kind of measurement on
a patterned sample, for example, to see if it is possible teraegne the composition of
individual devices.

A spatial gradient in MR was established across a CoFe/Culaydtiby attaching a
heat sink to one side of the multilayer and heating it in adeeat 450C. Electrical MR
measurements showed that the annealing caused a substeopian the MR across the
sample in a 12 kOe magnetic field. At 900 Oe, the maximum fiefdezable in the MRE
experiments conducted at SOLEIL, the annealed multilayer & greater MR than the
as-deposited multilayer. Through MRE modelling, this wasmito be due to increased
layer switching caused by damage to the sample from the dngedt was also shown
that variations in interfacial properties were unable tplaix this effect through MRE
modelling. A spatial variation in MR was observed acrosssdm@mple by performing the
measurement with an IR microscope, which is impossible wittonventional electrical
MR measurement. This was the first time both the spectralugso needed to model
the system and spatial resolution were obtained in a singksorement, showing that the
MRE is a powerful technique for remote sensing the MR. This wamlld be extended
by designing a more powerful electromagnet to be incorpdraround the microscope,
which would facilitate measurements on other materialé sicFgO,, or devices where
Fe,O, is a spin injector. It would also be interesting to perforns #xperiment on a pat-
terned samples to see if the MR of a single device can be dietednn this way.

Experimental MRE spectra were obtained for five CoFeGe based/alves samples
with different MR out to~50um, the longest wavelength spectrally resolved MRE mea-
surement ever performed. The MRE data in the far-IR obtaingd avbolometer was
shown to compliment the mid-IR data collected with an MCT dite A significant vari-
ation in MRE was observed between the samples in both theRail far-IR, consistent
with there being a variation in MR between the samples. Btevtheoretical work had
shown that the MRE has gw dependence in the far-IR, which should lead to a much
stronger correlation between the MR and the MRE than exigtseimid-IR. The/w de-
pendence was observed in the experimental MRE spectra iathB fSimulated spectra
were produced for the five samples, with the reduction in pplarisation at the interface
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as a fitting parameter, which are in excellent agreementtivittexperimental spectra. The
MRE model used predicted that the MR depends on the elecproglerties of the spin
valve as MR (32, . This dependence was observed and the proportionalitytaans
determined to be MR= 2.7 x 3%, , showing that it is possible to probe the underlying
physics contributing to the MR of the system with this modéie correlation in the mid-
IR was shown to be poor, MR = 3.6 x MRE%, while the correlation in the far-IR was
shown to be much better; where the measured MR was 0.64 timethéoretical MR
which was close to what was predicted. The correlation fastshown to be 0.64 for the
far-IR correlation, when it is theoretically predicted t® b. More work needs to be done
in order to uncover why there is a constant of proportiopalitd not a direct correlation
as predicted.

The MRE is a powerful technique for the remote sensing of MR @arbe used to
obtain a diverse array of information about magnetic makeras has been demonstrated
in this thesis. The advances made in this research highhghadvantages of performing
IR measurements of MR over electrical measurements of MRsdh&ple is unharmed,
spatial resolution can be obtained and the underlying nmesims behind the MR can
be explored. This serves to demonstrate that the MRE anedatahgneto-optical tech-
niques are valuable assets for researchers in spintramidhat there is a promising future
in using the technique to perform cutting edge researchariiéhd.
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