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Abstract

This thesis describes investigations of the magnetic and magneto-optical (MO)
properties of three different types of thin films. The growth techniques, structural
characterisation, magnetic, optical and magneto-optical measurements have been
performed for a number of different materials grown as thin films. These are;
graphite and graphene, for nonmagnetic ZnO and Al-doped ZnO and transition
metal cobalt-doped ZnO with and without aluminum. Films were grown by pulsed
laser deposition (PLD). Although, there has been much recent work on graphite
and graphene, there has been no experimental work on the optical and magneto-
optical (M-O) (Faraday rotation FR and magnetic circular dichroism MCD)
measurements in the visible region. This thesis presents the first study of such
measurements for both graphite and graphene thin films at room temperature in the
optical region. To date, MCD has been used mainly to investigate the electronic
states in magnetic materials, we have also extended it is use to the study of non-
magnetic materialstoo. The MCD was measured on O polar ZnO and Zn polar ZnO
films grown by molecular beam epitaxy (MBE), to study the impact of the surface
termination on gap states. | aso applied this method to ZnO films doped with 1%
and 2% Al when, a negative MCD signal was observed near the band edge. | used
different methods were used to make targets for PLD of ZnO doped with transition
metal Co, with or without Al, and to grow films with different thicknesses.
Magnetic, optical and magneto-optical measurements were performed to investigate
the exciting area of magnetism in the ZnO host lattice that is coupled to that from
magnetic nanoparticles of metalic cobalt. |1 used MCD to distinguish between the
magnetism arising from the ZnO matrix and the magnetism arises from metallic

cobalt.
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Chapter 1- Introduction

Chapter 1

I ntroduction and Thesis Structure

1.1 Introduction

This thesis is concerned with the charad&da of the magnetic, optical,
structural and magneto-optical MO of a range af fiims; graphite and graphene,
nonmagnetic ZnO doped with aluminium, polar ZnOdailms and ZnCoO and
ZnCoAIO films containing small amounts of metalticbalt. The majority of these
films were prepared by pulsed laser deposition (Pinethod, whereas a few others
were prepared using different growth techniquegleasribed in the text. The main
motivation of this study was to use the versatitifythe magnetic circular dichroism
(MCD) technique to identify and measure the prapsrof the gap states and defect

states in different types of thin films in the Yl region of the spectrum.

The effect of applying various conditions néluence the magnetic and magneto-
optical properties of the ablated films will be @stigated. The conditions during
the growth method can be changed by varying varipaemeters; like the
deposition time for film growth, substrate temperaf the precursors and the
oxygen pressure. SQUID magnetometry was perfortoadeasure the hysteresis

loops, low field magnetisation as a function of pamature and zero field-cooled/
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field-cooled ZFC/FC measurements. X-ray diffract{XRD) was performed for all
films, extended x-ray absorption fine structure AES) for ZnCoO and ZnCoAIO
films, additionally, the techniques of scanningh@anicroscopy (AFM), were used
for graphite films, all the measurements done deoto investigate the environment
of doped species and surface film structure togagra Absorption and reflection
measurements were performed to investigate the bgaml Finally, MCD
measurements were used to explore the spin pdlansaf the electronic states and

the band structure of the films.

Graphite is a layered structure of carbon atoitmney are arranged in a
honeycomb lattice in each layer, the separatiowdsat two carbon atoms is 1.42A,
and the inter plane distance is 3.35A [1-3]. Grhis, however, a single layer of
graphite [3-5]. The interest in graphite is watlokvn, recently, however, there has
been a massive increase in the interest in graphi@sds especially because of it is
optical properties and high conductivity, which reatla good candidate for many

applications, such as in terahertz-IR detectorssafat cells [2, 6].

The magneto-optical properties, Faraday imta{FR) and magnetic circular
dichroism (MCD) of both graphite and graphene hbgen investigated in the IR
region [7-9]. This thesis contains a report of fingt studies of FR and MCD in the
visible region in this material, and the results F&® for graphite are compared with

theory.

In classical electronics the electronic chargeused to carry information.
However, the electron spin is the most importapeasof magnetic materials and a
new discipline is the use of the electron’s spircaory or process information; this

area is known as spintronics. Possible mater@isu$ée in spintronics are diluted

2
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magnetic semiconductors, (DMS). The unique progerof ZnO offer good

technological applications, making it one of thesmwealuable materials of the
diluted magnetic semiconductors DMS group. Zn@ tsansparent material in the
visible spectrum region with a wide band gap ofuac 3.4eVat room temperature

RT. [10-12]

The unique properties of ZnO depended on tieegy gap states, which are due
to the presence of intrinsic point defects, paléidy oxygen vacancies and zinc
interstitials [10-12]. These, point defects in Zaf@ donors; hence ZnO is an n-type
material [10-12]. Consequently, controlling thencentration of defects and
impurities, can lead both to improved performanod & new applications. In
addition, doping with transition metals (TM) such @o, with Al as an additional
donor, has increased the magnetism in pure ZnGgxfample, due to the increase in

the number of carriers when co-doping with Co ah{L8, 14].

Zinc oxide is polar material, hence there aifeergtnces between the samples
grown with O-polar or Zn-polar surfaces; this ird#s the density of defects and the
different optical states that are related with @wpolar sample [15-17]. We have
used MCD to investigate the effect of polar ZnOhwi- or Zn- terminations on the

gap states because of the many applications of filoies of ZnO [18, 19].

We have also used MCD technique; to illustiate capability to measure the

weak absorbing gap states in non-magnetic thirsfifnznO.

It still remains under debate as to whether shurce of the observable room
temperature ferromagnetism in thin films of ZnO whidoped with different TM

such as; Co, Fe and Mn, is due to the presencarmdparticles of ferromagnetic
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material [20-23]. We investigate the possibilifyachieving magnetism in the ZnO
lattice, which is in coupled with the magnetismnaioparticles of metallic cobalt.
A number of different targets, using various grovabnditions such as target
annealing and the addition of Al to the target,éhaeen used to grow thin films of

ZnCoAIO and ZnCoO with different thicknesses [24:25
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1.2 Thesis Structure

This thesis consists of seven chapters. diheof this thesis is to study and
measure the magnetic, optical and magneto optroglepties of oxide and graphite
thin films and also graphene. The body of theithesnsists of seven chapters, as

follows;

- Chapter One, contains the introduction of the thesis.

- Chapter Two, contains a brief presentation of the theory of neagn-
optical systems, magneto-optics theory in termgliefectric tensor and a

discussion about the classical and quantum theofialssorption.

- Chapter Three, describe the experimental techniques used in g®ghwith
a brief details and physical background. This udes PLD, SQUID
magnetometer, Dektak surface profiler, optical meaments, and magnetic

circular dichroism MCD.

- Chapter Four, contains a discussion dhe optical and magneto-optical
studies of graphite and graphene thin films in Wsble region over an
energy range of between 1.5 - 4.5 eV at room teatpes. It also gives a

literature review on the graphite and graphenetheil properties.
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Chapter Five, describes the ability of the magnetic circular docém MCD
technique to identify the weakly absorbing gapestah a set of nonmagnetic
ZnO thin films. A discussion of the optical and meatp optical data will be

presented also in this chapter.

Chapter Six, the investigation of structural, magnetic, and negroptical
properties ofa series of ZnCoO and ZnCoAIO thin films, will besdribed,
to explain the effect of varying the growth conaliis at the origin of the

magnetisation within the energy states for thdsesfi

Chapter Seven, includes a summary of the results achieved irtliasis and

a proposals for future work and projects.
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Chapter 2

M agneto-Optics Background in Magnetic Oxide

Materials

2.1 Introduction

This chapter provides an overview of the &itare that was considered to be
pertinent to this investigation. Specifically,d4hgection provides an analysis of key
concepts needed to understand the experimentahitees applied in this
investigation including magneto-optics, magnetaaspin terms of the dielectric

tensor.

2.2 Fundamentals of Magnetism

All substances are made up of atoms thaagoelectrons, with gmass and e-
charge that are in constant motion. The motionl@fteons is commonly referred to
as atomic currents. Accordingly, there are thggeed of currents: atomic current,

displacement current, and the conventional current.

10
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These three sourcesafrrent within an atom may result in a magnetic reaotrof

the free atom;

- The change in the orbital momentum of an electi@t ts caused by the
introduction of a magnetic field.

- The orbital angular momentum of the electrdnsgsults from the motion of
electrons around the nucleus.

- The intrinsic electrons spis,.

The orbital angular momentum of electron aneirthintrinsic spin cause
paramagnetic contributions to the process of magatein while the shift in the
orbital momentum of an electron that is causednioycing a magnetic field results
in a diamagnetic contribution. Magnetic momentsaeate from electron shells that
are partially filled, since atoms that have filletectron shells have zero orbital
momentum and zero spin because the orientatioheofrtagnetic moments of the

electrons cancel each other out [1-5].

The relationship between an applied magnetid fil and the magnetic induction

B in a material is given by:

B=u,(H+M) i, (2.1)

Where, u, = 4m x 10~7Hm™! is the free space magnetic permeability, &hds
the magnetisation. The variation BF in an applied magnetic field, defines the

magnetic properties of the material.

11
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The susceptibility, is very important magnetic feature, which is defl as the
ability of the material to become magnetiesd, amnsla temperature dependent and a
dimensionless, is given by:

__0M
0HlH-0

OR y =M % .............................. 2.2)

X B

Moreover, the property of the material thatatiées the degree of the materials
magnetisation which responds to a linear magneid fs called the permeability,

and given by:
B
H = E .................................. (2.3)

While, the relative permeability of the mateniais given by:

u

U = E .................................. (2.4)

Where, it is the ratio of the material perméahi u, to the free space
permeability o (Which is constant). Also, known that. is equal to 14, therefore

we now have;

B=u,(1+ )H = ur-loH (2.5

The values of susceptibiligyand the relative permeability of the materiahre
used to classify the magnetic materials. Materigith a small and negative
magnetic susceptibility are known as diamagnetic. This happens by applgm

external magnetic field to the material, producamginduced electromagnetic force

12
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that accelerates the electrons in the material$ &itconstant independent of
temperature. Whereas, the permeability and subdépt y are positive in
paramagnetic materials, algois small and decreases as a function of temperatur
increasing in paramagnetic materials. This retai® known as the Curie-Weiss

law, as written by:

C

x(T) = 98 (2.6)

WhereT is the temperaturel is the Curie constant anglit is known as non-

negative constant or the temperature parameter.

On the other, the susceptibility, for a ferromagnetic material is positive too,
similar to the paramagnetic materials, but it iscmdarger than that for para
materials [1-5]. The plus and minus sign fois used for anti-ferromagnetism and

ferromagnetism, respectively.

The main difference between paramagnetism amdnfiagnetism is that in the
absence of an applied field the ferromagnetisml dths a spontaneous

magnetisation.

The theory of the localized moment explains thdgcteons originate the
ferromagnetism in the materials. In an insulatoe, &tom magnetic moments and the
electrons are localized and cannot move in thetaryshere the majority of the
spins stay aligned due to the exchange mechanissng@them. While the electrons
are not localized according to band theory and treyfree to move from atom to

another, originating the ferromagnetism in the tlys
13
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Under a critical temperature, more spins aignatl by applying a magnetic field,
and the system achieves its maximum magnetizationis saturated; this point is
known as the saturation magnetization MvVhen by removing the external field, the
weak coupled spins will move randomly due to therrtmal fluctuation, thus the
magnetic moment does not vanish, like in paramagraher, this permanent
magnetization is known as remanence, or remainirgnetization M The
magnetic field wanted to remove the remaining mtgaton is call the coercively,
or coercive field Hc . Whereas, the ferromagnetaterial have a zero coercive
field and behaves like a paramagnet, above a aritegnperature; is known as the

Curie temperaturéc.

Accordingly, in free spins where magnetic energyB, competes with thermal

energy, then;

%(T) = % ................................... 2.7)

If the spins feel exchange interaction favoringderagnetism, and accordinglyis
about the same akc the Curie temperature, which is a characteristaperty for

ferromagnetic materials, that gives;

x(T) == ) (2.8)

T—T,

Where, for T< Tc the material is ferromagnetism due to the magmeoments
alignment, whilst, above Tc, the thermal variatiestroy the alignment and the

material revert to paramagnetic behaviour.

14
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Whereas, the susceptibility for antiferromagnetatenials the exchange interaction
tends to align the magnetic moments antiparall@atich other. The susceptibility is
given by:

¥(T) = % ................................... (2.9)

The susceptibility for antiferromagnetic ma&siis a temperature dependent,
were it increases with a decrease in temperatueeni@ximum value known as the
Neel temperaturen . The materials is antiferromagnetic below , TTy < 6, and

above | the material is paramagnetic [1, 6].

2.3 Magneto-Optical Effect

Magneto-optics (MO) is a powerful system udedidentify the origin of
ferromagnetism in the materials spectroscopicly. mhy be used to determine
whether any secondary impurity phases are the sairthe ferromagnetism, or if it
is caused by the effect of TM ions added to the ladsce material or by a polarized
defect band. It describes how light undergoes fiwadion when passed through a
crystal under the influence of an external magniéld. In an electromagnetic
wave, in free space, the direction of the electietd is called the polarization,
which is constant as the wave propagates. Theipalem is linear if the electric

field vector, E, points along a constant directiblence, for isotropic transparent

15
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materials with refractive index, the relation between the magnitude of wave vector

g and the angular frequeneyis given by this formula;

g="0- 2
¢ /I/n
where,c is the speed of light. If light is passed throwghabsorbing material of
thicknesd, the refractive index andg become complexi and g, the matter would

be presented; then equ. (2.10) becomes:

=
e

B
Il
—~
N
=
=
~

Wherefi is the sum of reah,, and imaginaryk, parts;i = ny + ik ; k is also called

the extinction coefficient. Then, when an electrgctor E, of light, incident on a
transparent material of thickness L, the electactor &, of the transmitted beam,

is given by the following:
Eouteiwt — Eineiwteif[L

= Epe“texp (inﬁL)

= Epe'tlexp (innoL) .exp (— wTkL)] .............................. (2.12)

There are two refractive indices in a magnetedium;ii, # fi_, both of which

may be complex. Hence we must discuss propagafitight through a magnetic

16
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medium in terms of two circularly polarised bearmgiht that is linearly polarised
comprises of equal parts of right and left circiylggolarised light RCP and LCP.

This implies the equation above can be rewrittéo: in
ﬁi = n()i + lki ................................... (213)

Figure (2.1) (a) and (b) shown a summary of theesgntation of RCP (+) sign and

LCP (-) signs.

Removed
by the author
for copyright reasons

Figure (2.1): (a) linear polarised light is madeafigqual parts of LCP and RCP light.
(b) If the LCP and RCP light after passing throwgtperpendicularly magnetized
sample are unequal, then the transmitted or refliedight becomes elliptically

polarised and rotated. Wheiés the rotation angle anglis the ellipticity angle, where

both actually are very small for our experimentguFe adapted from A.Behan [7]
after few amendment have been taken.
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From figure (2.1a) [7], it is evident that lineagHt has two equal parts RCP and
LCP, where, these parts are unequal after paskimgigh a magnetic field, the
reflected light is elliptically polarised and ratdt parallel to the direction of the
magnetic field as illustrated in figure (2.1b). TREP light component, in this case,

is smaller than the LCP light component.

The MO effect is observable when the refractndices of RCP and LCP upon
recombination are not equal # fi_, where,ii, andfi_ represent the refractive
indices for right and left circularly polarised Hig respectively. This results in a
shift in the relative amplitude and phase of théPR@d LCP light, which indicates a
magnetic circular birefringence. This is demonstlah figure (2.1b) where light is
polarised elliptically by a rotation of angbkeand is accompanied by a change in

intensity.

MO effect is a result of a direct or indireglis of energy levels in an applied
magnetic field. The absorption of light and refrnae index in a solid are occurs by
electric dipole transitions. Circularly polarisgdnsitions occur between electronic
states that are magnetically quantized, whigng = +1 , mj is the orbital quantum
number. Therefore, spin-orbital coupling is playiag essential role for orbital
moments which reflecting information about the sgstmagnetism. For a weak

spin-orbit coupling the allowed selection rules Are; = 0 andAm; = +1, where
m;s is the electron spirr_F(% ) for spin up and down, respectively, this be alsgl for

orbital moment that gives information about the netgm of the system [6, 8].

18



Chapter 2- Magneto-Optics Background

In transmission, Faraday effects , FR, is thuthe difference between the real
parts of the refractive indices for left and rigbP light, while, a measure of the
difference in absorption for left and right CP ligh known as the magnetic circular
dichroism, MCD [9]. All the experiments performedr fthis work were done in
Faraday geometry. The FR is determined by the heij average of all the
transitions within the material. In a spectral ganwhere the crystal is not

absorbing, the FR effect is finite, unlike the M@iat depends on absorption.

As mentioned earlier the magnetic circular hdicsm (MCD) presents a
difference in intensity between right and left alarly polarised light at a given
frequencyw, and is non-zero at energies where the crystbsorbing, because it is
depends on the transitions at frequencyFor that reason, MCD is very useful to
determine the nature of the magnetic state, anefthre theMCD measurements
are the most important investigation in this theBigrthermore, the FR is used, to
check if the MCD effect is not due to the mediunalisorbing at the band edge, but
it might be due to the materials intrinsic magmatisr induced by an external

magnetic field.

As been predicted from quantum selection rules transition withAm; = +1
occur in RCP and LCP lights respectively. Thisulssin two possible sources of an
MO effect. There might be differences in the ab8orpenergies for RCP and LCP
light if the condition bands or valences are splidue to the difference in the RCP

and LCP strength which is due to the populatiofed#ince in the orbital states.
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In the cases, where only one of these effdtds, it shows a distinct line shape,
which are referred to a diamagnetic and paramagtieg shapes. A diamagnetic
line shape is shown when RCP and LCP transitiokes pdace at different energy
levels due to band splitting, consequently, theetlisive feature in the MCD is
occurring due to the transitions at energy diffee=n as shown in figure (2.2a).
The paramagnetic line shape is seen when the owoopz the orbital states that
are participated in transition for RCP and LCP tighk different. The transitions
take place at the same energy level but with diffees in strengths implying that
subtracting one from the other results in MCD peakseen in figure (2.2b), more

details in the following sections.

Removed
by the author
for copyright reasons

Figure (2.2): (a) Diamagnetic effect from LCP an@HRtransitions occurring at
different energies. (b) Paramagnetic effect fromPL@nd RCP transitions

occurring at the same energies [7].
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Furthermore, the process of separating thecesffof population and energy is an
extreme case since it is unlikely for populatioffestences to exist without having
some form of energy splitting. Hence, the onlgbility to have the paramagnetic
line shape if the spectral resolution is broad ghaiw determine the splitting which
results in a difference in the population [7, 1Q-1The pure diagrammatic effect
will depict a dispersive feature with equal sizepaisitive and negative parts. If

these parts are not sized equally, then the papntabf the states are not equal too.

Faraday rotation can be applied in determimigther an MCD signal that is
detected is real anabt a construction that can emanate from a sarhpleaibbsorbs
strongly at the band edge. Figure (2.2) above dstrates this consistency, where a
peak in Faraday rotation is shown at the zero poirthe MCD signal, and vice

versa. This is due to the Kramers-Kronig relaf@nl?].

2.4 Macroscopic Theory

2.4.1 Magneto-Optics Theory in Terms of Dielectric Tensor

In this section we show hom. arises from off-diagonal terms in the dielectric
tensor. The dielectric tensaf is used to describe the propagation of electromtagn
waves through a medium at optical frequencies, &lerexternal magnetic field is

applied. In a uniaxial crystal that is magnetizddng the optical propagation

direction of IightM || Z, so the tensor has the form written in equ.(R[2413]:
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E=[-igy, &x O 2.04)
0 0 &,

Where, in a magnetic medium, the off-diagonal congmisé,, are non-zero, will
shown later. The dielectric tensdy, for an absorbing material is complex with a

real and imaginary part, given b; = ¢&/; +ig;;.

Now, eqn.(2.14) gives the propagation of light imadium with dielectric tensor.

Then based on Maxwell equations in a non-conductiedium, where total density,

]=0,p =0, then:

VB=0 (2.15)

VD=p=0 (2.16)

5. % _:,9D D

PxH=j+=2=2"" (2.17)

PxE= -2 2.18
=== s, (2.18)

(wl]
Il
My

e E e, (2.20)

At low frequency the relation oMl = )(Fi for ferromagnets ang # 1, however, at
optical frequencies it could be assumed thatl even for ferromagnets [1, 9, 14-

16].
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Solutions are taken at frequeneypropagation along z-axis. The electric fields

are given by the form:

252 R A , - .\~ .
%Eo (ex + Ley)exp[L(a)t —q+2)] = eouoszo[(sxx + sxy)ex + (Lsxy +
IEXXEVEXPIWE—G1Z 2.21)
Whereg? = Wiy andc = — then solution is for complex refractive

= c? N v Eolo ' P

indices, fi;. Solving Maxwell's equations using eqn, (2.12)20) in (2.21) we

find that

2
(% (Sxx i Sxy) - Qi) Ei =0 (2.22

This may be solved fai,. one find

A2 =8t 8y and &4 = &£ 8y s (2.23)

which simplified to give:

~ Ex , . .
fip =/ T Z\/_N‘sy; , were provided thatey, > &, . .o (2.24)

As been mentioned earlier, MO effects are givethieydifference in refractive

index between LCP and RCP light, therefore;

And
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Ai=7i, —7fi_ =An+iAk e, e5)
Where; Ra7 = An and Im\7i = Ak

In a sample of thicknedg the Faraday rotatiofy. , and the MCDy; are given by:

o /o o l
0r = Re [% (fy — n_)] = %An ............................... (2.27)

ng = tan [Im[a;—lc0 (fiy — ﬁ_)]] ~ a;—lCOAk ............................... (2.28)

In Equ.(2.28), an approximation has been usedhe small angle, which is

almost always valid in our measurements. Equbj2shows that, to obtain the

spectrum of,, , the spectrunof &,,, and the measuremeof 7, —7_ are both

required. From the previous assumption &f > &,,, we could write that

£« = (n + ik)? which is independent of the magnetisation.

The value of the off-diagonal constant is:

Evy =@, —RAOM+K) e, )

Which may be referring in terms relates to the mess FR and MCD effects:

£hy = —— (B — k1) et (2.30)
(1)10

n 2
e, = w—fo (kOr —nmE) e, (2.31)
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In the case of a very small overall absorptitren,k « n, the real and imaginary
part of & simply related to the FR and MCD, respectively,[By17], where the

two following equations used in this thesis:

!

2
£l zw—foneF e (2.32)

Exy ~ —nn F o (2.33)

Considering the change in phase and amplitmdBCP and LCP light reflected
components to obtain the expressions for the dredeiensor and the Kerr angles.
This leads to give a clear explanation for the edldhce between the Kerr and

Faraday effects [17]. The FR and MCD are given by;

= Re [“”0 Fry ] ................................ (2.34)

3xx

_ wlp Exy
Ny = tan [Im [ ” @” .................................. (2.35)

2.4.2 Classical and Quantum Theories of Absorption

When a light pass through a material with a largeiper of atoms and small
inter atomic separation, the force of the eledigatd intensity for the incident light,
E(t) , could make each atom under this force to osejlle.g. in the z-direction. We

consider a classical oscillator of single electtharge g, and mass giwith natural

frequencyw, , driven by an electric fiel (¢) is given by:

25



Chapter 2- Magneto-Optics Background

Fr = QE() = e,q.E,€™t (2.36)

where,q, is the electron dipole moment along z-directiolne Equation of motion

from Newton’s second law is:

i d?z dz
q.E, et = m, — My + MeWEZ e (2.37)

then solution for (2.37) will be either:

2(t) = =2le g opiot ] (2.38)

Z .
wi—w?+iyw

Equation (2.38) represents the displacement deriwthe electron (-) and the
nucleus (+). Whereo, is the resonant frequency for the vibration with@unt
external force effect. Now, assume a density pbldi momentsP, which is the

electric polarization foN electrons per unit volume is give by,

P=gq.zN (2.39)
Hence:

_ giNE/m,
P = —wg_wZHW ................................ (2.40)

Now to describ@ as a function of», we use the dispersion equation, by using the

fact thatii? = &,,,

P(@®) _ qéN/me

= — el e — {2
g0E(t) go(w3-w2+iyw)

Exx =
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The above classical expression is used to obtamjtantum mechanical result, by

supposing that there are N molecules per unit veluamd each molecule with

oscillators, having natural frequencieg;, and j = 1,2,3,.... ., [6, 9]. Therefore
~ Nq? fj
b =142 3, (ng_wZHW) ........................ @20

Similarly, if we consider transitions where the itabangular momentum changes

by *1, were=0, then we get; [9].

- 2 fij fio
Exy = Nq 3. It — Zj# ........................ (2.43)
J

260me |7 Wi, —w?+iyjw _—wl+iyjw

Wheref;, are the oscillator strengths for transitions cduseRCP and LCP light.

27



Chapter 2- Magneto-Optics Background

2.5 References

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

J. Coey,Magnetism and Magnetic Materials: first edition ed. (Cambridge
University press, 2010).

B. Cullity and C. Grahamintroduction to Magnetic Materials, : second
edition ed. (IEEE PRESS, 2009).

S. Blundell, Magnetism in Condensed Matter,: second edition ed. (Oxford
University press, 2003).

C. Kittel., Introduction to Solid Sate Physics, : second edition ed. (Oxford
University press, 2010).

A. M. Fox, Optical Properties of Solids, : eighth edition ed. (John Wiley &
Sons, 2005).

E. Hecht,Optics, : 4th edition, Addison-Wesley (2002).

A. Behan, "Characterisation of Doped ZnO Thiidns for Spintronic
Applications, ," in Department of Physics and Astmy 2008, The
University of Sheffield.

S.M.Thompson and Y.B.Xupintronic materials and technology. Series in
materials science and engineering . New York: Taylor & Francis. 423 p,
(2007).

F. J. Kahnet al., "Ultraviolet Magneto-Optical Properties Of Singleystal
Orthoferrites, Garnets, And Other Ferric Oxide Coomuls," Physical
Review, vol. 186, pp. 891-&amp;, (1969).

J. C. Suits, "Faraday And Kerr Effects In Matno Compounds,'leee
Transactions on Magnetics, vol. MAGS, pp. 95-&amp;, (1972).

28



Chapter 2- Magneto-Optics Background

[11]

[12]

[13]

[14]

[15]

[16]

[17]

K. Sato, "Measurement Of Magneto-Optical Keffect Using Piezo-
Birefringent Modulator,"Japanese Journal of Applied Physics, vol. 20, pp.
2403-2409,(1981).

V. Antonoy, et al., Electronic structure and magneto-optical properties of
solids, Dordrecht ; Boston: Kluwer Academic Publisheis, g528,( 2004)

S. Kah| et al., "Optical transmission and Faraday rotation spect a
bismuth iron garnet film (vol 94, pg 5688, 2003jdurnal of Applied
Physics, vol. 96, pp. 1767-1767, (2004).

X. Zhang et al., "Kerr-Effect And Dielectric Tensor Elements Of ifeetite
(Fe304) Between 0.5 And 4.3 Exdlid State Communications, vol. 39, pp.
189-192, (1981).

G. Q. Di and S. Uchiyama, "Optical and magreptical properties of MnBI
film," Physical Review B, vol. 53, pp. 3327-3335, (1996).

A. Schlegel et al., "Optical-Properties Of Magnetite (FE304J8urnal of
Physics C-Solid Sate Physics, vol. 12, pp. 1157-1164, (1979).

W. Reim and J. Schoenésandbook of ferromagnetic materials, : edited by
E. P. Wohlfarth, K. H. J. Buschow (North-Hollandnaterdam (1990).

29



Chapter 3- Experimental Techniques

Chapter 3

Experimental Techniques

3.1 Introduction

The following chapter will describe the sampgbreparation, the experimental
technique and characterisation utilized in thiskuor analyze the data. The procedure
for preparing the films is explained first; the iy of the samples used in this work
were grown in University of Sheffield, and a fewnfs were obtained from our
collaborators in different groups, which will be miened throughout the thesis. Then
this is followed by a explanation of the measuremmaethods of the thickness, and
finally describes the optical and magneto opticebcpdure. Also, it includes an
explanation of the magnetic measurements that perermed to obtain the magnetic
properties for the samples such as; the hystelegos, and the field cooled (FC) and

zero field cooled (ZFC).

3.2 Target Fabrication:

The desired amount of each target component is hedigput on an electrical

balance followed by a standard solid-state readctomte. The stoichiometric weighted
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guantities of powders were ground in a mortar aestlp three times for around (20-30)
minutes each, in order to mix all the componefisen, the resulting mixture was fired
in air for 12 hours (or more if required) at diffat temperatures, for instance, 200
600°C, and 908C in a furnace (temperatures were changed whenedgedrhe high-
temperature sintering and the grinding repetitioacpdure are required to form the
desired oxide compound and to reduce the impuhigsps of any un-reacted powders.

The final powders were compressed by a hydrguéss in a vacuum at a pressure of
25000 kPa to form a cylindrical pellet with 25 mimardeter and about 5 mm thickness.
Finally, the target was annealed in air at ~ (9@6@°C for up to 15 hours in order to
get a smooth surface of the target. The targgigoation steps, sintering, temperatures
and time changes according to the material, whidhb& explained in later chapters
when required. All the materials and tools usedotepare the target were cleaned
regularly to avoid any contamination.

All of the prepared targets were placed oréd by a sticker, in order to be used in
the laser ablation chamber to make the films. Thupsto four days were required to
prepare one target, which could change dependirtbenharacteristics of the powders
used. This method was found to be the best to mapegets for pulsed laser deposition
technique (PLD).

A cylinder of carbon was used to prepareraplgte target. The cylinder was
chopped in the workshop to a small cylindrical g@etf 25mm diameter and about 5
mm thickness and then located on the holder usstgker. More details are given later

in section4.6.1.1
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3.3 Pulsed Laser Deposition System (PLD)

3.3.1 Introduction

Pulsed Laser Deposition is among the simpéehniques [1-3], which are used to
produce thin films and multilayers. The other vgideead methods are sputtering [4]
and molecular-beam epitaxy (MBE) [5-7]. In compan with other techniques, PLD

has a number of good features, such as [1-3, 8-9]:

The establishment costs are not very expensivepadng to sputtering and

MBE.

- There is flexibilityto grow highly pure multilayer thin films in a vaoom and in

different ambient gases at different pressure.

- There is a strikingly high similarity in stoichiomnie between the target and

deposited films, thus enabling high-quality filnaskte grown.

- The laser source system is independent of the deposhamber for the PLD
comparing with other techniques. This featurevedlohe possibility of growing
multilayer films easily by controlling the targetomement in and out of the

beam'’s focal point.

In spite of all these advantages for PLD themee also some negative points of this
technique. “Splashing” is considered one of theomalisadvantages that affect the

uniformity of thin film, because of fast vaporisati which occurs around the targst
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liquid layer formed by the laser power. Anothenaoack for PLD is the degradation of
the target with the continuous use by the PLD dmgl deposition times, whicleads to
a reduction of the film quality, due to random parates coming off the target and

becoming incorporated in the film [1-3].
3.3.2 Pulsed Laser Deposition Set-up and Procedure

Figure (3-1) [10] shows the three main paftshe PLD system: the laser, optical
arrangement and deposition chamber [1-3]. The ksployed in the experiment was
an excimer XeCl laser model (Lambda Physik LEXTRBOP possesses with an
operating wavelength of 308 nm. The optical pusggth for the laser is very short at

about 28 ns and it operates at 10 Hz pulse freyueith pulse energy up to 400mJ.

Removed
by the author
for copyright reasons

Figure (3-1): Schematic diagram of the pulsed ldegosition chamber.
Adopted from [10]
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The quartz lens which is a part of the optaseangement for the PLD was located
at the same horizontal line with the laser beard, arallel to the front optical window
glass of the chamber. The role of this lens isottu$ the laser beam to be incident on
the rotating target at 45and to produce a spot size on the target sudbaeea roughly
about 3 mm.

The deposition chamber is a high vacuum stasbteel compartment, containing
the target holder, the substrate holder and th&spre gauge unit. The target holder and
substrate holder face each other at a fixed distéofcabout 5 centimetres). The target
holder is rotated at a speed of 60 rpm by an étectotor. The main advantage of this
rotation is that it prevents the creation of a hatethe target from continuous ablation
by the laser and, therefore, decreases the formatisplashing onto the substrate.

After clamping the target inside the chambiee, substrate which is usually sapphire
(or glass) is cleaned ultrasonically in acetonel #ren clamped onto the holder with
two small clamps. This is a positive point becaitiggovides two free blank areas of
the substrate to consider as a reference whendiagothe films thickness using
Dektak, more details will be shown later. The stdietholder as shown in Figure (3-2)
is wired to two electric heater bars which are emed to a power supply in order to
heat the substrate to the required temperaturerin@puhe deposition the substrate
temperature is monitored by using a Chrome-Alurhetrhocouple, where one side of
the thermocouple is attached to the film holded @ other junction is immersed in an

ice-bath.
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The chamber is then locked and pumped-dovwthealesired pressure. By using the

turbo-molecular pump (TMP) synchronously with tlegary pump the chamber can be

evacuated to the minimum base pressure GfTidr.

Substrate-holder

Two clamps Film

Voltmeter and |
Ammeter wires

& W oas

Figure (3-2): A photo of the substrate holder vattieposited film placed

between the clamps.

In addition, there are three extra valvegjaa valve, a roughing pump valve and
gate valve, used to control the changing of thesqunee from the base pressure to an
accuracy of a hundred of a mTorr. Once the requimnditions are attained, the laser

is switched on and the deposition of the atomsherstibstrate (for different deposition

time) is performed.
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The chosen parameters; the substrate temperatie laser energy and plume
quality, and the chamber pressure were all mordttreoughout the deposition process.
The laser beam incident at the rotating target wihsfer energy to the target and
evaporate it, producing a plume at the target sarf@he plume includes atoms,
molecules, electrons, ions and clusters, which ni@pen the quality of the target and
the chamber pressure. Clearly, the interactiowéen the laser, target and plume will
affect the film deposition in a positive way. Thémf thickness depends on the
deposition time, and the plume quality, finallytesfthe deposition process is finished,

the film can be allowed to cool down slowly at RF period of time.

The PLD technique is suitable for complex mate growth, as will be mention later
in the following chapters. It reflects the targagichiometric in the film very well. It is
also very convenient for oxides as it may be usid variable oxygen pressure. Some
studies have reported differences between PLD aB& Mspecially at high intensity,
while at low intensity; PLD resembles MBE [11-18§ will be explained in chapter 5.

There are two main differences between PLDMBE: in PLD the atoms, or ions,
arrive at the substrate with a considerable kinetiergy [11-12]; whereas in MBE the
atoms have a much smaller kinetic energy whichharaxcteristic of the temperature
needed for thermal evaporation, the second difteres that atoms arrive in pulses in
PLD whereas they arrive as a continuous streamBi&E MFilms made by standard PLD
are usually textured and may have inclusions gfefamaterial known as boulders.

Single layer epitaxial films can be grown bjaser using a modification known as

laser assisted molecular beam eptaxy LAMBE in wiihehlength of time between laser
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pulses is greatly increased, by a factor of 100d. 1In this case the surface quality and
morphology for films prepared by LAMBE may be betigan MBE. In addition, Tan
et al. [12-13] showed that at low substrate tenmpeea the properties of films deposited
by PLD are similar to those deposited by MBE. Wil decreasing the pulse duration
for the PLD, an increase of the island densities been noticed, at high temperatures
[12-13] . Polar ZnO films can only be grown by MBE by LAMBE and not by the

standard PLD; more details is given in chapter 5.

3.4 Dektak Surface Profiler- Measuring Film Thickness

A Dektak Surface Profiler is an instrumentdusee measure the texture profiler of the
sample surface vertically. It measures the thisknaf samples ranging from 40nm to
500nm, by the mechanical lever (the moving part)ictv is connected to the optical
lever controlled by a computer.

A sensitive diamond-tipped stylus on the Dkkts shown in Figure (3-3) is moved
vertically along the film surface, from the blantea at the corners of the substrate,
which represent the clamped area of the sampleehdfolthe area of the deposited film.
The stylus pressing force onto the sample coulddpested. After adjusting the stylus
height to the desired work circular stage, whichats important part of the Dektak
moves to the front and back, a vertical displacdanoérthe stylus directed from the
blank area to the middle of the film is recordedabyarying electrical inductance. The

resulted inductance data is recorded, and latetclsed into a height and plotted by
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Dektak software as a function of horizontal diseandhe thickness value of the film

was obtained by taking the average of a numbesadrded measurements.

The thickness value measured by Dektak may fvany an area to another on the film
surface, due to several reasons related with fgnosvn by PLD. The substrate type,
the quality of the laser plume and the chamberspires all these parameters affects on

the surface uniformity of the film.

Stvlus

<«—— ThinFilm

Scan route
» T~ Dy
T ———

Figure (3-3): A side view of the Scan route for Dektak thickness

measurements for the films and deposited film salestrate
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3.4 Optical Measurements

A number of optical phenomena, including traission, reflection, absorption and
scattering, are observed as a result of light gzapan through the film [14]. In this
system, the absorption spectrum was determined itBctdmeasurements of the
transmission and reflection spectra as a functf@nergy at room temperature, in order
to provided information about the electronic stanes and essential optical properties
of the sample. A tungsten halogen lamp generat@5@ watts was used as a light
source in order to measure over a wide spectrgerdrom 1.7 eV to 4.5 eV. The
position for the photomultiplier detector (PMT) the system set-up can be changed
during the experiment to detect the light for ttemsmission and reflection, as required.

Monochromatic light was produced when the lighssed through a (Spectro-275)
spectrometer. A filter is used to split the lighto two beams. The first beam (called a
reference) passes through an optical chopper witfiven frequency which is then
recorded by the PMT. Whereas the second beanedc#te sample beam) is also
chopped by the chopper with a given frequency tioer) goes to the sample and then is
detected by the second PMT detector after beirlgatetl from, or transmitted through,
the samples. The detector’s job is to converintensity of light to an electrical signal
and then amplify the signal by the conditioningtuemd split it into the AC and DC
components. The lock-in amplifiers were used t@lggand record the AC signals,
and to measure the intensities of the incidgnthle reference, the transmitted;land
the reflected 4 beams. Inaddition, the two lock-in amplifiers also recordeth

transmitted or reflected beam and the referencembea
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The optical phenomena can be calculated by fresiameters. The transmission is
guantified by the transmission coefficient (T), aiis defined as the ratio of the
transmitted light intensity to the total incidemght intensity [14-15]. Similarly, the
reflectivity or reflection coefficient (R) indicagethe ratio of the power for the reflected
light to the power of the incident light [14-15]f there is no scattering or absorption

occurs in the system, these two coefficients wgjlia to the unity [14-15]:

THR=1 s 3.1)

When the light passes through a sample of thickheasd is absorbed, this is
guantified by the absorption coefficieat This is defined as the fraction of intensity
that has been absorbed by a unit length of the. filheerefore, the integration of the

intensity along the film thickness gives us Beémaw

ID) =1,e™* (3.2)

[, here refers to the intensity of the incident ligh$suming that the reflectivity of the

substrate is negligible and only the reflectivityy the deposited film is taken into

consideration, then from equation (3.1) the trassiman will be:

T=((1-R)Ze™ e, (3.3)
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By derivation using Beer Law, the absorption coefficieat can be calculated using
the following equation, in order to identify therfabgap

(1-R)?

az%ln( - ) (3.4)

The band gap energy for the direct interbandbm determined from the absorption

coefficent by the following equation, [16-18]

ahv=A(hv—E)Y2 (3.5)
g

where hu refers to photon energg, to the band gap energy of the material and A is a
constant for a given sampl&he band gap can be obtained from the intersectiotine

energy axis by plotting? as a function ohv as shown irFigure (3-4):
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Figure (3-4): Plot ofi” the absorption coefficient as a function of endyy

pure ZnO, were §£ 3.4 eV.
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3.5 Set-up for Magneto-Optical Measurement

Magneto-Optics is the technique that usednteestigate the modifications which
occur to the light when it is passed through a retigrerystal. The system set-up used
is based on Sato methods [19] that enables magpeical spectra to be obtained using
a Piezo-Birefringent modulator. Our magneto-ogiistem setup was put together by
Dr Neal of the University of Sheffield, with Prdfucera from Charles University, our
MO setup is shown in Figure (3.5) [20]. This swsteallows simultaneous
determination of the two MO parameters, MCD andaBlay rotatiort) and is the main
factor that makes this approach used widely. Apartant feature of this technique is
the ability to perform an accurate measurement aweide range of wavelengths. Also
this methodprovides a 12 nm resolution and a sensitivity @0Q0 at wavelength of

500 nm.

Removed
by the author
for copyright reasons

Figure (3.5): Schematic diagram of MO setup for sseement in either
Faraday or Kerr geometry. Adapted from [20].
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The magneto-optics set-up geometry can be kedtcduring the measurements
depending on the samples used. If the samplegldyhabsorbing and not transparent
(opaque), Kerr geometry is more suitable for th@asneement. The Faraday geometry
is the most appropriate for the use where the samspransparent. This set-up daa
achieved by changing the position of the photomlasbdulator (PEM), photomultiplier
(PMT), and analyser to detect the reflected ligittKerr geometry or the transmitted
light for Faraday geometry. The set-up uses eithéungsten halogen lamp with a
power of 250 watt that covers a wide spectral rdvgjgveen 0.6 - 3.8 eV, or a Xenon
lamp with a power of 150 watt to cover a spectagige between 1.5 - 4.5 eV. Both

lamps are set in a metal container aligned atige angles to the set-up.

The aligned light from the source then paskesugh a spectrometer (Spectro-275)
to create a monochromatic light. The spectromesear three different gratings blazed
for different wavelengths which can be selectetording to the wavelength of the
required light. Meanwhile a band pass filter wagduso remove the unfavourable
wavelengths from higher order reflections. In ortdeproduce a planpolarized light,
therefore, the light is passed through a Glan-Trayg prism polarizer positioned 45
to the analyser and 9Go the optical axis, before focused onto the samplThe
polariser angle is controlled by using a motor an&C, where the position of the
polariser needs to be optimised whenever the dgtigpment is changed.

After cleaning the sample carefully with acet@r ethanol, the sample is mounted
on a metallic disc with aperture of about 2-3 mmnakter. The sample holder is held

vertically between the two poles of the electroneignThe maximum magnetic field
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obtainable from the poles is 1.8 Tesla for roomperature and 0.5 Tesla for low
temperature due to the different gap size. Thel fielapplied perpendicularly to the
sample and parallel to the direction of incidence.

A series of mirror and lenses were used tadgdbe light beam to a size similar to
that of the holder aperture. A regular optimisationthese mirrors is required for the
purpose of maintaining the maximum amount of thiaqzeed light passing through the

sample, and ensures that the light is not scattered

A photo-elastic modulator with a frequency 6flHz (PEM) purchased from Hinds
instrument is used (to produce a signal proportibmahe rotatiord and ellipticityn
when the light passes through it). The PEM wonkgh® photoelastic effect principle,
where a sample under mechanical stress exhibitefitgence that is proportional to
the resulting strain. The PEM is consists of afbimgent crystal placed on the top of a
piezo-vibrator that is used to modulate the fregyeh [20-22]. A periodic retardation
in the phase of the light will occurs parallel be tvibration direction, which will causes
a change in the birefringent of the crystal. Themefthe PEM will modulate the
polarisation of the light with a fixed frequencylhe birefringent crystal is set to a
guarter of the wavelength and also the angle betwke vibration direction of the
crystal and the first polarizer is set af 420-22].

The light then passes through an analyser toamedysed and focused on the
photomultiplier tube detector (PMT). The light ing#ty is un modulates if there are no

magneto-optics effects, however the light intenaity be modulated with a frequency
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of f or Z, if the sample exhibits any M-O effect, due to #ifect of MCD or rotation
respectively [19, 23].

The main function for this PMT detector is tingert the intensity of the light to an
electrical signal and then the signal is amplifieg feeding it to a Hinds signal
conditioning unit and splitting it into AC and D@mponents. In order to record the
DC component, a Keithley voltmeter was used, wiiah be controlled to conserve a
constant sensitivity. Meanwhile two signal recovéogk-in amplifiers were used to
record the AC voltage. In this study, the voltmeted lock-in amplifiers (one and two)
are used to measure the intensitig®C intensity), { (MCD intensity) and (rotation
intensity) respectively.

The values of the MCD and Faraday rotation lsarobtained by measuring three
intensities, ¢, It and b, as explained by Sato [19], and these are giveha following

equations:

1,(0) = 1,T{1+ 3, (6, )sin(a6 + 2¢}

............................... (3.6)
L(E)=1AT3(&) 3.7)
s2f) =2 G)sinag+2g) 3.8)
AT = (12 —t2) s 9B
T=>(+t3) .18)
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where ¢ is the analyser angle always set to zero in odugeandAd the difference
in LCP and RCP rotationly is an intensity constantjy is the amplitude of the
retardation, and. are the Fresnel coefficients that represent thé® R@@d LCP
transmitted light. Thd,, J; andJ, terms are the (zero, first and second) order Besse
functions which are proportional to the light intég, MCD and Faraday rotation
respectively. This function is used to control terdation to be set by the PEM, were
it is set to 0.383 [24], wer® andJ, are near their maximums, whilgis around zero.
The purpose of setting the retardation to 0.383clseve the maximum sensitivity for

the MO, and while being insensitive to fluctuatiamsight intensity.

In addition, Sato stated the formulas which ased to get the values of Faraday
rotation 6= and Faraday ellipticityye from the measurement of the, ll;y and b

intensities, are given by [19]:

Therefore, by analysing the ratios tfl¢) and (s/11) that can be linked to the MCD
and Faraday rotation respectivel§y and = can be calculated by the following

equations :
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L(F) _ , 3(8)AT/T AT _ ‘
H AL 3,(6,)sind) AJ,(3,) T (3.13
5@ _g 25(0)SHAG) gy (spongeg (3.14

1,00 1+3,(5,)sifad)

The values obtained by the previous formulasewerarbitrary units, which can be
converting into real units (degrees) by the analy3éis is done by rotating the
polariser angle to reach a minimum output #§2f). Then the analyser is rotated from
(+2° to -2®) by steps of 1) associated with recording the value ezl )/11(0)) at each
angle. So, by recording the different values ahemtlyser angle the calibration factor
can be determined.

The measurements for this system are contr@l@#dmatically via the PC using
Labview software. Furthermore the (MCD) is the eliince in intensity between the
left and right circularly polarised light at a freencyw. MCD is a useful technique to
determine the nature of a magnetic state and piepasf a material, since it is only
dependent on the transitions occurring on the meastrequencyo.

During the MCD measurements, we have faced jarmssue with this experiment.
The first problem was related to the Labview progrthat we use to control the
measurement; therefore, | have put an effort tonlest least the basics about this
program, by taking few courses, to enable me taigp¢he source of the problem.
Then after, | found that the issue was caused flaylain the PEM. Therefore, we had
to investigate the source of the problem with tBE&Rwith the manufacturing company.
| have played a major role in the group to incogb@rthe new PEM into the Labview

program and start running the MCD again.
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3.6 Measuring Magnetisation-SQUID Magnetometer

3.6.1 SQUID Fundamentals

A superconducting quantum interface device magnetem SQUID is one of the
most sensitive magnetic flux sensors, which is uded doing magnetisation
measurements. A number of applications are agsdciaith the SQUID, including
material property measurements and bio-magnetishichwis due to it is excessive
ability to detect small magnetic fields; more distain the general use of a SQUID can

be found in refs [25-27].

All the measurements in our laboratory wereamiad by a radio frequency (RF)
SQUID magnetometer model MPMS-5 manufactured bynfuuma Design, as shown in
Figure (3.6) [28]. The temperature range of SQUH2d is from about 5K to 300K,
and the magnetic field could be set froni*1@ to about 5T. The SQUID system is
consists of an Nb-superconducting material ring andRF circuit which are coupled
inductively to the field sensing coil using superdocting transformers that are
maintained at liquid helium temperatures. The REud is supplied by a constant

current RF oscillator, which has a 20 MHz resondreguency.

If the ring is not superconducting (its norrsédte), an applied magnetic field will

permeate the material in the ring through it. Tiedd will be expelled from the

material when the ring is superconducting [26-ZBherefore, due to the induced
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surface current, the superconducting ring will Hd#eato trap different levels of

magnetic flux after a magnetic field is removed.

The trapped magnetic flux will induce a curramthe superconducting ring that will
exist for an indeterminate time. Furthermore, thapped flux is quantized in multiples

of (®g=h/2e), and is equal to 2 x}0Tm*

Removed
by the author
for copyright reasons

Figure (3.6): The SQUID system components, addijptea [28].

1.Sample Rod 2. Sample Rotator 3.Sample Transport 4.Probe Assembly 5. Helium Level Sensor

6. Superconducting Solenoid 7. Flow Impedance 8. SQUID Capsule with Magnetic Shield 9.
Superconducting Pickup Coil 10. Dewar Isolation Cabinet 11. Dewar 12. HP Think]Jet Printer 13.
Magnet Power Supply 14. Model 1802 Temperature Controller 15. Console Cabinet 16. Power
Distribution Unit 17. Model 1822 MPMS Controller 18. Gas Magnet Control Unit 19. HP Vectra

Computer 20. Monitor.
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There is a critical super current value fa ting, beyond which the induced current
must not be exceeded. As it is known that meaguaithange voltage is easier than
measuring a change of the magnetic field, the SQRHB been designed in a way that
measures the change in the voltage. Furthermioeefldx changes that occur in the
superconducting ring cause damping of the resonahttee RF circuit, which then can
be amplified and recorded by the controlling systéhe variation of the flux is

converted to a magnetisation using a least-squidtiag program [27-29].

3.6.2 SQUID operation

We address the steps which have been usede&sure the samples using the
SQUID. A typical sample dimensions to be measimatie SQUID is 5 x 5 x 0.3 min
First the sample needs to be cleaned before puittingthe SQUID chamber. The
sample is mounted either by wedging it into the di@dof the straw or putting it in a
gelatine capsule and stitching the capsule inting plastic straw and fixes the position
to the centre. After that, the straw is attacleethe sample-holder rod, which is a brass

end of a stainless steel rod approximately 1.5 tangth.

The rod is then introduced partially into tHeldD through an access port on the top
of the SQUID system. An air-lock is used to ensarelean environment inside the
SQUID system by preventing the contamination of #teospheric gases. This is
followed by venting and purging the upper partled thamber before opening the air-

lock and inserting the rod into the SQUID comphgteDnce in the system, the position
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of the sample needs to be matched with the centiigedfield-sensing coils, so a scan
over a length of 8 cm is run to determine the liocabdf the sample that can be centered
either manually or automatically.

In order to achieve an accurate position far $sample in the centre, the scan is
repeated using a shorter scan length of 2 cm. Then,appropriate measurement
sequence, temperature and the magnetic field caelbeted and set. The helium level
in the SQUID should be over 50% if we set a magniegtld of 1T. It is important to
know that the measurements have not been runhettil the temperature and magnetic
fields are stable. Finally, the scan sequence aneagnt can be started.

During the scan, the sample is stepped threugH order gradiometer field-sensing
coils, which consists of two sets of coils wiredpopitely to each other, to reduce any
external noise and give more accurate measuremefitsee sample then starts to
generate a field due to it is magnetic moment, wihen induces a super-current in the
coils and produces a magnetic flux through the.rifigerefore, a record of these
measurements as a function of field provides ub di#ta for the magnetisation of the

sample.

There are several measurement programs that lieen used by the SQUID in our
lab. One of the types of measurement is hystetesis of the magnetisation with a
maximum magnetic induction up to 5T, where 1T isedusnormally for our
measurements, a at fixed temperatures ranging Hi¢rto 400K. The magnetic field

(H) can be applied either parallel or perpendictdahe plane of the film.
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The remanence magnetization (Mr), coercive f{éld) and magnetization saturation
(Ms) are obtained from the hysteresis loops. Thgmatazation (M) of the sample is
measured as a function of the external field. Astioned previously, a super-current
will be generate in the coils from the magneti¢dfiproduced by the sample, causing it
to induce a magnetic flux through the supercondgating. The result will consist of a
contribution from both the sample and the substiEtere are three main contributions
which can be noticed; the diamagnetic contribufimm the substrate, ferromagnetic
contribution from the film and also a paramagndtéhaviour of the film which is

possibly due to a small fraction of unreacted congmbs in the film.

To get a correct result for the hysteresigp)oall other contributions need to be
subtracted off. So, the separation of the ferroratigrbehaviour from others can be
achieved by calculating the slope of the lineae lior both high-field regions then
subtracting it from each point. The raw SQUID data5% Co doped ZnO film on a
sapphire substrate, Figure (3.7a), shows two ctaantributions. There is linear
dependency in high field due to the diamagnetidrdaution, and in low field, there is a
saturating ferromagnetic contribution from the filnrigure (3.7b), shows the separate

ferromagnetic contribution obtained after subtragwff the linear component.
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Figure (3.7): The room temperature SQUID data fiar Go doped ZnO (a)

raw data, (b) after subtraction of linear contribnt

In addition, zero field-cooled (ZFC) and figldoled (FC) measurements are another
type of measurement used extensively in this theBiee magnetisation is measured, as
a function of temperature (T) for a sample both Zr@ FC conditions in order to show
the dependence on the magnetic field history. As itlone in low magnetic field,
typically 1000e, the ZFC data gives the temperatdependence of low field
susceptibility. It also provides information abol irreversibility of the system within
the considered temperature range. ZFC/FC measuateroan be run in the SQUID for
a range of thin films of various compositions atebdor bulk samples.

A ZFC sequence is done by setting the magfietitis set to zero when the sample
is cooled down to usually 5K. Then after tempeeattabilisation is achieved, a small
magnetic field of about 100 Oe is applied, and saple magnetic moment is

measured in increased temperature range from 5k 800K (warming-up).
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In the FC sequence the magnetisation is medsuhen the sample is cooled down
from 300K to 5K in the small field up to 100 Oedahe magnetic moment is measured
in a temperature range as the sample is warmed 8Q0K.

A majority of the magnetic moments of particlesmain along easy axis as
temperature increases from 5K due to the local otoipy. Above a specific
temperature, there is sufficient thermal energyttiermagnetic moments to reorient and
a superparamagnetic behaviour occurs; where ieccdIB blocking temperature. The
magnetisation for T < dis depends on H and T as well as on history, whiie
magnetisation is only depends on H and T for TgpWhere it is in equilibrium [27-28].

If there are isolated clusters with anisotropy ggekV then the magnetisation of the
clusters can reorient freely for T »,Twhere kTg ~ KV/25. Thus, hysteresis occurs
for T < T, this is seen by FC field cooled and ZFC magntetisa

The history dependency is refer to that, theenked magnetic moment is depend on
the magnetic field sequence and temperature chdngewsere responsible to obtain the
desired condition for the sample where it was messuA more specific type of
behaviour for the history dependency is so-called irreversibility (or hysteresis)
behaviour. The importance of irreversibility in f@magnets for example; is illustrated
in the M(H) curve, where the shape will change pkdesaturation is obtained on the
loop. Therefore a different M(H) curve will be ced when a magnetic field below

saturation is applied [27-28].
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3.7 Sapphire Substrates

Sapphire, or AlOs, is an anisotropic crystal that has a corundunncaire; it has a
density of 3.98 g/cthand a lattice constant of 4.785A. It is the bemtdidate as a
substrate for the deposition of DMS materials, heeathe lattice constant matches
between sapphire and most of the semiconductorrialgte This close agreement
between lattices constant reduces the strain problises by the interface between the
substrate and the deposited material during therthrprocess. Sapphire is transparent
from up to 6eV, which covers the band gap of athisenductors, hence it is widely
used as a substrate if optical measurements anegedq

Sapphire substrates are either a single or daibe polished. Thus, the transmission
is different between these two types. There isimmore scattering from a single side
polished film so that sapphire substrates usedhisrwork were double side polished.

Figure (3.8) show the transmission spectra forsapphire.
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Figure (3.8): The optical transmission spectrura edpphire substrate
measured at R
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In the absence of the films and consider thekttsapphire alone, the free

transmissionTs is given by:

T, =T?(1+R?+R*+ ) = 1f; = (ijgz ........................... (3.15)

WhereT andR, the transmission and reflection coefficient exdjwely.

TH+R=1 (3.16)

R= (E)2 ............................ (3.17)
s+1

where s is the substrate refractive index. Combining etg), eqn.(3.17) and

eqgn.(3.15) yields,

2S
ST s24q

The transmission spectrum shown in figure (3s8jor a blank sapphire substrate
measured as a function of energy in the range ftomto 4.5 eV at RT, where the
maximum transmission is about T= 0.89 compared thightheoretical values of T=0.86
from egn (3.18) using the refractive index of sappbf about 1.76, and the differences

is due to a small amount of scattering, which iseatable [30-31].

The MCD and the Faraday rotation of a blank bappsubstrate was measured as a
function of photon energy range from 1.5 to 4 e\R&tin a field of 1.8T, as shown in

Figure (3.9). The scattering of the MCD and FRrargies below 1.8 eV may be due
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to the intensity fall-off for the xenon lamp thaduces the light sensitivity. The MCD

and FR for the sapphire are larger than that ofthire film, and weakly dependent on

temperature. Therefore, in order to obtain thespm of the MCD and FR for the

deposited film on a sapphire substrate, the substrantribution must be subtracted.

Figure (3.9):
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Chapter 4

Optical and Magneto-Optical Properties of Graphite

and Graphene

4.1 Introduction

Much research has been conducted on canboostructures. Figure (4-1)
illustrates the last 20 years’ worth of publicaBoon carbon nanostructures. As can
be seen from Figure (4-1), there has been a highbeuand a vast increase of the

studies or pieces of research carried out dncapbon-based materials since 2008

[1].
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Figure (4-1): Plot of the number of publicationsthe last 20 years on carbon

materials [http://charts.webofknowledge.com.eresesishef.ac.uk].
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Graphene and graphite have recently receioediderable interest due to their
novel physical properties, especially Graphene.aAssult of recent developments
that have occurred in the study of Graphene, ealpeaince the discovery that
monolayer graphene could be grown, the field haseased rapidly as described

below [2-4]

The structure of graphite comprises layeringkd hexagons of carbon atoms in
a 2D system with carbon bonding involving §pigonal). The layers are arranged in
a stack-like structure in a sequence of (AB), sat thalf the atoms in a layer are
exactly above and below the carbon atoms in theirddp layers and half are

exactly above and below the hexagon centers [5-6].

Graphene has a two-dimensional structure Isitayyer of graphite) and unique
electronic properties. It is a one-atom-thick aitdpe of carbon. The carbon atoms in
Graphene are arranged in a honeycomb lattice-ltkectsire and the material
consists of two triangular Bravais lattices; whétréas two atoms for each unit cell.
The subsequent reciprocal lattice contains two egquivalent vertices [3, 7-8].0nly
Graphene and, to a decent estimate, its bilayezere-gap semiconductors (they
could also be called as zero-overlap semimetalB)¢clwhave a simple electronic
spectrum with one type of electron and hole. While spectra become gradually

more complicated for three or more layers[9]

The optical properties and the optical constangraphite have been determined
by different models and techniques, which have agsovided more accurate
information about crystal states [10]. One of éhéschniques is related to the
evaluation of the energy depending on the dielecnstant, both theoretically and

experimentally [11].
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There has been interest in graphite for a komg, but the interest has certainly
increased since graphene started to be made. réheaptical property of graphene
— l.e. the excellent optical transparency coupleth Wigh conductivity [12], has
resulted in it being involved in many applicatiossch as in solar cell materials and
terahertz-IR detectors[12]. Reflectance and trattange are measurements have

been made as a function of frequency, temperaangecarrier density[13-14].

The optical and magneto-optical (Faraday mmtatand magnetic circular
dichroism MCD) properties for graphite and graphbaee been studied in the IR
region by many groups [15].The majority of previomsrk on the magneto-optical
properties of graphite have been studied numeyidall]. On the other hand, all
magneto-optical properties of graphene were digeavén many electromagnetic

spectrums like IR [17].

In this chapter, we describe thin films ofa@hite and Graphene and their
characteristics, by measuring the optical absanpimd the magnetic circular
dichroism MCD with the Faraday rotation FR in a gitaneous time at room

temperature in the visible over an energy range®#.5 eV.

Basically, this chapter investigates the agitend magneto-optical response of
two sets of thin films, which were graphite andpir@ne thin films. The first section
of this chapter explains the crystal and band sirecof graphite and graphene.
This is followed by a brief study of the literatumeexplain the previous work which
has been done on the optical and magneto-opticapepties of graphite and

graphene, and emphasizes the most relevant studies.
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The results section will be divided into two tgaiThe first part is concentrated on
graphite thin films in detail starting with the grth technique, where they have

been grown in Sheffield.

Then the structural changes and the topograptsyrface for the graphite films
were described by X-Ray diffraction technique XRDBdaAFM atomic force
microscopy. A flat surface topography has beem ¢gethe SEM measurements.
However, the AFM has detected a height variation(z@nm) for a film with a
~20nmthickness. XRD for thin graphite films will peesented [18].In addition, the
optical absorption of the graphite films was usedestimate the thicknesses by
considering parameters taken from the bulk. Tmalfipart of the section on
graphite films will present the Faraday rotatioml @ine magnetic circular dichroism

MCD in the visible spectrum region.

The second part of the results section willagrirate on graphene thin films,
which have been obtained from our collaboratomstiver groups. Starting with thin
films growth details and describes the M-O progsrof graphene thin films in the

visible region.
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4-2 Crystal Structure of Graphite:

Graphite is a lamellar material [6, 19] corsed of bond layers; in each layer,
the carbon atoms form a hexagonal two-dimensiomalyay covalent bonds [5-6].
As shown in Figure (4-2), the distance between ¢axdoon atoms, or the (in-plane)
bond length in a graphene layer, is 1.42A [5-6, Hjery unit cell has four atoms.
The lattice constants for the primitive hexagorell are a=2.46A and c= 6.70A [5-
7]. The distance between adjacent layers (inteng)las 3.35A [5, 7, 9], and the
bonding of adjacent graphene layers is due to tbekwan der Waals force, hence

the use of graphite as a lubricant.
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Figure (4-2): Crystal Structure of Graphite (Bergedphite). Sites A and B are two
chemically equivalent atomic sites of carbon atomg distinguished by an

inversion in graphite [6].
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There are a variety of configurations for dn#g layers. The first is Bernal
graphite, which has an ABA stacking sequence awisho Figure (4-2) with the
lattice vectors and also in Figure (4-3a) withowgmtoning the lattice vectors, and
the second is rhombohedral graphite Figure (4-@8liff a stacking sequence of
ABCABC [5-6]. The properties and band structure graphite are strongly

influenced by the different stacking sequencess(agplained later).

As shown in Figure (4-3a) the carbon atomfayer B of the Bernal structure
are straight under the centre of a hexagonal ¢edadbon in layer A. On the other
hand, the angle of the carbon hexagon in layer & imombohedral structure, which
is directly above the centre of the hexagon inrdayethe centre of the hexagon in

layer B is also below an unequal carbon hexagonezon layer C [5-6].

However, a pure Bernal single graphite crysaiare, which is not suitable for
interpreting the physical properties, due to theuoence of stack inaccuracy,
insertion, and rise in fault intensity [6, 9]. i#t worth mention that the physical

structure of our graphite films it is not necesség/ Bernal structure.
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Figure (4-3): The stacking sequences for threehgi@payers; (a) Bernal graphite

(ABAB), (b) rhombohedral (ABCABC).
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4-3 Band Structure of Graphite:

It is known that graphite is a semimetal #&mat a layer of single graphene is a
zero-gap semiconductor [9]. Therefore, the numbelayers in graphene has an
effect on its electronic structure. When the nunidfegraphene layers is increased,

the behaviour of bulk graphite is recovered.

In the previous section, the different kindsstructure sequences of graphite
layers were introduced. These differences affegtellctronic structure of graphite,
and this has been rated by a variety of model2(Qf, The rhombohedral graphite
band structure has been analyzed using the Haevie@lure model [21]. The
Slonczewski-Weiss-McClure (SWCMcC) SWCMcC modethse most commonly
model, which was used by Charlier to determine &BA band structure
configuration and to illustrate graphite’s propestisuch as the optical and transport
properties close to the Fermi energy level [20hug, the orbital interactions in the
same and the nearest plane for carbon atoms ne&etimi level can be expressed
as a function of a number of variables of the “ggezigen value” [5-6]. As can be
seen from Figure (4-2), per unit cell there arer fatoms. In fact, the unit cell for
graphite and the graphene bilayer is the same,ubecaf the stack of bilayer

graphene forms the graphite lattice [7].

Graphite is anisotropic; the effects of theenmetallic bond within the layers
make the graphite an excellent conductor in plategtrically and thermally. In
contrast, vertically, it becomes a weak electrid #rermal conductor, because of the
weak van der Waals forces between adjacent lager8][ This weak interaction

between the inner layers is actually the main wbffiee between graphene and
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graphite. The band structure of graphite is oygilg, which causes its

semimetalic properties, and it is a zero-band-gagfaphene [1, 6].

Figure (4-4) shows the Brillouin zone of graphiBe(nal structure) and also shows
the SWMcC band model of 3D-graphite, which explaihe electronic energy

bands.
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Figure (4-4): Upper figure: The Brillouin zone afghite where the electron and
hole are located in the area of the edges HKH adKtHH Bottom figure; the
electron energy bands of graphite near the HKH iaxise (SWMcC) model,

showing the dependency of the wave vedtqrs) on the energy E. [1, 5, 7]
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Figure (4-5): In-plane structure of graphitel aaciprocal lattice vectors [5, 22]

Chung [5] gave a clear explanation for the tramstavectors and reciprocal lattice
vectors for ABA, as shown in Figure (4-2), Figu#eq) and the equations below.

The coordinates for the four unit cell atoms AAB,and B” are given:

oA = (0,0, 0),

> a
>

-

7]
Il
o |
P ——
5| -
o
I

V3 222, (4.1)
The lattice translation vectors for an in-planepdiite crystal are:
3
a; = a(%, —1/2,0), |3 =a=246A°
3
a, =a<§,1/2,0>, |3, =a=2.46A°
da; = ¢(0,0,1), a5l =c=6.71A° .. (4.2)
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where a, & and g are the primitive lattice vector of the orthonotroaordinates (x,

y, z).The "nearest neighbour distance" for thelamp graphite lattice is;al.42 A,

and the lattice factor is a#3 a. The straight lattice vector is [5, 22]:

o - — —> —
R, =nyay +nxa> +nsa;i

V3 a
=d T(”‘ +n3), ;(—m + n2).cns

where i, n, and n are integers, andh,a,, asare the translation vectors.

The reciprocal lattice vectors b for graphite astednined as a function of the

primitive vectors:

= z:.r( L 0) o 22
? i T e oy . ', —
1 a \/3 1 a J3
R 2:-?( 1 l 0) H—>| 27 2
=\ =l . Py | = — —
i a \/3 } a 3
= _ 2 — 27
b; = —(0,0, 1), by | = —
‘ C e, (4.4)

As shown in Figure (4-4), this reciprocal lattickapes the outline of the first

Brillouin zone, and the reciprocal lattice vec®([5, 22]:

Gm=myby +myby +m3bs

2T 2 2
= (my +ma), —(my —ma). —nj3

ﬁu a (

Wherem, nm, and m are integers.
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4-4 Band Structure of Graphene:

Graphene was first isolated in 2004 and, since, tihid¥xas won the attention of many
researchers, who have attempted to explain it isuenmechanical, electrical,
thermal and many other properties. Its electrongperties are considered to be an

attractive feature of graphene [14, 23].

Graphene is a single layer of graphite, with Dicharge carriers [24], where the
charge carriers have an energy depend linearli onThe pattern of the 2D layers

of the carbon atoms is a hexagonal structure, @srsin Figure (4-6) [8].
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Figure (4-6): Graphene structure.

One of the unique electronic properties of heae is its mobility (1400 ¢t s
1: this is higher than the mobility of a bulk Shsieonductor [23]. The free carbon
atoms have a 1&52p’ electron arrangement, while in the 2s, 2px, 2pgt apz

orbits, the major roles in bonding are played bignee electrons [25].

The dispersion relation close to the Dirac pam pristine graphene B =
+hv|q| (where v is the Fermi velocity angis the Brillouin zone point or Dirac

point) [23]; hence at th& point, for pristine graphene the valence and cotidu
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band meet together and form a “cone shape” [23hv€sely, the conduction band
is produced by the upperanti-bonding, and the valence band is producethby
lower © bonding [6]. The most noticeable properties a$ thoint are that the
velocity of all conduction electrons have the vabdie- C/300, whereC is the speed
of light [8], without regard to their energy; therni level (k) is at the cross-over
point, as seen in Fig (4-7a), and the density atiesat these levels is zero, which is
the reason for the zero-gap in graphene [23, Eijures (4-7b) and (4-7c¢) illustrate
that the Fermi levels ¢Elie in the valence band for p-type graphene, ev(i) lies

in the conduction band for the n-type band strectirgraphene [8, 23].

Removed
by the author
for copyright reasons

Figure (4-7): Schematic band structure of singledagraphene. (a) Band structure

of pristine graphene (b) p- type and (c) n- typsptpene band gap [23].

The honeycomb lattice in graphene includes twoguivalent carbon atoms, A and
B, or, in another expression, two equivalent carlsub lattices, A and B

Figure (4-8) [7], so the lattice (unit) vectorsaamd a are[6, 25]:
a] = (\.r"ﬁu_,.’";-’-. rz_.,.-fZZ) ,a9 = (\.-*ﬁu /2, —a xi)

(a=2.46 A) the lattice constant.
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Figure (4-8): Graphene hexagonal latticeaad athe lattice unit vectors [7].

In 1947, Wallace proposed the first graphaghttinding model [26]. He
explained that “the nearest and next nearest neighhteraction between, prbital
with the neglect of the overlap between the wawvection from more remote
atoms.” Equation (4.7) represents the form of thaphenen electron [7, 26]

dispersion relation that is calculated to the ngameighbour from the tight-binding.

/3k, ke ko
E (ky. ky) = £ J 1+ 4cos (\ —~ ”) Cos (—;F> + 4 cos? (—;F)

When k, = % ,and k, = 23—: that means the E (kx, ky)E(%,é—:) =0

Eq(4.7) will be zero.

Wherey = 2.7 eV is the hopping energy for the nearesghi®mur carbon atoms in
the n orbital. a. =1.42 A represents the distance between two carbon atéis [

27].
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The plus and minus sign in equation (4.7) setjaky means that the anti-
bondingz* is empty and ther band is full in graphene, where the two bands)
contact at the points (K, 'Krespectively [7]. An expansion of equation (dafund
(K, K") points yields to a linear dispersion bands, whscthe previous relation used

in pristine graphend = t+hav|q| , where g is measured with respect to the K-point

[71.

4-5 Previous Work

4-5-1 Optical and Magneto-Optical Properties of Graphite:

Optical properties and the optical constantgi@phite have been determined by
different models and techniques, which have alsovided more accurate
information about crystal states [10, 15]. Manyhase techniques are related to the

evaluation of the dielectric constant, both theoadly and experimentally [28-31].

Usually, from an optical point of view, graghiin all its forms is considered as
uniaxial, where the c optic axis is perpendicutathe plane. Therefore, in order to
be able to explain the optical response at eaclelagth, two complex optical
functions are needed. The light polarized perpmrdr to the ¢ axis was described
by using the ordinary dielectric functiay(41). While, to describe the light
polarized interaction along to the c axis, the aoddinary dielectric function
g.(A)were was used [15]. In order to obtain the complkectric functiom(A),
which is associated with the complex refractiveeind (1) = 7% = (n + ik)? ],

and optical absorption coefficient= 4mk/A, we need to know, k andA, the
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refractive index, extinction coefficient and lightavelength, respectively. All the

known values are in table 4.1[15],

Absorption spectroscopy is a broadly usedrtegle to study and present the
essential optical properties of the materials. sTdperates by measuring the spectra
of reflection and transmission as a function ofrgpeat room or low temperatures.
Our absorption system was described in detailShapter 3the light source covers
the energy range from 1.5 eV to 4.5 eV. All the suwaments for the graphite and

graphene thin films were taken within that ene@yge.

In this chapter, optical absorption is usedaasmethod to estimate the film
thicknesses and its orientation, using a complexactve index from bulk
parameters[15], considering the reflection from filmat and back sides of graphite

films, which will be explained later in the resudisction of this chapter.

Similar to the optical properties the Magnetai€al properties for graphite have
been investigated numerically [16]. Magneto-optiefich has been explained in
Chapter 3is a description tool of the observed opticatet§ that occurs when light

interacts with matter under an external magnegiclfi

Therefore, we found that measuring the Faradtation in the visible region for
graphite thin films and compare it with theory, wbbe an interesting research[16].
In addition, our M-O system also measures bothntiagnetic circular dichroism
MCD and the Faraday rotation simultaneously togetiithere are no available

calculations and studies of the MCD for grapherggmaphite in the visible region.
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Table 4.1: Refractive index and extinction coeéiti at different wavelength [15].

4-5-2 Optical and Magneto-Optical Properties of Graphene:

There is massive amount of literature on thigcapproperties and of Graphene.
Due to interband and intraband transitions, Grapheas clear and ordinary optical
absorptions. Graphene absorption spectrum shoviesreht behaviour within the
optical regions. The absorption spectrum of graphen the visible range is
frequency independent. In the UV-region an exca@bsorption peak shows up (as
predicted in theory). While the Drude absorptiorakpés observed in the far-IR

(FIR) region [12].

The important optical property of graphene <. ithe excellent optical
transparency [12] — has resulted in it being inedl\n many applications, such as in

solar cell material and terahertz-IR detectors.[12]

Chul et al[12]used the chemical vapour depositexhhique to grow graphene and

calculate the spectrum for optical transmission eaftéction, some of the data is
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shown in the Figure (4-9). The frequency rangednffar-IR to UV range (4meV-
6.2eV) [12-13]. They also noticed a Drude peakhe absorption in the far-IR

region [12].We note that the absorption data isamgably similar to<e, > of

graphite as shown in Figure (4-10) adapted fronsdel15].
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Figure (4-9): (a) Large-scale graphene/sapphire sayphire transmission and
reflection in the UV-region; (b) the experimentabaheoretical absorption of large-

scale graphene and monolayer graphene, respedih@ly
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Figure (4-10): The pseudo-dielectric function wasasured for the HOPG samples,
with a perpendicular ¢ axis to the surface. Thesueanents were taken at various

angles of incidence which shown in the figure [15].

Crasseeet al [32] and her group used diffenegthods to measure the Faraday
rotation in graphene (single and multilayer) in thigared. They put the sample on
top of a “split-coil” and placed a “grid-wire goldolariser” in front and after the
sample Figure (4-11). By rotating the two polasséhe Faraday rotation can be

measured from the rotation angle [17, 32].
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Figure (4-11): The magneto-optical Faraday rotaémperiment diagram.

4.6 Present Work

4.6.1Graphite Thin Films

4.6.1.1 Graphite Sample Preparations

A cylinder of carbon, from GoodFellow Camlgid limited with purity of
99.997% was used to prepare a graphite targetcyllimeler was chopped into small
cylindrical pellet of 25 mm diameter and about 5 tfmckness and then located on
the target holder using a sticker. A set of graplfiims of varying thickness was
grown using pulsed laser deposition (PLD). All flims were made in Sheffield by
PLD using an excimer Xe-Cl laser operate at 308vavelength. The optical pulse
length of the laser is about 28 ns and it operateB0 Hz pulse frequency which

gave an energy density of up to 400 mJ per paksexplained in Chapter.3
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A series of films was made from single targetbase oxygen pressure 1.85%10
Torr and deposited on c-cut sapphire substratesistance of 50 mm, that was held

at 450C for various time depositions, see table (4.2).

In addition to the PLD technique, spin coatwas also used to prepare the thin
films. An excess amount of a solution of graplitacetone solution was placed on
a sapphire substrate, which was then rotated atajy 2000 to 4000 rpm to spread
the graphite fluid by centrifugal force. We foutitht graphite thin films which
were made by the pulsed laser deposition techragedetter quality than the spin
coating technique that produced rougher films. tAd results given in this chapter

for graphite are for films made by PLD.

Deposition

Sample ) )
time(minute)

PldGr2 4
PldGr3 2
PldGr4 1
PldGr5 30 second
PldGr6 15 second

Table (4.2): Growth details for Graphite thin fillng PLD on a sapphire substrate,

held at 450°C deposition temperature.
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4.6.1.2 Graphite Characterisations (Physical)

In this section, we will present several noeththat been used to provide us with
structural information including the texture angstallization for the graphite thin

films that were grown by PLD.

A Dektak surface profiler was utilized to meastine thickness of the samples,
which represented the real thicknesses for thesfilim addition, the optical
absorption data by using parameters taken fronmbtiie was used to estimate the
thicknesses of the films. Where, taking in to actpuhe front and back side’s
reflections of the film, in order to get the effieet thickness, which is the thickness
of the part of the film that is aligned parallelttee plane. Then, this was compared

with theory, the details are givensaction (4.6.1.3]15].

The Dektak/bulk thickness measurements showedl tthe thickness depends
linearly on the deposition time for graphite fil@as expected; this is shown as black
line in Figure (4-12). The value of the thicknesasvalso obtained from the optical
absorption(case A, B and C — the methods are discussed lassgming perfect

alignment in the graphite grains in the plane &f film and using the value &,

for bulk graphite. Optical estimates gave a coesity lower value of the thickness,
which indicates some misalignment of the films lseq as is clear from Figure (4-
12), the absorption coefficients are very anisatropowever, it is hard to get a

guantitative measure of the amount of misalignnfiemh this set of data.
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1004 —=a— Thickness (Dektak)(nm)
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Figure (4.12): Graphite film thickness measurediektak and optical density by
using different reflections equations, using butperimental values for the

absorptior (as will be discussed in section 4.6.1.3).

The topography for the grain size surface, #mal structural changes of the
graphite films were characterized by AFM atomiccomicroscopy and XRD. All
the following films were grown at base pressure RyD at 450 °C deposition
temperature. Dr. Xiaoli Li performed the XRD and MFneasurements in the Key
Laboratory of Magnetic Molecules and Magnetic Infiation Materials, Shanxi

Normal University in China

X-ray diffraction XRD is a widely used techn&to investigate the structure of
thin films. Figure (4.13) shows the XRD patternstloé graphite films grown on

sapphire substrate at a base pressure for (1 minute

The XRD demonstrates two peaks, the first pediexed as (002) is for small

crystallites of graphite aligned with the c axisg@ndicular to the plane. The second
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peak is from the sapphire substrate, which alsevshbat the films were partially
textured. The appearance of the (002) diffractime lin the XRD pattern is a
behaviour we ought to observe because it represkatseparation of the carbon
atoms between the planes. Lin, et al. [33] havented the same behaviour for the
graphite cathode, as shown in Figure (4.14).Ttst firediction was we thought that
the films were aligned due to the sharp (002) peakl, when they are not aligned

the (101) peak is always weaker.

As seen in Figure (4.13) there was no evidaiche (101) peak index around
20= 55, which may imply that most of the grains were iadig with ¢ axis normal to
the film. Even if the (101) peak were present tile ould not detect it; therefore,
we cannot deduce that the films were entirely @&iyn However, in bulk
polycrystalline graphite, the (101) peak was sigaiitly less intense than the (002)

peak so this is not a sensitive test of alignmegare (4.14).

£00 —— Graphite film (Imin)
’ (002) 2 theta =22.9 degree
B =9.7 degree
D (The grains size) = 0.87 nm
o 4004
o
o :
> Sapphire
D 300 §
©
= ]
200 4 2
100 -
1 M 1 M 1 M 1 M 1 M 1

10 20 30 40 50 60 70 80
2theta (Degree)

Figure (4.13): XRD spectrum of synthesized Grapthite films with (21nm)

Dektak thickness.
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Figure (4.14): X-ray diffraction patterns of natugaaphite, pyrolytic graphite (PG)
and graphite foam. The relative sizes of the 26t 55 peaks is clearly evident

[33].

We can calculate the average size of the clystairains in the graphite films

using the Debye-Scherrer formula as given:

0941
- B cos6

Where D is the grain sizé= 1.5406 A is the wavelength of CuwKX-ray, 6 the
diffraction angle, an@ is the full width at half maximum (FWHM) in radianThe
grain size of the (1minute) films is about 8°A&hich is quite comparable to grain
height~ 8.6A obtained from the AFM data. Hence the broaakpat (002) indicates
the existence of the small grain size. Also, itvebdhat the lattice spacing is as
expected were it detected from the centre of tlak pke is worth mentioning that the
grain sizes for the rest of the graphite films wapproximately the same value as

the (Iminute) film.
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As mentioned previously atomic force microscédyM data, were obtained by
Dr. Li in China. Figure (4.15) and (4.16) illuseathe AFM data for the graphite
thin films with (Iminute) (21nm) thickness and (86snd) (11nm) thicknesses

respectively, thicknesses measured by Dektak.

AFM detected a height variation of (£5nm) foetfilms. In addition, the AFM

figures show that the grains are visible and timesfiare continuous.
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Figure (4.15): AFM for Graphite thin films with (dnute) (21 nm) thickness.
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Figure (4.16): AFM for Graphite thin films with @¥econd) (11nm) thickness
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4.6.1.3 Graphite Optical Properties

We measured reflectance from the front andtridwesmittance from the back to
get the absorptions(E). As mentioned in the paper by G.E. Jellisoh[ibhSwhich
they reported measurements of the absorption aldfegent directions, it was very

anisotropic as expected, large bin the x-y plane.

All the equations were described previouslyGhapter 3to determine the
absorption spectrum by measuring the spectrum ftdcteon and transmission at
room temperature, which cannot be used to determh@eabsorption for graphite
thin films because they are too transparent. Thasmission was calculated by
assuming that reflectivity from the front and baslrface of the film is equal.
Transmission and reflection spectra of Graphitggdeap were measured using the

reflection coefficient at interfaces.

The films appeared to absorb less than whatave expected. This was probably
due to the fact that the alignment in the (X anddiWgction was much bigger than
that in Z-direction, therefore only a fraction bdetfilm was contributing. Hence we
put the light parallel to the Z-direction, and #lectric field was all in the (X and Y)
direction, to get a maximum absorption. This wasy onteresting in the optical
absorption when we took into consideration theectibn from the back and the

front surface.

To extract the properties of a very thin film ansubstrate, therefore we tried

several methods for that.
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In all the other films that have been mentionedhis thesis the thickness can be
estimated using equation 4.8 because the refractdex of the film was close to

that of the substrate — but this is not valid here:

T= (1 - Rfront)(l - Rback)e_o‘]‘ 64-

Hence, when the films absorb very weakly by assgnairiotal transmission, then
the transmission will depend on conservation enengg neglects scattering and
reflection from the back side of the films (the wasgtion here is that all the light

that is not absorbed is specularly reflected)jusmby:

—aL

T = (1 = Ryeasured) ® e (4.9)

Where Ront= Rmeasureq 1S the reflection from the front side of thefil

Rinterface , 1S the reflection from the film. &y is the back side reflection of the film,

or the substrate, L is the film thickness, and the absorption coefficient.

Case(A) For our graphite films we used differenicai@mtion methods to get the
absorption and estimate the film thicknesses. Thegeobvious reflections, which

occur at the front, middle and back interfaces.

If the absorption is strong or the film is thiclg we can neglect multiple passes,

then the transmission is given by:

T = (1 = Riront) (1 — Rinterface) (1 = Rpaci)e™ ! oo (4.10)
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This equation is standard, but it gave a negativi his occurred becau®g.,,; is

too big and there was more transmission light #»grected.

Now, we describe equation (4.10) in detail. Where,

Rfront = R measured (411)

Rinterface,» Which is the reflection from the graphite filnis this case, will be energy
This is definitely an underestimate for dependingar each wave length, is by the

following Eq:

R ¢ _ (Nfilm —Nsubstrate)> +K2 (4 12)
interface — .
(Nfi1m +Ngubstrate)? +k?2

Where, i, and k both are optical constants, the refracthaex and extinction
coefficient respectively. The values are from @blin G.E.Jellison paper [15] for
nine different wavelengths (nm), as a function rérgy. ris the sapphire refractive

index, which is energy depended on too.

Reflection from the back side of the film was ob& by using the following

formula:

Rpack = (“5_1)2 .................... (4.13)

ng+1

where g, is the refractive index of the substrate as gnerglepended. Where the

value of rfor sapphire substrate is:(1.6).
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Case(B) For a few individual cases, when the fémaery thin, there will be multiple
reflections from the front side of the film in atidn to the back reflections from the

substrate. Therefore Bneq (4.11) will be replaced by the following:

_ (n0—1)2+k2
Rfront - (ng+1)2+k?2 (4.14)

Where, g and k, are the same values are from G.E.Jelligpemp[15] for nine

different wavelengths (nm), as a function of energy

Case(C) In this case we depend only on the badk @tlections of the film to

measure the absorption and neglect front and adenfeflections, as:
T=(1-Rpac)e “" (4.15)

This approximation will certainly give an over-eséite for the absorptioa. The

transmission coefficients for each film are showiigure (4.17).

0.9 Graphite thin films
ey,
- e,
o g p==| —=— (amin) 95nm)
0.7-. g —— (2min) (47nm)
0'6'_ —— (30sec) (11nm)
0.5- —— (15sec) (10nm)

0.4
I

0.3 \

0.2

0.1 w\

0.0

Transmittance

21 24 27 30 33 3.6 39 42 45
Energy(ev)

Figure (4.17): Transmission spectrum of the graphiins.
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The conclusion from the previous cases is: @aaad B, overestimate light loss
due to reflection since the films are not totalig@ed the reflection at the interface
is going to be little and that will lead to a musimaller dielectric constant. While
Case C heavy underestimates the light loss. Thexefim determine the best
thickness for the graphite films to use in the Me@lculations, we need to add

another case.

Case (D) by using the thickness from Case B, whewransider the reflections from
the front and back of the films, and the Dektalkckhesses, we can get the aligned

fraction f, as given:

LB = I—Dek o (416)

The fraction number obtained from eq (4.16) willused in eq( 4.10):

T = (1 = Reront - ) (1 — Rinterface - £) (1 — Rpaq)e™ 182 ...l (4.17)

Were Lg,is the apparent thickness obtained by taking iotwsieration the aligned

fraction.

4.6.1.4 Graphite Magneto-Optical Properties

Magneto-optical measurements are an accureaitpie that can be relied on to

study and analyse graphite properties.

The magnetic circular dichroism MCD is measuredhe visible region of the
spectrum order simultaneously with the FaradaytimtaFR Gee Chapte)3 for

graphite thin film deposited by PLD on a sapphirbsirate. The applied magnetic is
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perpendicular to the plane of the sample, it is1IB&T, and parallel to the direction

of incidence.

The absolute values of the MCD and FR for gitapthin films have been
determined. However, the results are subject toredue to the uncertainty in

measuring the thickness of the aligned grains ksc#us only this orientation that

will give the large calculated FR [16].

Faraday rotations for graphite thin film depediby PLD for (30second) and
(Iminute) are shown in Figure (4.18) which has bphaited depending on the
Dektak thicknesses for each film. All FR figure®sha strong peak around 4.09 eV

also show a dip around ~ 3.7eV which is comparablde MCD peak at the same

energy as shown in Figure (4.22).

60
|—=— Sapphire (30sec) (11nm) 30 s—Sapphire(Imin) (21nm)
401 ./ 204
g 20' / 5 10' ,,.-,.'l‘-
@ -,l-"'i"-! [) L
[N I o P
5’ [P g, e o (Ofmumes
[ 0 [
S ! ¢
T o0 ¥ -10-
-20-
40—+
2.1 2.4 2.7 3.0 3.3 3.6 3.9 4.2 4.5 2‘1 2‘4 2‘7 3‘0 3‘3 3‘6 3‘9 4‘2 45
Energy(ev) Energy(ev)

Figure (4.18): Faraday rotation for graphite thimfdeposited by for (30 second),
and (1minute) on a sapphire substrate in the enengge from 1.8 to 4.5 eV was

measured in a field of 1.8 Tat room temperature.
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In addition Figure (4.19) shows the FR for graphiie film where the thickness

of the film deposited in 1 minute has been takethasmeasured by the Dektak and

using the formulae given as cases A, B, C and D.

6004 Sapphire (Iminute)

] ——— Dektak (21nm)
5004 —®— CaseA (5.5nm)

i CaseB (0.86nm)
4004 —¥— CaseC (15.6nm)

| —*— CaseD (15.4nm)

FR(Degree/cm)

®
0000000000040,0
oy L AL A s e A

21 24 27 30 33 36 39 42 45

Energy(eV)
Figure (4.19): The FR for graphite thin film usitige thickness measured by Dektak
and the optical density using bulk values for theaaptiona, deposited by PLD for
(Iminute) on a sapphire substrate in the energgerdrom 1.8 to 4.5 eV .These

results were obtained in a field of 1.8 T at RT.

Therefore to demonstrating the similar bebaviseen for all graphite films
which were grown in different deposition times, saled the FR data for all films
in arbitrary units for a range between 1 and Ohasve in Figure (4.20). Peaks at ~

4eV are very similar but the thinner films did havéarge FR in the range X6E <

3.4 eV.
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Figure (4.20): Scaled Faraday rotation for grapthia film deposited by PLD for
(4, 2 and 1) min and (30 and 15) second on a sepphbstrate in the energy range

from 2.1to 4.5 eV.

All films have approximately the same FR sgpbut the magnitudes are
different as may be seen from table (4.3) and wiee\m this is because the
alignment fraction is different; there is also aalrethickness dependence.

Unfortunately it was hard to work it out.
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- Dektak | Case | Case| Case| Case|x 5 i E S E
me A B | C | D |& g x £ | 2 g
(nm) = B |s B 3 =3

o || =2

2min 47+2 11.7 | 8.33| 22.8| 20.8| 26.7 0.025 13.6
Imin 2112 55 0.86| 15.6| 154 25 0.025 40.5
30sec 11+2 0.89 --- 1 9.88| 6.08| 50.58 | 0.049 36.6
15sec 10+2 0.79 --- 89 | 4.2 47.9 0.044 109.6
Graphene | 0.335 4679 4.53 821.5

Table (4.3): Measurements of thickness using Deatak Transmission data,
assumingy in the films takes the bulk value.

On the other hand, the FR data are not cotvlpatiith Verdet constant that was
given in T.G. Pedersenas shown in Figure (4.2ltha<alculated number valid in

the limit of very large field is much bigger thamyaof our measured values.

The Verdet parameteris a constant that expredsesstrength of the Faraday

rotation for the substance, as given in eq (4.ki8hay be expressed in radian/mmT

and it is temperature dependent.

6 = VBL e (418)

Where V is the Verdet constant in radian/mmT uritss the magnetic field; L is

the sample thickness afiis the angle of rotation.

Figure (4.21) illustrates the FR for graphitentfilm (1minute) with (21nm)
Dektak thickness in a magnetic field of 1.8 T, ierflet constant units, and the

Verdet constant spectra in a field of 158T from TR&dersen [16]. It is clearly
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shown that the measured Verdet constant is mucHlenthan that found by

Pedersen.

0.03 .
. —&— (1min)(21nm)
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Figure (4.21): The top figure is Verdet constantdoaphite thin film deposited by
PLD for (Iminute) with (21nm) Dektak thickness,arfield of 1.8 T. The bottom
figure is Faraday rotation for calculated Verdenstant spectra, where(s) is

proportional to 1/B S=700 corresponds to 158T P&dersen[16].
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Figure (4.22): The MCD for graphite thin film dejtesl by PLD for (30 second),

(Iminute) and (2 minute) on a sapphire substratearenergy range from 1.8 to 4.5

eV were measured in a field of 1.8 T at RT.
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Figure (4.22) shows the MCD data for grapfilfas for (30second), (1minute)
and (2minute) with Dektak thicknesses of (11nm}n{®) and (47nm) respectively.
The frequency dependence of the MCD measured e thiens was comparable;
however, the magnitudes were different widetyillustrated in figure (4.23) which
shows the MCD data for thickness measured by Dektakoptical density using the

bulk value for the absorptian

400
Sapphire (Iminute)

200+ —— Dektak (21nm)
—=8— CaseA (5.5nm)
CaseB (0.86nm)
—w— CaseC (15.6nm)
—— CaseD (15.4nm)

O -

-2004

-400+

MCD(Degree/cm)

-600
-800

-1000+

——T7
18 21 24 27 30 33 36 39 42 45
Energy(eV)

Figure (4.23): The MCD for graphite thin film dejgesl by PLD for (1minute) on a
sapphire substrate in the energy range from 14853@V were measured in a field of

1.8 T at RT, for thickness measured by Dektak &edaptical density using bulk

values for the absorptian

In addition a scaled plot in arbitrary units foramge between 1 and 0 shown in
Figure (4.24) to demonstrate the similarity in MM€D behaviour for all graphite

thin films grown in different deposition time.
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Figure (4.24): Scaled MCD for graphite thin filmepwbsited by PLD for different
times on a sapphire substrate in the energy range 2.1 to 4.5 eV. The data was

scaled so that the smallest value was -1 for aanh f

The MCD data showed a strong feature at théaxenergy at ~3.7eV. The
small peak in the MCD at ~4.09 eV might be duedme leaking of the FR signal
into the MCD channel because of a little strainuicet birefringence. The Kramers-
Kronig analysis is valid for dielectric constantathrer than refractive indices;
however, it has often been found to be approximatelrect for magneto-optics.
The fact that the FR shows a dip where the MCD shawpeak at ~3.7eV is an

indication that the Kramers- Kronig relations appr@ximately correct here.
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4.6.2 Graphene Thin Films

4.6.2.1 Graphene Sample Preparations

Graphene thin films were grown by the chemiabour deposition technique
CVD on the same sapphire substrates in a collafmogabup research Laboratory in

the Institute of Semiconductors ,Chinese Acadentyaxnces, Beijing [34].

4.6.2.2 Graphene Magneto-Optics Properties

All the previous works on M-O properties for &phene have focused on
measuring the FR and calculating it numericallythia Infra-Red IR region of the
electromagnetic spectrum and in a very high magniid [32]. There are no

previous measurements for the MCD for graphenbervisible region.

The MCD and FR presented data for grapheneias in the energy range from
(1.8 to 4.5) eV was taken at RT in a field of 1.8I Figure (4.25) the graphene

MCD data shows a strong feature at the excitonggratr~ 3.9eV.
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Figure (4.25): The MCD for the graphene thin filldCD is in the energy range

from 1.8 to 4.5 eV was measured at RT in a field.8fT.

It has shifted a bit from the energy range thas been found previously in
graphite films ~ 3.7eV. This is worrying because tkramer-Kronig relations
predict that the peaks of the FR and MCD occurifégrént energies, but the peaks
shown in figures (4.25) and (4.26) are both at \3.9lso the FR is very large

compared with the MCD. Hence the results here neetbe repeated before

publication.

In addition, the Faraday rotation in Verdeitsi for Graphene thin film is shown
in Figure (4.26). Both spectrum FR and MCD havemgarable behaviour, which

is seen around the exciton energy value at ~ 3.9¢eV.
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We see that the Verdet constant for graphekentérom this measurement is

much closer in magnitude to that given by the teather than the graphite [16].

Hence the results still need to be verified befarblication.
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Figure (4.26): The Faraday rotation in Verdet cansunits for Graphene thin film

prepared by low-pressure chemical vapour deposiiora sapphire substrate too.

The Verdet constant is in the energy range froi® {d 4.5) eV was measured in 1.8

T field at RT.
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4.7 Summary

- This chapter reported the investigations of thécaptand magneto-optical
properties of graphite and graphene thin films anhdctoncentrated on
explaining the physical characterizations, the aghtmethods and the M-O
effects for graphite thin films. The results foaghite were compared those
for with graphene.

- Two techniques have been used to made graphitefitina; pulsed laser
deposition and a spin coating technique. We fourad gyraphite thin films
that had been made by pulsed laser deposition itaelnvere better quality
than those produced by spin coating method. Allréseilts are given in this

chapter for graphite thin films made by PLD on sapphire substrate.

- Dektak measurements of the thickness showed thahittkness of the films

depended linearly on the deposition time.

- Because the optical properties of graphite are \amgotropic and the
Faraday rotation had been calculated only for anetg field aligned along
the z-axis, we needed to know the level of alignnudrihe films. Hence we
used the optical density to estimate the levellighenent. We assumed that
the magneto-optical effects would be smaller ineotlorientations in

common with the other components of the diele¢émsor.

- The value of the thickness was obtained using miffe methods for
estimating the optical absorption. All methods thare applied in this
chapter assumed an alignment of the graphite gnaitise plane of the film
and using the value @ for bulk graphite [15] gave a consistently lower

value which indicates some misalignment.
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If we assume that graphite films are sufficientigr@ed so we could use the
calculated values of the reflection from the frand the interface between
the substrate and the film using the measured \afltig, we got unphysical

values foro, therefore the films were not entirely aligned.

The XRD for graphite films shows only two peaks flist (002) peak is for

a small crystallites of graphite and the secondkpeafor the sapphire

substrate [18], which revealed that at least sofmie films were aligned

with z perpendicular to the plane of the film.

AFM detected a height variation of (£5nm) for amgrae film of thickness

approximately (21nm) and (11nm) for (1minute) aB@second) deposition

time respectively (these thicknesses were measyrékktak).

We found that the spectral shapes of the Farad&ion and the MCD
found from different films were very similar. Howay the magnitudes
varied widely which we ascribed in part to the utaaty in measuring the

thickness of the aligned grains.

Both the Faraday effect and MCD (measured per tlnikness) are very

much larger for graphene.

There are oscillations due to standing waves inRReat low energies for
graphite films, and the FR of graphite was posjtiwdich are both in
agreement with theory.

The MCD data for both graphite and graphene shostsoag feature at the

exciton energy at ~3.7eV and 3.9eV respectively.
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Chapter 5

Magneto Optical Studies of non-Magnetic ZnO Thin

Films

5.1 Introduction

This chapter is focused on presenting armlagxing the benefits of conducting
magneto-optical studies on non-magnetic ZnO ancdignO. We will discuss how
the magnetic circular dichroism MCD is a powerdhinique to identify the energy gap
states in weakly absorbing polar ZnO thin filmsttimave been grown either by
molecular beam epitaxy MBE or by pulsed laser digiposPLD with and without Al.
The capability of MCD to detect the energies of #tates that arise from extended
defects and oxygen vacancies will be explored & ¢hapter for both types of thin
films. The PLD thin films preparation and the M@i®asurements were undertaken at
the University of Sheffield (UoS). The MBE thidnfis were grown by Dr. Ying at the
Key Laboratory of Beam Technology, Beijing Normahitkrsity in the Republic of

China [1].
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5.2 Under standing Use of Non-magnetic pure and doped ZnO.

Doping is an important practice for semi-coctdu nanostructures to facilitate the
control of their physical properties. It has bdennd that ZnO has many more
potential applications following doping, includinges in nano wires and other forms of
nanostructures, along with other transition mesalsh as nickel, iron and cobalt [2-3].
Zinc oxide’s range of band gaps around (3.4eVh@WV region and it is large exciton
binding energy at room temperature (estimated ase®)) gives it many potential use
in ultraviolet (UV) luminescence devices, gas sessthin film transistors that are
transparent in the visible spectrum, solar cefig, lght emitting diodes (LEDs) [4].

The electronic and magnetic properties of2h® are dependent on the existence of
states in the energy gap. The properties intrisigites to pure zinc oxide are dependent
on the oxygen vacancies, anti-site ions, inteadsitigrain boundaries and the surfaces
[3] . In other cases, it is properties are affédig the doping material that is introduced
into the material to improve the intended properiiyjhe limited mobility in the wide
band semiconductors is due to ionised donors thginate from the defect gap states
that tend to scatter the mobile carriers. Zin@exs found to naturally grow as oxygen
deficient and therefore it is n-type carriers [4].

It has been established that the zinc oxidarpmaterial demonstrates differences
between the samples grown with O-polar or Zn-pdarfaces. Specifically, they
include structural density defects that influertoe absorption of the impurities and thus
the precise optically states that are active anunally associated with the O-polar

surfaces [5-8], Figure (5-1) [9].
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Figure (5.1): A hexagonal wurtzite crystal struetaf ZnO contain of alternating zinc
(Zn) and oxygen (O) atoms. The polar surface (008f1¥nO is either Zn or O

terminated. Figure taken from [9]

Polar films of zinc oxide are used in hetetmgtions, enhancement of the
piezoelectricity and also in catalysis. It is #fere, important to clarify the influence
that O- or Zn-termination has on gap states foffithes [10-12].

The results also indicate that the number gliegtions is found to increase rapidly
when the doped ZnO is considered. Specificalljpag been established that the ZnO
conductivity increases rapidly when it is dopedwM (AZO) or the Ga ions, which is
cheaper and also more bio-compatible that indiumotxide ITO [13], for use as
photocurrent detectors [14-15]. Since pure Zn® &dand gap which is below the

band gap of ITO, hence, it increases after Al dgdil6]. Doping with TM, mean
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while, has been found to produce many cases dafrfexgnetism at room temperature.
Oxygen vacancies are necessary but the magnetisemhanced by increasing the

carriers’ number, by the co-doping with on Al or @&-19].

There has been an increased interest amongrceses in the use and application of
the ZnO, InGaZnO and the ZnCoO, all of which arec@l to achieve resistive
switching [20-22].  Their effects are considered de dependent on the oxygen
vacancies, which means that the technique usedessune the energy states that is

associated with these oxygen vacancies are patigurucial [20, 22].

Furthermore, the states in the gap are crimiahany applications and they may be
measured by the photoluminescence (PL), whichtenaised to measure energy states.
Research illustrates that this technique is no@alsavailable with ZnO, since the
photoluminescence (PL) is found to be quenchedutiirahe dopant transition metal or
the Al ions [23-24]. In addition, measuring thepgstates by measuring their direct
absorption is difficult, because this is normallyasked by the scattering due to
crystalline imperfections and surface roughness.

In this chapter, we will illustrate the usemégnetic circular dichroism (MCD) in
the detection of the weak absorption processesattgabbserved in thin films of zinc
oxide [1]. MCD measures the absorption differebeéwveen left and right circularly
polarised light which is both insensitive to scattg and suitable for samples that have

guenched luminescence, such as doped ZnO films.
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5.3 Magnetic Circular Dichroism Spectrain ZnO.
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Figure (5.2): ZnO Bulk-band structure, where staddaseudopotential (SIC-PP) used
for calculation. The horizontal dashed lines shaothve width of the d-band and

measured gap energy. Figure is taken from Ozgair[2{.

In this section we will focus on the ZnGspible transitions with point defectés
shown in Figure (5.2) bulk ZnO has an empty conidadband and a full valance band
and, the energy gap is about 3.4eV at room temperd®]. We are interested in the
states that occur in this gap due to defects, quaatily states due to oxygen vacancy.
The lowest state of energy for a neutral oxygeramayg is found to be a spin singlet
which is a deep donor, also another spin tripletiis within the energy gap [19]. The
great number of vacancies, inside the grains, amend to be singly ionised

paramagnetic states, however [25].
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For all these cases, there is a broad enampyerbecause of the lattice relaxation of
the medium and the fact that the depletion regiares located close to the grain
boundaries. There are also extensive defect statiesire normally associated with the
depletion layer and which are contained within ¢gin@in boundaries and become spin
polarised, allowing them to accepts extra electmhsn a magnetic field applied.

Optical absorption and MCD spectra are alspeeted to arise from shallow Al
donors if they are only able to bind a single etact[1]. When a magnetic field is
applied, all the electronic states are splits atiogrto the order of g|B| energies in the
material, hence unequally population of the spiatest, leading to an induced
magnetisation. In many cases, a sample may shoM@D signal due to a small
concentration of paramagnetic centres when the alvdyulk susceptibility is
diamagnetic. For a nonmagnetic material at RT dfages have a small imbalanced
population with an order of I®in a magnetic induction of 1.8T , as used for filors,
making the MCD signal weak, but still observablg [1

Diamagnetic MCD spectra are dispersive in éhergy range of abouts|B|; and
since the induction that is used for the given expents~ 1.8T, correspond to the
specified energy which is of the order %V. This is smaller than the resolution for
the equipment used that ranges within’8¥, hence the diamagnetic signal cannot be
observed through our measurement [1]. The diamagMED spectra produced can
also be observed through the large value for |Biichvis the only signal that is
associated with the transition that occurs wheglactron is transferred from levels that
are completely full to completely empty levels. g&de value of B is needed, however,

or a more sensitive detection system, if this iseémbserved [1].

116



Chapter 5- Magneto Optical Studies of non-Magnetic ZnO

When the transitions contribute just to thesaaption but not to the observable
MCD, they are called ‘silent’ transitions, as is figure (5-3)(a) demonstrates the
transition that occurs to the ionised Al donoresatvhile (b) illustrates the conduction
band transitions, which occur within the singledtstfor the neutral oxygen vacancy.
The excitation experienced from the triplet statethe oxygen vacancies of the
conduction band, meanwhile, provide a state thparsally ionised as shown in figure
(5-3)(c). Figures (5-3)(d)-(f) illustrate the pddsi transitions that can be observed from
a defect state that is singly occupied [1]. Theigdy ionised state shown in figure (5-
3)(d) is similar to our results presented in thigmter for a singly occupied oxygen

vacancy.
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Figure (5.3): Schematic diagram for ZnO possildagitions. (a) Shows the MCD silent
transitions to an ionised Al defect which occumfrthe valance band. (b) Also shows
the MCD silent transitions like (a), but this tintee transitions to the conduction band is
from a spin singlet oxygen vacancy. (c) ObservedOM@ynal for a transition from the
oxygen vacancy triplet state to the conduction bgdyd MCD signal for an occupied
defect state with a single ionisation (e) MCD sigf@ a transition to the singly
occupied oxygen state from the valance band, whigkes to a defect singlet, and

finally (f) MCD signal for a transition to the oxgg defect triplet [1].
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If the zinc oxide has been heavily doped withanother contribution is noticed due
to the existence of a significant number of degateeelectrons in the conduction and
impurity bands. A finite MCD will occur for trangins from the valance band if the
density of final states in the conduction bandpm slependent [1]. In the case of the
occupations denoted by,nwhich is low, so the Boltzmann statistics areduse the

MCD ~ nugB/ kgT , and when the conduction electrons being degéa¢he MCD ~

s BG (&) ~ By [1].

There are also other transitions that couldub@round grain boundaries in the
defect states. Hence, in ZnO, the grain bounddr@e® a conducting layer and also a
high number of the singly ionised defects of oxy{@5]. These conducting layers can
be responsible for the magnetism in the undopeusfikince it originates from the spin

splitting of the electronic states in the layersJ3].
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5.4 Present Work:

5.4.1 Thin Films Preparations Techniques.

Two different types of films have been used in thiapter. ZnO polar films grown

by MBE and ZnO films, with and without doping with, grown by PLD. Table (5.1)

provides a summary of the growth method and this&es for the samples that have

been used in this chapter.

Samples Growth | Deposition time| Thickness (nm) Energy Gap
method (second) (eV)

O polar ZnO MBE | = - 400
Zn polar ZnO MBE -—-- 400 —-
ZnO PLD 40 155 3.4
1%Al doped ZnO PLD 40 380 3.6
1%Al doped ZnO PLD 60 430 37
1%Al doped ZnO PLD 70 660 3.6
2%Al doped ZnO PLD 40 310 3.7

Table (5.1): Summary of the prepared samples by MBEPLD.
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5.4.1.1 Molecular Beam Epitaxy MBE Technique.

Molecular beam epitaxy MBE technique was udsd Dr.Ying, at the Key
Laboratory of Beam Technology, Beijing Normal Urmsigy in China to grow two
polar ZnO films, as shown in table (5.1) [1]. Tfiens were grown on sapphire
substrates following degreasing with chloroethylemel acetone and then deionized
water have been used to rinse it. The films weosvgrusing a radio-frequency plasma-
assisted system (Ommi Vac) with radical sourceghsas Zn which had been
evaporated by Kundsen cell (Veeco), and oxygen stproduced by an rf-plasma

system (SVTA).

A three unit cell with an (~10 nm) thick berfflayer of MgO rock salt was used to
grown the Zn-polar ZnO films. While, for O-polar @rfilms a strained rock salt with
layer thickness of (~ 0.5 nm) and an ultra-thirelagf MgO was employed to grow the
films. At low temperatures of around 4% an additional ZnO buffer layer of 10nm
thickness was deposited, before the high temperataposition of the 400 nm thick
ZnO epilayer for both films [1, 26]. (Zn and O) polkerminating films were grown to

investigate the possible types of defects assatiati their growth.
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5.4.1.2 Pulsed Laser Deposition PLD Technique.

All the targets used to grown (ZnAl)O thinnfis by PLD were prepared in the
group’s laboratories at the University of Sheffi§ldbS). All powders were purchased
from Alfa Aesar, hence the purity of the ZnO powdsas of 99.9995%. A
stoichiometric amount of each powder was weighgut@piately and mixed together

using the following this percentages:1Z®\lO where ( x= 1 and 2) % of ADs.

The mixture was then ground together threedifor 20 minutes each by using a
pestle and mortar as mentionedcimpter3.2. The first sintering of the mixture was
performed in air furnace for ~ 12 hours at ZDGnnealing temperature. Then, after
grinding for another 20 minutes, the target waseated again at 660G for ~ 12 hours.
The final annealing of the mixture as a powder atz800C, again for around 12 hours.
After that, the final powder was compressed in euuan to a pressure of 25000 kPa
resulting in a cylindrical pellet with 25 mm diaregtwhich was then sintered for the

last time at around 960 for 13-15 hours. More details are givercirapter3.2.

An XeCl Excimer laser with 308nm wavelength andspuénergies up to 400mJ,
was used to synthesise thin films with variouskhesses on c-cut sapphire substrates
at a temperature of 4%0 for the different ablation times of 40, 60 to Tinutes as
shown in the table (5.1), and at an oxygen pressunge of (1- 3 x16) Torr within the

chamber in order to grow oxygen deficient films.
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5.4.2 Experimental Results

The following section presents the MCD andoaison spectra of the films. The
energy spectra for MCD and absorption were takem iange between 1.7 and 4.5 eV.
A monochromator with a photo detector, togethemhwét xenon lamp, were used to
measure the transmission spectra. The loss cagfficiwas obtained from the intensity
lost in the film. The loss coefficient is a comblina of the real absorption plus
scattering from the grain boundaries in the filfsacattering from the front and back

surfaces of the film [1].

The MCD measurements were performed at roonpeesture in order to measure
the Faraday rotation and ellipticity of the MCD sitaneously in an applied magnetic
field of 1.8T. A pair of polarisers and a phot@tia modulator were used to take the
MCD spectra for 1. E< 4.5 eV [1, 27]. All the MCD data presented in tbisapter
were obtained for a weakly absorbing film, to eealthe detector to record the

intensities and prevent the data ,in both FaraddyMCD channels, falling to zero [1].

5.4.2.1 MCD spectra of O-polar Filmsfabricated by MBE

The two O-polar and Zn-polar films werewgmoon a substrate that is a single-side
polished, this cause a large amount of scatternoig the substrate back side in below
the band edge, hence the weak absorption speaiitd not be measured accurately.
The O-polar films have previously been found toédefects more than the Zn-polar
films, in contrast with our films which showed anhanced crystalline quality for the
O-polar films. The film quality was deduced frone tbharpness of the edge seen in the

O-polar films above the band edge of 3.34eV as seearlier work [5-8].
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The data in Figure (5-4) shows that the lossffament o is small for ZnO and but

increases weakly with energy until the band g 32 eV is reached [28].
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Figure (5-4): The absorption, for the O-polar and Zn-polar ZnO films
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Figure (5-5): (&) The MCD spectra for 400nm thickhé-polar and Zn-polar ZnO
films, grown by MBE. (b) The MCD spectra of the phpe substrate [1]. The MCD
measurements were undertaken in our group labaatat the University of Sheffield

(UoS).
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Figure (5-5a) shows the MCD spectra which wdwae at the UoS for 400nm O-
polar and Zn-polar ZnO films, grown on sapphiresstdies by MBE. The signal from
the substrate has been subtracted from the presBi@® data. As seen in the figure
(5.5a) the MCD spectra for both films were ratHat, fhowever, it is larger for the Zn-
polar films with slow increase in the energy rangebetween 1.8< E < 3 eV,

demonstrating the increase of the defects densdty the band edge.

The MCD spectra for the O-polar film have ayvehallow maximum at around
2.5eV which contrary with the ‘green line’ seerthe PL spectrum where it has a broad
emission band at the same energy 2.5eV with a vafiinound 0.5eV [19, 23, 25]. The
Zn-polar films have significant magnetic active gatptes, which concluded from the
larger MCD signal. The spin processes as desciibdjure (5.3d-f) with a singly
occupied oxygen vacancy state and figure (5.3ch wie triplet state in their initial
state, all occur in these polar films [25]. FigyBe5b) shows the very small MCD
spectra for sapphire substrate about 0.004 in éaégmn) compared to 0.2-0.4 for ZnO,

which is an MCD feature for wide band gap matelfisiks sapphire ~ 8.7eV.
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5.4.2.2 MCD Analysisof (ZnAl)O Filmsfabricated by PLD.
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Figure (5-6): Data for PLD growth films of ZnO a@nAlO). (a) lllustrate the

absorptiona for all films with different thicknesses. (b) Tlterrected MCD data

[1].

Figure (5-6 a and b) shows the absorption M@&D data were taken at the UoS
respectively, for one pure ZnO film and the 1% (H@Afilms with various thicknesses
and for one 2% (ZnAl)O film, with all films beingrgwn by PLD. The purpose of
preparing these samples was to investigate thectdsfates in nonmagnetic ZnO and
(ZnAlO films using MCD, which is a sensitive methto differ between transmission
loss due to absorption and scattering. | willtshyr discussing the absorption results
then the MCD results for all films.

From the absorption data the band gaps fdil@$ grown by PLD were calculated
by using Tauc plots more details of which are pitedin chapter 3and the energy gap

Eg (eV) are given in the insert shown in figure6). The absorption spectra shown a
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fast increase for pure ZnO below the band gap cosdp@ the (ZnAl)O films, which is
an indication of a better film quality [24, 29].

The donor states formed by adding Al to ZnO easily ionised to give a carriers
with a high density at room temperature within doeduction band. This causes the
band edge to move from 3.5 eV to ~3.65 + 0.05 &Atahse of the Burnstein Moss
effect [5, 8, 29]. There is unusual behaviourtfee band gap of the 1% Al films with
430nm thicknesses, which does not follow the exgubatcrease with thicknesses, as
the energy gap for the 430nm film does not lie leefvthe energy gaps for the 380nm
and 660nm films as would be expected.

Further evidence for the deterioration in ti fquality after doping with Al is clear
from the data for the 2%Al film with 310nm thickses, which shows the largest

energy loss of. ~ 0.05cn below the band gap.

In the following paragraphs | will start to diss the MCD results for all films

prepared by PLD as shown in figure (5.6b).

Similar spectral behaviour for the MCD of {nere ZnO films can be seen in figure
(5.6b) and the O-polar film in figure (5.5a) perituthickness. The measured signal
from the polar film was bigger than the pure Zn®nfbecause it is thicker, 400nm
compared with 155nm for the PLD film. The MCD shows overall small positive
behaviour above the low energy range, but a sregltive region can also be seen near
the band edge. This negative region is caused dyrémsitions to the split band states

created by an applied magnetic field [14-15].
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In addition, the magnetically polarized std@msthe ZnO film have an approximate
stable density of states in the band gap; althabhighdepends on the number of defects

in the film, which is smaller for O-polar films thdor the PLD films.

The MCD spectrum for the three 1%Al doped wEhO films with various
thicknesses is also shown in figure (5.6b). TheDMEgnal at low energy has a small
positive behaviour in (ZnAl)O films containing 1% Aoping compared to the positive
MCD spectra that dominated in pure ZnO. The elitidmaof the positive MCD signal
is caused by the Al doping, which provides electrtmthe partially occupied gap states
of the oxygen vacancy, thereby causing the MCD aidny changing the states to
doubly occupied states that are nonmagnetic. Astioreed earlier in the chapter the
data shown in figure (5.3d) illustrates that thegk occupied defect state transition,
observable by the MCD for a single occupied oxygacancy, but not observed for an
Al donor, since this has a much smaller energ9.01eVin that case, which is not
accessible to our apparatus. The MCD signal ferZ6eV isreduced strongly by the
additional carriers provided by small concentratwdAl. This emphasises the fact that
oxygen vacancy alone could play the main role ihagcing the magnetism in ZnO,
whereas the effect of the aluminium donors enhanbesmagnetism only in the
presence of oxygen vacancies [18]. The partiatiyupied Al donors form a polarised
impurity band that causes the strong negative sgjaging from above 2.6eV up to the

band edge.
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The MCD spectrum for the 2%Al doped with Zfilth with a thickness of 310nm
is also shown in figure (5.6b) and demonstratdsyhtly bigger positive MCD signal at
low energy than the 1%Al doped with ZnO films. Thissitive signal is caused by the
additional singly ionised oxygen states due todbeing with 2% of Al, which increase
the density of grain boundaries. While the negaM@D signal starts from around
2.6eV up to the band edge from the Al impurity haindcomparison to the PL result,
we noticed that doping with Al reduced the intensit around 2.2eV of the PL signal,

whereas the signal for our 2% Al doping film wastlyeenhanced [24,25].
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5.5 Conclusion.

« MCD is a very powerful technique that gives infotroa about the magnetic
polarisation of the states for magnetic materi@ghis chapter we show that it
is also a sensitive technique to determine wealorgklisn in non-magnetic
material in a magnetic field and also to assigha characterisation of the gap
states.

» Both the MCD and PL techniques could work togethethe investigations of
gap states. The PL technique is usually lessablail however, because the PL
spectrum will be quenched by Al ions or dopantgiaon metal.

* For the two polar ZnO based films, we concludedt tee O-polar films
contained fewer spin polarised gap states thaZthpolar film, which was an
unexpected outcome. The spin polarisable statesheren as the broad signal
in the MCD spectra at a big energy range.

* A similar MCD spectrum was seen in the case of@hgolar film figure (5.5a)
and the pure ZnO films in figure (5.6b) per unitkmess.

» All three 1%Al doped with ZnO films showed a weabsjiive MCD signal at
low energies which is due to full polarized gapesday the additional electrons
from the 1%Al doping.

* Increasing the Al concentration has reduced theilibobf the mobile carriers
scattering within the charged states. Hence MC[ owerful technique to
determine the source of scattering in ZnO:Al filne)d also to detect the

presence of singly ionised oxygen vacancies in ZnO.
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Increasing the Al concentration has indeed incrése band gap, however this
variation with thicknesses was not applicable fibroar 1% Al films, because
unusual behaviour was seen for the 430nm film.

A very weak positive MCD signal was detected foe Sapphire substrate at
energies above 2.4eV, which is very far from theps@re band gap at 8.7eV.
We expect that MCD will be used in many weakly absw transparent

materials in the visible region.
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Figure (6-13) and (6-14): show the ZFC/FC magagons for the two film
measured in 100 Oe with field applied in the fillane. Both films were deposited
for 8minutes at 40 growth temperature. The target for the film witB6nm
thickness was annealed at 13G0 hence, the target for the film with 131nm
thickness were cooked at 1600 Large coercive fields are associated with dobal
nanoparticles where the size of the blocking tertpee depends on the average
volume of the nanopatrticles. Some of the films madh the targets that had been
sintered at 1156C had very significant concentrations of cobaltoyparticles but
small coercive fields. This implies that films neaffom targets that had been

sintered at high temperature contained very snmakh&hoparticles.

6.4 Conclusion

In this chapter we have performed a magnetiand magneto-optic
measurement on Co-doped ZnO and Co-doped Al-Zn@ fihins, thus to
investigate the presence on nanoparticles in tipedidims and their contribution
to the observed magnetic and magneto optical mesulthe effects of different
methods of film preparations in the magnetic propsrseem to depend on one
method to another; never the less adding Al to tamet enhanced the

magnetization.

We have found that grain size is importanetbgr with film thicknesses. Thus
thin films with small grain size showed a big matgegion and a positive MCD

signal.
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M3000) > 0.9 whereas films containing metallic cobalt frequgshowed

Also MGK) =

M(300K)
MGK) >0.8.

Films made from Co doped ZnO targets anneatidtigh temperature, seems to
show a smaller nano particles than those made tangets sintered at lower
temperature. Observable metallic nano partialsvedoa negative MCD signal,
while the positive MCD signal is only a feature grain boundaries. Some Co
doped ZnO films demonstrated a considerable magaiEn even with the

absence of the metallic Co.

Large Hc at low temperature is due to la@genano particles that occur for
target sintered at lower temperatures. In gendtad, results were rather
disappointed, as the aim was to prepare films wather large Hc at room

temperature.
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