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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 materials too.  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.  I also applied this method to ZnO films doped with 1% 

and 2% Al when, a negative MCD signal was observed near the band edge.  I 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 metallic cobalt.  I 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 and Thesis Structure 

1.1 Introduction 

      This thesis is concerned with the characterisation of the magnetic, optical, 

structural and magneto-optical MO of a range of thin films; graphite and graphene, 

nonmagnetic ZnO doped with aluminium, polar ZnO based films and ZnCoO and 

ZnCoAlO films containing small amounts of metallic cobalt.  The majority of these 

films were prepared by pulsed laser deposition (PLD) method, whereas a few others 

were prepared using different growth techniques, as described in the text.  The main 

motivation of this study was to use the versatility of the magnetic circular dichroism 

(MCD) technique to identify and measure the properties of the gap states and defect 

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

 
     The effect of applying various conditions to influence the magnetic and magneto-

optical properties of the ablated films will be investigated.  The conditions during 

the growth method can be changed by varying various parameters; like the 

deposition time for film growth, substrate temperature, the precursors and the 

oxygen pressure.  SQUID magnetometry was performed to measure the hysteresis 

loops, low field magnetisation as a function of temperature and zero field-cooled/ 
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field-cooled ZFC/FC measurements.  X-ray diffraction (XRD) was performed for all 

films, extended x-ray absorption fine structure (EXAFS) for ZnCoO and ZnCoAlO 

films, additionally, the techniques of scanning probe microscopy (AFM), were used 

for graphite films, all the measurements done in order to investigate the environment 

of doped species and surface film structure topography.  Absorption and reflection 

measurements were performed to investigate the band gap.  Finally, MCD 

measurements were used to explore the spin polarisation of the electronic states and 

the band structure of the films. 

     Graphite is a layered structure of carbon atoms; they are arranged in a 

honeycomb lattice in each layer, the separation between two carbon atoms is 1.42Å, 

and the inter plane distance is 3.35Å [1-3].  Graphene is, however, a single layer of 

graphite [3-5].  The interest in graphite is well known, recently, however, there has 

been a massive increase in the interest in graphene, this is especially because of it is 

optical properties and high conductivity, which made it a good candidate for many 

applications, such as in terahertz-IR detectors and solar cells [2, 6]. 

      The magneto-optical properties, Faraday rotation (FR) and magnetic circular 

dichroism (MCD) of both graphite and graphene have been investigated in the IR 

region [7-9].  This thesis contains a report of the first studies of FR and MCD in the 

visible region in this material, and the results for FR for graphite are compared with 

theory.  

     In classical electronics the electronic charge is used to carry information.  

However, the electron spin is the most important aspect of magnetic materials and a 

new discipline is the use of the electron’s spin to carry or process information; this 

area is known as spintronics.  Possible materials for use in spintronics are diluted 
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magnetic semiconductors, (DMS).  The unique properties of ZnO offer good 

technological applications, making it one of the most valuable materials of the 

diluted magnetic semiconductors DMS group.  ZnO is a transparent material in the 

visible spectrum region with a wide band gap of around 3.4eVat room temperature 

RT. [10-12]  

     The unique properties of ZnO depended on the energy gap states, which are due 

to the presence of intrinsic point defects, particularly oxygen vacancies and zinc 

interstitials [10-12].  These, point defects in ZnO are donors; hence ZnO is an n-type 

material [10-12].  Consequently, controlling the concentration of defects and 

impurities, can lead both to improved performance and to new applications.  In 

addition, doping with transition metals (TM) such as Co, with Al as an additional 

donor, has increased the magnetism in pure ZnO, for example, due to the increase in 

the number of carriers when co-doping with Co and Al [13, 14].  

    Zinc oxide is polar material, hence there are differences between the samples 

grown with O-polar or Zn-polar surfaces; this includes the density of defects and the 

different optical states that are related with the O-polar sample [15-17].  We have 

used MCD to investigate the effect of polar ZnO with O- or Zn- terminations on the 

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

    We have also used MCD technique; to illustrate it is capability to measure the 

weak absorbing gap states in non-magnetic thin films of ZnO.  

     It still remains under debate as to whether the source of the observable room 

temperature ferromagnetism in thin films of ZnO when doped with different TM 

such as; Co, Fe and Mn, is due to the presence of nanoparticles of ferromagnetic 
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material [20-23].  We investigate the possibility of achieving magnetism in the ZnO 

lattice, which is in coupled with the magnetism of nanoparticles of metallic cobalt.  

A number of different targets, using various growth conditions such as target 

annealing and the addition of Al to the target, have been used to grow thin films of 

ZnCoAlO and ZnCoO with different thicknesses [24-25].  
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1.2 Thesis Structure 

      This thesis consists of seven chapters.  The aim of this thesis is to study and 

measure the magnetic, optical and magneto optical properties of oxide and graphite 

thin films and also graphene.  The body of the thesis consists of seven chapters, as 

follows;  

- Chapter One, contains the introduction of the thesis.  

-  Chapter Two, contains a brief presentation of the theory of magneto –

optical systems, magneto-optics theory in terms of dielectric tensor and a 

discussion about the classical and quantum theories of absorption.  

- Chapter Three, describe the experimental techniques used in the thesis with 

a brief details and physical background.  This includes PLD, SQUID 

magnetometer, Dektak surface profiler, optical measurements, and magnetic 

circular dichroism MCD.    

- Chapter Four, contains a discussion of the optical and magneto-optical 

studies of graphite and graphene thin films in the visible region over an 

energy range of between 1.5 - 4.5 eV at room temperature.  It also gives a 

literature review on the graphite and graphene and their properties.  
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- Chapter Five, describes the ability of the magnetic circular dichroism MCD 

technique to identify the weakly absorbing gap states in a set of nonmagnetic 

ZnO thin films. A discussion of the optical and magneto optical data will be 

presented also in this chapter.    

- Chapter Six, the investigation of structural, magnetic, and magneto-optical 

properties of a series of ZnCoO and ZnCoAlO thin films, will be described, 

to explain the effect of varying the growth conditions at the origin of the 

magnetisation within the energy states for these films.  

- Chapter Seven, includes a summary of the results achieved in the thesis and 

a proposals for future work and projects.  
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Chapter 2  

Magneto-Optics Background in Magnetic Oxide 

Materials 

 

2.1  Introduction 

     This chapter provides an overview of the literature that was considered to be 

pertinent to this investigation.  Specifically, this section provides an analysis of key 

concepts needed to understand the experimental techniques applied in this 

investigation including magneto-optics, magneto-optics in terms of the dielectric 

tensor.    

 

2.2 Fundamentals of Magnetism  

      All substances are made up of atoms that contain electrons, with me mass and  –e 

charge that are in constant motion. The motion of electrons is commonly referred to 

as atomic currents.  Accordingly, there are three types of currents: atomic current, 

displacement current, and the conventional current.   
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    These three sources of current within an atom may result in a magnetic moment of 

the free atom;  

- The change in the orbital momentum of an electron that is caused by the 

introduction of a magnetic field.   

- The orbital angular momentum of the electrons, l, results from the motion of 

electrons around the nucleus.  

- The intrinsic electrons spin, s,.  

    The orbital angular momentum of electron and their intrinsic spin cause 

paramagnetic contributions to the process of magnetization while the shift in the 

orbital momentum of an electron that is caused by inducing a magnetic field results 

in a diamagnetic contribution.  Magnetic moments emanate from electron shells that 

are partially filled, since atoms that have filled electron shells have zero orbital 

momentum and zero spin because the orientation of the magnetic moments of the 

electrons cancel each other out [1-5]. 

    The relationship between an applied magnetic field H and the magnetic induction 

B in a material is given by:  

� = ���� + �	                                                 ……………………………. ( 2.1) 

Where,  �� = 4� × 10���m�� is the free space magnetic permeability, and M is 

the magnetisation. The variation of M in an applied magnetic field H, defines the 

magnetic properties of the material.  
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    The susceptibility �, is very important magnetic feature, which is defined as the 

ability of the material to become magnetiesd, and it is a temperature dependent and a 

dimensionless, is given by:  

  χ = �������→�    OR    χ = � �! = ��                .………..………………. (2.2)  

    Moreover, the property of the material that describes the degree of the materials 

magnetisation which responds to a linear magnetic field is called the permeability µ, 

and given by:  

   � = !�                                                        ……………………………. (2.3)   

While, the relative permeability of the material µr is given by:  

  �" = ##$                                                      ……………………………. (2.4) 

    Where, it is the ratio of the material permeability, µ, to the free space 

permeability, µo (which is constant). Also, known that  μ& is equal to 1+ χ, therefore 

we now have; 

� = ���1 + �	� = �"���                                    ……………………………. (2.5) 

      The values of susceptibility � and the relative permeability of the material µr are 

used to classify the magnetic materials.  Materials with a small and negative 

magnetic susceptibility �  are known as diamagnetic. This happens by applying an 

external magnetic field to the material, producing an induced electromagnetic force 
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that accelerates the electrons in the materials with a constant independent of 

temperature.  Whereas, the permeability and susceptibility � are positive in 

paramagnetic materials, also � is small and decreases as a function of temperature 

increasing in paramagnetic materials.  This relation is known as the Curie-Weiss 

law, as written by:  

��'	 = ()±+                                         ….…………………………. (2.6) 

 Where T is the temperature, C is the Curie constant and θ it 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 is much larger than that for para 

materials [1-5].  The plus and minus sign for θ is used for anti-ferromagnetism and 

ferromagnetism, respectively.  

   The main difference between paramagnetism and ferromagnetism is that in the 

absence of an applied field the ferromagnetism still has a spontaneous 

magnetisation. 

     The theory of the localized moment explains that, electrons originate the 

ferromagnetism in the materials. In an insulator, the atom magnetic moments and the 

electrons are localized and cannot move in the crystal, where the majority of the 

spins stay aligned due to the exchange mechanism among them. While the electrons 

are not localized according to band theory and they are free to move from atom to 

another, originating the ferromagnetism in the crystal.            
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    Under a critical temperature, more spins are aligned by applying a magnetic field, 

and the system achieves its maximum magnetization and is saturated; this point is 

known as the saturation magnetization Ms.  When by removing the external field, the 

weak coupled spins will move randomly due to the thermal fluctuation, thus the 

magnetic moment does not vanish, like in paramagnet; rather, this permanent 

magnetization is known as remanence, or remaining magnetization Mr.  The 

magnetic field wanted to remove the remaining magnetization is call the coercively, 

or coercive field Hc .  Whereas, the ferromagnetic material have a zero coercive 

field and behaves like a paramagnet, above a critical temperature; is known as the 

Curie temperature Tc.       

   Accordingly, in free spins where magnetic energy, -mB, competes with thermal 

energy, then;  

��'	 = ()                                                     ….…………………………. (2.7) 

If the spins feel exchange interaction favoring ferromagnetism, and accordingly, θ is 

about the same as Tc the Curie temperature, which is a characteristic property for 

ferromagnetic materials, that gives;  

 ��'	 = ()�),                                              ….…………………………. (2.8) 

   Where, for T ˂  Tc the material is ferromagnetism due to the magnetic moments 

alignment, whilst, above Tc, the thermal variation destroy the alignment and the 

material revert to paramagnetic behaviour.  
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Whereas, the susceptibility for antiferromagnetic materials the exchange interaction 

tends to align the magnetic moments antiparallel to each other. The susceptibility is 

given by:    

��'	 = ()-+                                               ….…………………………. (2.9) 

    The susceptibility for antiferromagnetic materials is a temperature dependent, 

were it increases with a decrease in temperature to a maximum value known as the 

Neel temperature TN  .  The materials is antiferromagnetic below TN , TN  ≤ θ, and 

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

 

2.3 Magneto-Optical Effect 

     Magneto-optics (MO) is a powerful system used to identify the origin of 

ferromagnetism in the materials spectroscopicly.  It may be used to determine 

whether any secondary impurity phases are the source of the ferromagnetism, or if it 

is caused by the effect of TM ions added to the host lattice material or by a polarized 

defect band.  It describes how light undergoes modification when passed through a 

crystal under the influence of an external magnetic field.  In an electromagnetic 

wave, in free space, the direction of the electric field is called the polarization, 

which is constant as the wave propagates. The polarization is linear if the electric 

field vector, E, points along a constant direction. Hence, for isotropic transparent 
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materials with refractive index n, the relation between the magnitude of wave vector 

q and the angular frequency ω is given by this formula;  

  . = /01 =  234 /5                                           …..…………………………. (2.10) 

where, c is the speed of light.  If light is passed through an absorbing material of 

thickness l, the refractive index n and q become complex, 67 869 .7, the matter would 

be presented; then equ. (2.10) becomes: 

.7 = /701                                               .….…………………………. (2.11)   

Where 67 is the sum of real, no, and imaginary, k, parts, 67 = 6� + :; ; k is also called 

the extinction coefficient.  Then, when an electric vector Ein of light, incident on a 

transparent material of thickness L, the electric vector Eout  of the transmitted beam, 

is given by the following:   

<�=>?@0> =  <@/?@0>?@A7B  
               =  <@/?@0>?CD E: 0/71 FG 

               =  <@/?@0>[?CD E: 0/I1 FG . ?CD E− 0L1 FG]     .….……………………. (2.12)  

                                                 

     There are two refractive indices in a magnetic medium; n7- ≠  n7� , both of which 

may be complex.  Hence we must discuss propagation of light through a magnetic 
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medium in terms of two circularly polarised beams. Light that is linearly polarised 

comprises of equal parts of right and left circularly polarised light RCP and LCP.  

This implies the equation above can be rewritten into: 

67± =  6�± + :;±                                         …….………………………. (2.13) 

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

LCP (-) signs.  

    

 

 

       

 

     

Figure (2.1): (a) linear polarised light is made up of equal parts of LCP and RCP light. 
(b) If the LCP and RCP light after passing through a perpendicularly magnetized 
sample are unequal, then the transmitted or reflected light becomes elliptically 
polarised and rotated. Where θ is the rotation angle and φ is the ellipticity angle, where 
both actually are very small for our experiments. Figure adapted from A.Behan [7] 
after few amendment have been taken. 
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 From figure (2.1a) [7], it is evident that linear light has two equal parts RCP and 

LCP, where, these parts are unequal after passing through a magnetic field, the 

reflected light is elliptically polarised and rotated parallel to the direction of the 

magnetic field as illustrated in figure (2.1b). The RCP light component, in this case,  

is smaller than the LCP light component. 

    The MO effect is observable when the refractive indices of RCP and LCP upon 

recombination are not equal n7- ≠  n7� , where, n7-  and n7�  represent the refractive 

indices for right and left circularly polarised light, respectively.  This results in a 

shift in the relative amplitude and phase of the RCP and LCP light, which indicates a 

magnetic circular birefringence. This is demonstrated in figure (2.1b) where light is 

polarised elliptically by a rotation of angle θ and is accompanied by a change in 

intensity.  

    MO effect is a result of a direct or indirect split of energy levels in an applied 

magnetic field.  The absorption of light and refractive index in a solid are occurs by 

electric dipole transitions.  Circularly polarised transitions occur between electronic 

states that are magnetically quantized, where ∆mQ = ±1 , mj is the orbital quantum 

number. Therefore, spin-orbital coupling is playing an essential role for orbital 

moments which reflecting information about the system magnetism. For a weak 

spin-orbit coupling the allowed selection rules are ∆mR = 0 and ∆mS = ±1, where 

ms is the electron spin (± �2 ) for spin up and down, respectively, this be a symbol for 

orbital moment that gives information about the magnetism of the system   [6, 8].        
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       In transmission, Faraday effects , FR, is due to the difference between the real 

parts of the refractive indices for left and right CP light, while, a measure of the 

difference in absorption for left and right CP light is known as the magnetic circular 

dichroism, MCD [9]. All the experiments performed for this work were done in 

Faraday geometry.  The FR is determined by the weighted average of all the 

transitions within the material.  In a spectral range where the crystal is not 

absorbing, the FR effect is finite, unlike the MCD that depends on absorption.   

     As mentioned earlier the magnetic circular dichroism (MCD) presents a 

difference in intensity between right and left circularly polarised light at a given 

frequency ω, and is non-zero at energies where the crystal is absorbing, because it is 

depends on the transitions at frequency ω.  For that reason, MCD is very useful to 

determine the nature of the magnetic state, and therefore the MCD measurements 

are the most important investigation in this thesis. Furthermore, the FR is used, to 

check if the MCD effect is not due to the medium is absorbing at the band edge, but 

it might be due to the materials intrinsic magnetism or induced by an external 

magnetic field.  

     As been predicted from quantum selection rules, the transition with ∆mT = ±1 

occur in RCP and LCP lights respectively.  This results in two possible sources of an 

MO effect. There might be differences in the absorption energies for RCP and LCP 

light if the condition bands or valences are split or due to the difference in the RCP 

and LCP strength which is due to the population difference in the orbital states. 
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     In the cases, where only one of these effects exists, it shows a distinct line shape, 

which are referred to a diamagnetic and paramagnetic line shapes. A diamagnetic 

line shape is shown when RCP and LCP transitions take place at different energy 

levels due to band splitting, consequently, the dispersive feature in the MCD is 

occurring due to the transitions at energy differences, as shown in figure (2.2a).   

The paramagnetic line shape is seen when the occupation of the orbital states that 

are participated in transition for RCP and LCP light, is different.  The transitions 

take place at the same energy level but with differences in strengths implying that 

subtracting one from the other results in MCD peak, as seen in figure (2.2b), more 

details in the following sections.  

 

 

 

 

Figure (2.2): (a) Diamagnetic effect from LCP and RCP transitions occurring at 

different energies. (b) Paramagnetic effect from LCP and RCP transitions 

occurring at the same energies [7]. 
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     Furthermore, the process of separating the effects of population and energy is an 

extreme case since it is unlikely for population differences to exist without having 

some form of energy splitting.   Hence, the only possibility to have the paramagnetic 

line shape if the spectral resolution is broad enough to determine the splitting which 

results in a difference in the population [7, 10-11].  The pure diagrammatic effect 

will depict a dispersive feature with equal size of positive and negative parts. If 

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

     Faraday rotation can be applied in determining whether an MCD signal that is 

detected is real and not a construction that can emanate from a sample that absorbs 

strongly at the band edge. Figure (2.2) above demonstrates this consistency, where a 

peak in Faraday rotation is shown at the zero point of the MCD signal, and vice 

versa.  This is due to the Kramers-Kronig relation [9, 12]. 

 

2.4 Macroscopic Theory  

2.4.1 Magneto-Optics Theory in Terms of Dielectric Tensor 

     In this section we show how 6± arises from off-diagonal terms in the dielectric 

tensor.  The dielectric tensor Ũ is used to describe the propagation of electromagnetic 

waves through a medium at optical frequencies, where an external magnetic field is 

applied.  In a uniaxial crystal that is magnetized along the optical propagation 

direction of light  �WWX || Ẑ ,  so the tensor has the form written in equ.(2.14) [9, 13]: 



Chapter 2- Magneto-Optics Background  

 

22 

 

    Ũ = \ U]̃] :U]̃^ 0−:U]̃^ U]̃] 00 0 U_̃_
`                                     ……….…………………. (2.14)    

Where, in a magnetic medium, the off-diagonal components U]̃^  are non-zero, will 

shown later.  The dielectric tensor U]̃^ for an absorbing material is complex with a 

real and imaginary part, given by  U@̃a = U@ab  + iU@abb.   

Now, eqn.(2.14) gives the propagation of light in a medium with dielectric tensor. 

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

j = 0, ρ = 0, then:  

∇.B =0                                                                          …………...…………………. (2.15) 

∇.D = c = 0                                                              …………..…………………. (2.16) 

dWX × eWWWX = f + ghg> =  ghWWXg>                                      ………….…………………. (2.17) 
dWX × iWX =  − gjWWXg>                                                        ...………...…………………. (2.18)  

The electric displacement and magnetic field are related by [9]: 
BWWX  =  μ�HWWX                                                              ………..……………………. (2.19)   

mWWX = ŨU�<                                                              …….……………………….. (2.20) 

 At low frequency the relation of  �WWX = ��WWX  for ferromagnets and µ ≠ 1, however, at 

optical frequencies it could be assumed that µr =1 even for ferromagnets [1, 9, 14-

16].  
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    Solutions are taken at frequency ω propagation along z-axis.  The electric fields 

are given by the form:  

 
nopq±oro <�s?̂] ± :?̂^t?CD[:�uv − .±Z	] = U���u2<�wsU]̃] ± U]̃^t?̃] + s:U]̃^ ±

:UCC?x?CD:uv−.±Z                                   …….……………………….. (2.21)  

Where .±2 = 0y/7±y1y     and  z = �{|I�I    , then solution is for complex refractive 

indices,  67±.  Solving Maxwell’s equations using eqn, (2.14), (2.20) in (2.21) we 

find that  

E0y
1y sU]] ± U]^t − .±2 G <± = 0                               …………………….……... (2.22) 

 

This may be solved for 67±.  one find  

67±2 = U]̃] ± U]̃^    and   U±̃ = U]̃] ± U]̃^                    ………………………..….. (2.23) 
which simplified to give:  
67± = {U]̃] ± |7��2 {|7��    , were provided that   U]̃]  ≫  U]̃^ .        ………………. (2.24) 

As been mentioned earlier, MO effects are given by the difference in refractive 

index between LCP and RCP light, therefore;  

67- − 67� = |7��{|7��                                              …………………………. (2.25) 

And 
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∆67 = 67- − 67� = ∆6 + :∆;                                     …………………………. (2.26) 

Where; Re∆67 = ∆6  and Im∆67 = ∆; 

In a sample of thickness l0, the Faraday rotation ��  , and the MCD, �� are given by:  

�� = �? �0SI21 �67- − 67�	� = 0SI21 Δ6                          …………………………. (2.27) 

�� = v86 �I�[0SI21 �67- − 67�	]� ≈ 0SI21 Δ;                  …………………………. (2.28) 

 

      In Equ.(2.28), an approximation has been used for the small angle, which is 

almost always valid in our measurements.   Equ.(2.25) shows that, to obtain the 

spectrum of U]̃^ , the spectrum of U]̃] and the measurement of  67- − 67�  are both 

required.  From the previous assumption of U]̃] ≫ U7Cx, we could write that  

ε7�� = �6 + :;	2 which is independent of the magnetisation. 

The value of the off-diagonal constant is: 

    U]̃^ = �67+ − 67−	�6 + :;	                                    …………………………. (2.29) 

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

U]^b = 210SI �6�� − ;��	                                                     …………………………. (2.30) 
U]^bb = 210SI �;�� − 6��	                                               …………………………. (2.31)   
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    In the case of a very small overall absorption when, k ≪ n, the real and imaginary 

part of  ε7�� simply related to the FR and MCD, respectively, by [9, 17], where the 

two following equations used in this thesis: 

U]^b ≈ 210SI 6��                                                         ……………………………. (2.32) 

U]^bb ≈ 210SI 6��                                                         ………….....……………… (2.33) 

     Considering the change in phase and amplitude for RCP and LCP light reflected 

components to obtain the expressions for the dielectric tensor and the Kerr angles. 

This leads to give a clear explanation for the difference between the Kerr and 

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

�� = �? �0S 21 |7��{|7���                                                 …….…….....……………… (2.34)   

�� = v86 �Im �0S 21 |7��{|7����                                      ………….....…………..…… (2.35) 

 

2.4.2 Classical and Quantum Theories of Absorption 

      When a light pass through a material with a large number of atoms and small 

inter atomic separation, the force of the electric field intensity for the incident light, 

<WX�v	 , could make each atom under this force to oscillate, e.g. in the z-direction.  We 

consider a classical oscillator of single electron charge qe , and mass me, with natural 

frequency ωo , driven by an electric field <WX�v	 is given by:  
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�X� = .�<WX�v	 = ?_.�<�?@0>                                   ………….....……………… (2.36) 

where, .� is the electron dipole moment along z-direction. The equation of motion 

from Newton’s second law is:   

.�<�?@0> = �� �y_�>y − ��� �_�> + ��u�2Z                ………….....……………… (2.37) 

then solution for (2.37) will be either: 

 Z�v	 = A�/��0Iy�0y-@�0  <�?@0>                                        ………………..…….…… (2.38) 

   Equation (2.38) represents the displacement between the electron (-) and the 

nucleus (+).  Where ωo, is the resonant frequency for the vibration without an 

external force effect.  Now, assume a density of dipole moments, P, which is the 

electric polarization for N electrons per unit volume is give by, 

� = .�Z�                                                                 ………………..…….…… (2.39) 

Hence:      

 � = A�y � ��⁄0Iy�0y-@�0                                                    ….………………….…… (2.40) 

   Now to describe n as a function of ω, we use the dispersion equation, by using the 

fact that 672 = U]̃],  

U]̃] = 1 + ¢�>	|I��>	 = 1 + A�y  ��⁄|I�0Iy�0y-@�0	 = 672                         ….………….…… (2.41) 
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The above classical expression is used to obtain the quantum mechanical result, by 

supposing that there are N molecules per unit volume, and each molecule with fi 

oscillators, having natural frequencies, ωoj, and j = 1,2,3,…. ., [6, 9]. Therefore 

U]̃] = 1 +  A�y|I��  ∑ ¤ ¥¦0I¦y �0y-@�¦0§a                                         ….….……….…… (2.42) 

Similarly, if we consider transitions where the orbital angular momentum changes 

by  ±1, were i=0, then we get; [9].  

U]̃^ =  A�y2|I��  �∑ ¥¦¨0I¦¨y �0y-@�©¦0a −  ∑ ¥¦ª0I¦ªy �0y-@�©¦0a �        ……..……….…… (2.43) 

Where «a± are the oscillator strengths for transitions caused by RCP and LCP light.   
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Chapter 3 

Experimental Techniques 

 

3.1  Introduction  

      The following chapter will describe the sample preparation, the experimental 

technique and characterisation utilized in this work to analyze the data.  The procedure 

for preparing the films is explained first; the majority of the samples used in this work 

were grown in University of Sheffield, and a few films were obtained from our 

collaborators in different groups, which will be mentioned throughout the thesis.  Then 

this is followed by a explanation of the measurement methods of the thickness, and 

finally describes the optical and magneto optical procedure. Also, it includes an 

explanation of the magnetic measurements that were performed to obtain the magnetic 

properties for the samples such as; the hysteresis loops, and the field cooled (FC) and 

zero field cooled (ZFC).         

3.2 Target Fabrication: 

      The desired amount of each target component is weighed out on an electrical 

balance followed by a standard solid-state reaction route.  The stoichiometric weighted 
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quantities of powders were ground in a mortar and pestle three times for around (20-30) 

minutes each, in order to mix all the components.  Then, the resulting mixture was fired 

in air for 12 hours (or more if required) at different temperatures, for instance, 400oC, 

600oC, and 900oC in a furnace (temperatures were changed when needed).  The high-

temperature sintering and the grinding repetition procedure are required to form the 

desired oxide compound and to reduce the impurity phases of any un-reacted powders.   

    The final powders were compressed by a hydraulic press in a vacuum at a pressure of 

25000 kPa to form a cylindrical pellet with 25 mm diameter and about 5 mm thickness. 

Finally, the target was annealed in air at ~ (900-1150)oC for up to 15 hours in order to 

get a smooth surface of the target.  The target preparation steps, sintering, temperatures 

and time changes according to the material, which will be explained in later chapters 

when required. All the materials and tools used to prepare the target were cleaned 

regularly to avoid any contamination.     

     All of the prepared targets were placed on holders by a sticker, in order to be used in 

the laser ablation chamber to make the films. Thus, up to four days were required to 

prepare one target, which could change depending on the characteristics of the powders 

used. This method was found to be the best to prepare targets for pulsed laser deposition 

technique (PLD).  

       A cylinder of carbon was used to prepare a graphite target. The cylinder was 

chopped in the workshop to a small cylindrical pellet of 25 mm diameter and about 5 

mm thickness and then located on the holder using a sticker. More details are given later 

in section 4.6.1.1. 
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3.3 Pulsed Laser Deposition System (PLD) 

3.3.1 Introduction 

       Pulsed Laser Deposition is among the simplest techniques [1-3], which are used to 

produce thin films and multilayers.  The other widespread methods are   sputtering [4] 

and molecular-beam epitaxy (MBE) [5-7].  In comparison with other techniques, PLD 

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

-  The establishment costs are not very expensive comparing to sputtering and 

MBE. 

- There is flexibility to grow highly pure multilayer thin films in a vacuum and in 

different ambient gases at different pressure.   

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

deposited films, thus enabling high-quality films to be grown. 

- The laser source system is independent of the deposition chamber for the PLD 

comparing with other techniques.  This feature allows the possibility of growing 

multilayer films easily by controlling the target movement in and out of the 

beam’s focal point.   

     In spite of all these advantages for PLD there are also some negative points of this 

technique. “Splashing” is considered one of the major disadvantages that affect the 

uniformity of thin film, because of fast vaporisation which occurs around the target′ s 
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liquid layer formed by the laser power. Another drawback for PLD is the degradation of 

the target with the continuous use by the PLD for long deposition times, which leads to 

a reduction of the film quality, due to random particulates 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 parts of the PLD system: the laser, optical 

arrangement and deposition chamber [1-3].  The laser employed in the experiment was 

an excimer XeCl laser model (Lambda Physik LEXTRA 200) possesses with an 

operating wavelength of 308 nm. The optical pulse length for the laser is very short at 

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

 

      

  
Figure (3-1): Schematic diagram of the pulsed laser deposition chamber.  

Adopted from [10] 
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      The quartz lens which is a part of the optical arrangement for the PLD was located 

at the same horizontal line with the laser beam, and parallel to the front optical window 

glass of the chamber. The role of this lens is to focus the laser beam to be incident on 

the rotating target at 45o, and to produce a spot size on the target surface of area roughly 

about 3 mm2.  

     The deposition chamber is a high vacuum stainless-steel compartment, containing 

the target holder, the substrate holder and the pressure gauge unit. The target holder and 

substrate holder face each other at a fixed distance (of about 5 centimetres). The target 

holder is rotated at a speed of 60 rpm by an electric motor.  The main advantage of this 

rotation is that it prevents the creation of a hole on the target from continuous ablation 

by the laser and, therefore, decreases the formation of splashing onto the substrate.  

     After clamping the target inside the chamber, the substrate which is usually sapphire 

(or glass) is cleaned ultrasonically in acetone, and then clamped onto the holder with 

two small clamps. This is a positive point because it provides two free blank areas of 

the substrate to consider as a reference when recording the films thickness using 

Dektak, more details will be shown later. The substrate holder as shown in Figure (3-2) 

is wired to two electric heater bars which are connected to a power supply in order to 

heat the substrate to the required temperature.  During the deposition the substrate 

temperature is monitored by using a Chrome-Alumel thermocouple, where one side of 

the thermocouple is attached to the film holder, and the other junction is immersed in an 

ice-bath. 
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     The chamber is then locked and pumped-down to the desired pressure.  By using the 

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

evacuated to the minimum base pressure of 10-5 Torr. 

     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

      In addition, there are three extra valves: a gas valve, a roughing pump valve and 

gate valve, used to control the changing of the pressure from the base pressure to an 

accuracy of a hundred of a mTorr.  Once the required conditions are attained, the laser 

is switched on and the deposition of the atoms on the substrate (for different deposition 

time) is performed.  

 

Two clamps Film 

Substrate-holder 

Voltmeter and 
Ammeter wires 

Figure (3-2): A photo of the substrate holder with a deposited film placed 

between the clamps. 
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     The chosen parameters; the substrate temperature, the laser energy and plume 

quality, and the chamber pressure were all monitored throughout the deposition process.  

The laser beam incident at the rotating target will transfer energy to the target and 

evaporate it, producing a plume at the target surface. The plume includes atoms, 

molecules, electrons, ions and clusters, which depends on the quality of the target and 

the chamber pressure.  Clearly, the interaction between the laser, target and plume will 

affect the film deposition in a positive way. The film thickness depends on the 

deposition time, and the plume quality, finally, after the deposition process is finished, 

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

 

     The PLD technique is suitable for complex materials growth, as will be mention later 

in the following chapters.  It reflects the target stoichiometric in the film very well. It is 

also very convenient for oxides as it may be used with variable oxygen pressure.  Some 

studies have reported differences between PLD and MBE especially at high intensity, 

while at low intensity; PLD resembles MBE [11-12], as will be explained in chapter 5.   

     There are two main differences between PLD and MBE: in PLD the atoms, or ions, 

arrive at the substrate with a considerable kinetic energy [11-12]; whereas in MBE the 

atoms have a much smaller kinetic energy which is characteristic of the temperature 

needed for thermal evaporation, the second difference is that atoms arrive in pulses in 

PLD whereas they arrive as a continuous stream in MBE.  Films made by standard PLD 

are usually textured and may have inclusions of target material known as boulders.  

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

laser assisted molecular beam eptaxy LAMBE in which the length of time between laser 
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pulses is greatly increased, by a factor of 10 or 100.  In this case the surface quality and 

morphology for films prepared by LAMBE may be better than MBE.  In addition, Tan 

et al. [12-13] showed that at low substrate temperatures the properties of films deposited 

by PLD are similar to those deposited by MBE.  While by decreasing the pulse duration 

for the PLD, an increase of the island densities has been noticed, at high temperatures 

[12-13] .  Polar ZnO films can only be grown by MBE or 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 instrument used to measure the texture profiler of the 

sample surface vertically.  It measures the thickness of samples ranging from 40nm to 

500nm, by the mechanical lever (the moving part), which is connected to the optical 

lever controlled by a computer.   

     A sensitive diamond-tipped stylus on the Dektak, as shown in Figure (3-3) is moved 

vertically along the film surface, from the blank area at the corners of the substrate, 

which represent the clamped area of the sample holder, to the area of the deposited film.  

The stylus pressing force onto the sample could be adjusted.  After adjusting the stylus 

height to the desired work circular stage, which is an important part of the Dektak 

moves to the front and back, a vertical displacement of the stylus directed from the 

blank area to the middle of the film is recorded by a varying electrical inductance.  The 

resulted inductance data is recorded, and later switched into a height and plotted by 
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Dektak software as a function of horizontal distance.  The thickness value of the film 

was obtained by taking the average of a number of recorded measurements.   

 

   The thickness value measured by Dektak may vary from an area to another on the film 

surface, due to several reasons related with films grown by PLD.  The substrate type, 

the quality of the laser plume and the chamber pressure, all these parameters affects on 

the surface uniformity of the film.          
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Thin Film 
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Figure (3-3): A side view of the Scan route for the Dektak thickness 

measurements for the films and deposited film on a substrate. 
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3.4 Optical Measurements  

    

    A number of optical phenomena, including transmission, reflection, absorption and 

scattering, are observed as a result of light propagation through the film [14].  In this 

system, the absorption spectrum was determined by direct measurements of the 

transmission and reflection spectra as a function of energy at room temperature, in order 

to provided information about the electronic structures and essential optical properties 

of the sample.  A tungsten halogen lamp generates at 250 watts was used as a light 

source in order to measure over a wide spectral range from 1.7 eV to 4.5 eV.  The 

position for the photomultiplier detector (PMT) in the system set-up can be changed 

during the experiment to detect the light for the transmission and reflection, as required.   

    Monochromatic light was produced when the light passed through a (Spectro-275) 

spectrometer.  A filter is used to split the light into two beams. The first beam (called a 

reference) passes through an optical chopper with a given frequency which is then 

recorded by the PMT.  Whereas the second beam (called the sample beam) is also 

chopped by the chopper with a given frequency too, then goes to the sample and then is 

detected by the second PMT detector after being reflected from, or transmitted through, 

the samples.  The detector’s job is to convert the intensity of light to an electrical signal 

and then amplify the signal by the conditioning unit and split it into the AC and DC 

components.  The lock-in amplifiers were used to amplify and record the AC signals, 

and to measure the intensities of the incident Io, the reference Ir the transmitted I1 and 

the reflected I2 beams.  In addition, the two lock-in amplifiers also record the 

transmitted or reflected beam and the reference beam.  
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    The optical phenomena can be calculated by their parameters. The transmission is 

quantified by the transmission coefficient (T), which is defined as the ratio of the 

transmitted light intensity to the total incident light intensity [14-15].  Similarly, the 

reflectivity or reflection coefficient (R) indicates the ratio of the power for the reflected 

light to the power of the incident light [14-15].  If there is no scattering or absorption 

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

          T+R=1                                                                    ..................................…. (3.1)  

 

   When the light passes through a sample of thickness l and is absorbed, this is 

quantified by the absorption coefficient α. This is defined as the fraction of intensity 

that has been absorbed by a unit length of the film. Therefore, the integration of the 

intensity along the film thickness gives us Beer′s Law 

 

I�I� = I�e��	                                                           …….........................….. (3.2) 

 

I�  here refers to the intensity of the incident light. Assuming that the reflectivity of the 

substrate is negligible and only the reflectivity of the deposited film is taken into 

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

 


 =  �1 − ���e��	                                                 …….........................….. (3.3) 
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    By derivation using Beer′s Law, the absorption coefficient α, can be calculated using 

the following equation, in order to identify the band gap  

α = �
	 ln� ������

� �                                                     …….........................….. (3.4) 

 

    The band gap energy for the direct interband can be determined from the absorption 

coefficent by the following equation, [16-18]   

 

αhυ = A�hυ − E���/�                                                       …….........................….. (3.5) 

 

where  hυ  refers to photon energy, E� to the band gap energy of the material and A is a 

constant for a given sample. The band gap can be obtained from the intersection on the 

energy axis by plotting α2 as a function of hυ as shown in Figure (3-4):       
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Figure (3-4): Plot of α2 the absorption coefficient as a function of energy for 

pure ZnO, were Eg= 3.4 eV. 
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3.5 Set-up for Magneto-Optical Measurement 

     Magneto-Optics is the technique that used to investigate the modifications which 

occur to the light when it is passed through a magnetic crystal.  The system set-up used 

is based on Sato methods [19] that enables magneto-optical spectra to be obtained using 

a Piezo-Birefringent modulator.  Our magneto-optic system setup was put together by 

Dr Neal of the University of Sheffield, with Prof. Kucera from Charles University, our 

MO setup is shown in Figure (3.5) [20].  This system allows simultaneous 

determination of the two MO parameters, MCD and Faraday rotation θ and is the main 

factor that makes this approach used widely.  An important feature of this technique is 

the ability to perform an accurate measurement over a wide range of wavelengths.  Also 

this method provides a 12 nm resolution and a sensitivity of 0.0020 at wavelength of 

500 nm. 

 

 

 

 

Figure (3.5): Schematic diagram of MO setup for measurement in either 

Faraday or Kerr geometry. Adapted from [20]. 
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    The magneto-optics set-up geometry can be switched during the measurements 

depending on the samples used.  If the sample is highly absorbing and not transparent 

(opaque), Kerr geometry is more suitable for the measurement.  The Faraday geometry 

is the most appropriate for the use where the sample is transparent.  This set-up can be 

achieved by changing the position of the photoelastic modulator (PEM), photomultiplier 

(PMT), and analyser to detect the reflected light for Kerr geometry or the transmitted 

light for Faraday geometry. The set-up uses either a tungsten halogen lamp with a 

power of 250 watt that covers a wide spectral range between 0.6 - 3.8 eV, or a Xenon 

lamp with a power of 150 watt to cover a spectral range between 1.5 - 4.5 eV. Both 

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

  

    The aligned light from the source then passes through a spectrometer (Spectro-275)  

to create a monochromatic light. The spectrometer has three different gratings blazed 

for different wavelengths which can be selected according to the wavelength of the 

required light. Meanwhile a band pass filter was used to remove the unfavourable 

wavelengths from higher order reflections.  In order to produce a plane polarized light, 

therefore, the light is passed through a Glan-Taylor UV prism polarizer positioned 45o 

to the analyser and 90o to the optical axis, before focused onto the sample.  The 

polariser angle is controlled by using a motor and a PC, where the position of the 

polariser needs to be optimised whenever the optical alignment is changed.    

     After cleaning the sample carefully with acetone or ethanol, the sample is mounted 

on a metallic disc with aperture of about 2-3 mm diameter.  The sample holder is held 

vertically between the two poles of the electromagnet.  The maximum magnetic field 
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obtainable from the poles is 1.8 Tesla for room temperature and 0.5 Tesla for low 

temperature due to the different gap size. The field is applied perpendicularly to the 

sample and parallel to the direction of incidence.   

     A series of mirror and lenses were used to focus the light beam to a size similar to 

that of the holder aperture. A regular optimisation for these mirrors is required for the 

purpose of maintaining the maximum amount of the polarized light passing through the 

sample, and ensures that the light is not scattered.  

 

    A photo-elastic modulator with a frequency of 50 kHz (PEM) purchased from Hinds 

instrument is used (to produce a signal proportional to the rotation θ and ellipticity η 

when the light passes through it).  The PEM works on the photoelastic effect principle, 

where a sample under mechanical stress exhibits a birefringence that is proportional to 

the resulting strain.  The PEM is consists of a birefringent crystal placed on the top of a 

piezo-vibrator that is used to modulate the frequency, f  [20-22].  A periodic retardation 

in the phase of the light will occurs parallel to the vibration direction, which will causes 

a change in the birefringent of the crystal. Therefore the PEM will modulate the 

polarisation of the light with a fixed frequency.  The birefringent crystal is set to a 

quarter of the wavelength and also the angle between the vibration direction of the 

crystal and the first polarizer is set at 450  [20-22].   

    The light then passes through an analyser to be analysed and focused on the 

photomultiplier tube detector (PMT). The light intensity is un modulates if there are no  

magneto-optics effects, however the light intensity will be modulated with a frequency 



Chapter 3- Experimental Techniques  

45 
 

of f or 2f, if the sample exhibits any M-O effect, due to the effect of MCD or rotation 

respectively [19, 23].  

    The main function for this PMT detector is to convert the intensity of the light to an 

electrical signal and then the signal is amplified by feeding it to a Hinds signal 

conditioning unit and splitting it into AC and DC components.  In order to record the 

DC component, a Keithley voltmeter was used, which can be controlled to conserve a 

constant sensitivity. Meanwhile two signal recovery lock-in amplifiers were used to 

record the AC voltage.  In this study, the voltmeter and lock-in amplifiers (one and two) 

are used to measure the intensities I0 (DC intensity), If (MCD intensity) and I2f (rotation 

intensity) respectively.   

    The values of the MCD and Faraday rotation can be obtained by measuring three 

intensities, I0, If   and I2f , as explained by Sato [19], and these are given in the following 

equations:  

 

( ) ( ) ( ){ }φθδ 2sin10 0001 +∆+= JTII                   ……......................... (3.6) 
 

( ) ( )0102 δTJIfI ∆=                                ……......................... (3.7) 
 

( ) ( ) ( )φθδ 2sin22 0203 +∆= TJIfI                                         ……......................... (3.8) 
 
 
 ΔT =  �t"� − t�� �                                                                        ……......................... (3.9) 
 
 


 = �
� �#"� + #���                                                                        ……......................... (3.10)              
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     where, ϕ is the analyser angle always set to zero in our set-up and ∆θ the difference 

in LCP and RCP rotation, I0 is an intensity constant, δ0 is the amplitude of the 

retardation, and t± are the Fresnel coefficients that represent the RCP and LCP 

transmitted light.  The J0, J1 and J2 terms are the (zero, first and second) order Bessel 

functions which are proportional to the light intensity, MCD and Faraday rotation 

respectively.  This function is used to control the retardation to be set by the PEM, were 

it is set to 0.383 [24], were J1 and J2    are near their maximums, while J0 is around zero. 

The purpose of setting the retardation to 0.383, is achieve the maximum sensitivity for 

the MO, and while being insensitive to fluctuations in light intensity.     

       

    In addition, Sato stated the formulas which are used to get the values of Faraday 

rotation θF and Faraday ellipticity ηF from the measurement of the I0, I1f and I2f 

intensities, are given by [19]: 

 

θθ ∆−=
2

1
F                                                                            ……........................ (3.11)             

   

( )TTF ∆=
4

1η                                                                          ……......................... (3.12)    

           

   Therefore, by analysing the ratios of (I2/I1) and (I3/I1) that can be linked to the MCD 

and Faraday rotation respectively, θF and ηF can be calculated by the following 

equations : 
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   The values obtained by the previous formulas were in arbitrary units, which can be 

converting into real units (degrees) by the analyser. This is done by rotating the 

polariser angle to reach a minimum output for I3(2f). Then the analyser is rotated from 

(+20 to -20) by steps of 1.0o, associated with recording the value of (I3(2f )/I1(0))  at each 

angle. So, by recording the different values at each analyser angle the calibration factor 

can be determined. 

    The measurements for this system are controlled automatically via the PC using 

Labview software. Furthermore the (MCD) is the difference in intensity between the 

left and right circularly polarised light at a frequency ω. MCD is a useful technique to 

determine the nature of a magnetic state and properties of a material, since it is only 

dependent on the transitions occurring on the measuring frequency ω.  

    During the MCD measurements, we have faced a major issue with this experiment. 

The first problem was related to the Labview program that we use to control the 

measurement; therefore, I have put an effort to learn at least the basics about this 

program, by taking few courses, to enable me to specify the source of the problem.  

Then after, I found that the issue was caused by a fault in the PEM.  Therefore, we had 

to investigate the source of the problem with the PEM with the manufacturing company.  

I have played a major role in the group to incorporate the new PEM into the Labview 

program and start running the MCD again.    

……..................... (3.13) 

……..................... (3.14) 
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  3.6 Measuring Magnetisation-SQUID Magnetometer 

3.6.1 SQUID Fundamentals 

     A superconducting quantum interface device magnetometer, SQUID is one of the 

most sensitive magnetic flux sensors, which is used for doing magnetisation 

measurements.  A number of applications are associated with the SQUID, including 

material property measurements and bio-magnetism, which is due to it is excessive 

ability to detect small magnetic fields; more details on the general use of a SQUID can 

be found in refs [25-27]. 

    All the measurements in our laboratory were obtained by a radio frequency (RF) 

SQUID magnetometer model MPMS-5 manufactured by Quantum Design, as shown in 

Figure (3.6) [28].  The temperature range of SQUID used is from about 5K to 300K, 

and the magnetic field could be set from 10-17 T to about 5T.  The SQUID system is 

consists of an Nb-superconducting material ring and an RF circuit which are coupled 

inductively to the field sensing coil using superconducting transformers that are 

maintained at liquid helium temperatures.  The RF circuit is supplied by a constant 

current RF oscillator, which has a 20 MHz resonance frequency.   

 

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

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

material when the ring is superconducting [26-29]. Therefore, due to the induced 
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surface current, the superconducting ring will be able to trap different levels of 

magnetic flux after a magnetic field is removed. 

 

    The trapped magnetic flux will induce a current in the superconducting ring that will 

exist for an indeterminate time.  Furthermore, this trapped flux is quantized in multiples 

of (Φ0=h/2e), and is equal to 2 x10-15 Tm2.   

 

 

 

 

 

 

 

 

 

 

Figure (3.6): The SQUID system components, adapted from [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 ThinkJet 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 for the ring, beyond which the induced current 

must not be exceeded.  As it is known that measuring a change voltage is easier than 

measuring a change of the magnetic field, the SQUID has been designed in a way that 

measures the change in the voltage.  Furthermore, the flux changes that occur in the 

superconducting ring cause damping of the resonance of the RF circuit, which then can 

be amplified and recorded by the controlling system. The variation of the flux is 

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

 

3.6.2 SQUID operation       

 

       We address the steps which have been used to measure the samples using the 

SQUID.  A typical sample dimensions to be measured in the SQUID is 5 x 5 x 0.3 mm3.  

First the sample needs to be cleaned before putting it in the SQUID chamber.  The 

sample is mounted either by wedging it into the middle of the straw or putting it in a 

gelatine capsule and stitching the capsule into a long plastic straw and fixes the position 

to the centre.  After that, the straw is attached to the sample-holder rod, which is a brass 

end of a stainless steel rod approximately 1.5 m in length.  

 

    The rod is then introduced partially into the SQUID through an access port on the top 

of the SQUID system.  An air-lock is used to ensure a clean environment inside the 

SQUID system by preventing the contamination of the atmospheric gases.  This is 

followed by venting and purging the upper part of the chamber before opening the air-

lock and inserting the rod into the SQUID completely.  Once in the system, the position 
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of the sample needs to be matched with the centre of the field-sensing coils, so a scan 

over a length of 8 cm is run to determine the location of the sample that can be centered 

either manually or automatically.   

     In order to achieve an accurate position for the sample in the centre, the scan is 

repeated using a shorter scan length of 2 cm. Then, the appropriate measurement 

sequence, temperature and the magnetic field can be selected and set. The helium level 

in the SQUID should be over 50% if we set a magnetic field of 1T.  It is important to 

know that the measurements have not been run until both the temperature and magnetic 

fields are stable.  Finally, the scan sequence measurement can be started.  

    During the scan, the sample is stepped through a 2nd order gradiometer field-sensing 

coils, which consists of two sets of coils wired oppositely to each other, to reduce any 

external noise and give more accurate measurements.  The sample then starts to 

generate a field due to it is magnetic moment, which then induces a super-current in the 

coils and produces a magnetic flux through the ring. Therefore, a record of these 

measurements as a function of field provides us with data for the magnetisation of the 

sample. 

  
    There are several measurement programs that have been used by the SQUID in our 

lab.  One of the types of measurement is hysteresis loops of the magnetisation with a 

maximum magnetic induction up to 5T, where 1T is used normally for our 

measurements, a  at fixed temperatures ranging from 5K to 400K.  The magnetic field 

(H) can be applied either parallel or perpendicular to the plane of the film.  
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   The remanence magnetization (Mr), coercive field (Hc) and magnetization saturation 

(Ms) are obtained from the hysteresis loops. The magnetization (M) of the sample is 

measured as a function of the external field.  As mentioned previously, a super-current 

will be generate in the coils from the magnetic field produced by the sample, causing it 

to induce a magnetic flux through the superconducting ring.  The result will consist of a 

contribution from both the sample and the substrate. There are three main contributions 

which can be noticed; the diamagnetic contribution from the substrate, ferromagnetic 

contribution from the film and also a paramagnetic behaviour of the film which is 

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

 

     To get a correct result for the hysteresis loop, all other contributions need to be 

subtracted off. So, the separation of the ferromagnetic behaviour from others can be 

achieved by calculating the slope of the linear line for both high-field regions then 

subtracting it from each point.  The raw SQUID data for 5% Co doped ZnO film on a 

sapphire substrate, Figure (3.7a), shows two clear contributions. There is linear 

dependency in high field due to the diamagnetic contribution, and in low field, there is a 

saturating ferromagnetic contribution from the film.  Figure (3.7b), shows the separate 

ferromagnetic contribution obtained after subtracting off the linear component.     
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     In addition, zero field-cooled (ZFC) and field-cooled (FC) measurements are another 

type of measurement used extensively in this thesis.  The magnetisation is measured, as 

a function of temperature (T) for a sample both ZFC and FC conditions in order to show 

the dependence on the magnetic field history. As it is done in low magnetic field, 

typically 100Oe, the ZFC data gives the temperature dependence of low field 

susceptibility. It also provides information about the irreversibility of the system within 

the considered temperature range.  ZFC/FC measurements can be run in the SQUID for 

a range of thin films of various compositions and also for bulk samples.   

     A ZFC sequence is done by setting the magnetic field is set to zero when the sample 

is cooled down to usually 5K.  Then after temperature stabilisation is achieved, a small 

magnetic field of about 100 Oe is applied, and the sample magnetic moment is 

measured in increased temperature range from 5K up to 300K (warming-up).  
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Figure (3.7): The room temperature SQUID data for 5% Co doped ZnO (a) 

raw data, (b) after subtraction of linear contribution.     
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      In the FC sequence the magnetisation is measured when the sample is cooled down 

from 300K to 5K in the small field up to 100 Oe, and the magnetic moment is measured 

in a temperature range as the sample is warmed up to 300K. 

    A majority of the magnetic moments of particles remain along easy axis as 

temperature increases from 5K due to the local anisotropy.  Above a specific 

temperature, there is sufficient thermal energy for the magnetic moments to reorient and 

a superparamagnetic behaviour occurs; where is called TB blocking temperature. The 

magnetisation for T < TB is depends on H and T as well as on history, while, the 

magnetisation is only depends on H and T for T > TB, where it is in equilibrium [27-28].  

If there are isolated clusters with anisotropy energy KV then the magnetisation of the 

clusters can reorient freely for T > TB, where KBTB ~ KV/25.  Thus, hysteresis occurs 

for T < TB, this is seen by FC field cooled and ZFC magnetisation.      

   The history dependency is refer to that, the observed magnetic moment is depend on 

the magnetic field sequence and temperature changes that were responsible to obtain the 

desired condition for the sample where it was measured. A more specific type of 

behaviour for the history dependency is so-called the irreversibility (or hysteresis) 

behaviour. The importance of irreversibility in ferromagnets for example; is illustrated 

in the M(H) curve, where the shape will change except if saturation is obtained on the 

loop.  Therefore a different M(H) curve will be record when a magnetic field below 

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

 

     Sapphire, or Al2O3, is an anisotropic crystal that has a corundum structure; it has a 

density of 3.98 g/cm3 and a lattice constant of 4.785Å.  It is the best candidate as a 

substrate for the deposition of DMS materials, because the lattice constant matches 

between sapphire and most of the semiconductor materials.  This close agreement 

between lattices constant reduces the strain problem causes by the interface between the 

substrate and the deposited material during the growth process.  Sapphire is transparent 

from up to 6eV, which covers the band gap of all semiconductors, hence it is widely 

used as a substrate if optical measurements are required.  

   Sapphire substrates are either a single or double side polished. Thus, the transmission 

is different between these two types.  There is much more scattering from a single side 

polished film so that sapphire substrates used for this work were double side polished.  

Figure (3.8) show the transmission spectra for our sapphire.     
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Figure (3.8): The optical transmission spectrum of a sapphire substrate 

measured at RT. 
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    In the absence of the films and consider the thick sapphire alone, the free 

transmission, Ts is given by:  

 


% = 
��1 + �� + �& + ⋯ � =  (�

��)� = ���)��

��)�                         ……......................... (3.15)  

 
Where T and R , the transmission and reflection coefficient respectively.    

 

 + � = 1                                                                                ……......................... (3.16) 

 

� = *%��
%"�+

�
                                                                              ….…......................... (3.17) 

 
where s is the substrate refractive index. Combining eqn.(3.16), eqn.(3.17) and 

eqn.(3.15) yields,   

 


% = �%
%�"�                                                                                ….…......................... (3.18) 

 

    The transmission spectrum shown in figure (3.8) is for a blank sapphire substrate 

measured as a function of energy in the range from 1.7 to 4.5 eV at RT, where the 

maximum transmission is about T= 0.89 compared with the theoretical values of T=0.86 

from eqn (3.18) using the refractive index of sapphire of about 1.76, and the differences 

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

 
   The MCD and the Faraday rotation of a blank sapphire substrate was measured as a 

function of photon energy range from 1.5 to 4 eV at RT in a field of 1.8T, as shown in 

Figure (3.9).  The scattering of the MCD and FR at energies below 1.8 eV may be due 
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to the intensity fall-off for the xenon lamp that reduces the light sensitivity.  The MCD 

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

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

deposited film on a sapphire substrate, the substrate contribution must be subtracted.   
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Figure (3.9): Faraday ellipticity and rotation of sapphire substrate in arbitrary 

unit at RT and 1.8T. 
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Chapter 4  

Optical and Magneto-Optical Properties of Graphite 

and Graphene 

4.1 Introduction 

        Much research has been conducted on carbon nanostructures. Figure (4-1) 

illustrates the last 20 years’ worth of publications on carbon nanostructures. As can 

be seen from Figure (4-1), there has been a high number and a vast increase of the 

studies or pieces of research carried out on sp2 carbon-based materials since 2008 

[1]. 

 

Figure (4-1): Plot of the number of publications in the last 20 years on carbon 

materials [http://charts.webofknowledge.com.eresources.shef.ac.uk]. 



Chapter 4- Graphite and Graphene                                                                                                        

63 
 

     Graphene and graphite have recently received considerable interest due to their 

novel physical properties, especially Graphene.  As a result of recent developments 

that have occurred in the study of Graphene, especially since the discovery that 

monolayer graphene could be grown, the field has increased rapidly as described 

below [2-4] 

      The structure of graphite comprises layers of linked hexagons of carbon atoms in 

a 2D system with carbon bonding involving sp2 (trigonal). The layers are arranged in 

a stack-like structure in a sequence of (AB), so that half the atoms in a layer are 

exactly above and below the carbon atoms in the adjoining layers and half are 

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

     Graphene has a two-dimensional structure (single layer of graphite) and unique 

electronic properties. It is a one-atom-thick allotrope of carbon. The carbon atoms in 

Graphene are arranged in a honeycomb lattice-like structure and the material 

consists of two triangular Bravais lattices; where, it has two atoms for each unit cell.  

The subsequent reciprocal lattice contains two non-equivalent vertices [3, 7-8].Only 

Graphene and, to a decent estimate, its bilayer are zero-gap semiconductors (they 

could also be called as zero-overlap semimetals), which have a simple electronic 

spectrum with one type of electron and hole. While the spectra become gradually 

more complicated for three or more layers[9]. 

    The optical properties and the optical constant for graphite have been determined 

by different models and techniques, which have also provided more accurate 

information about crystal states [10].  One of these techniques is related to the 

evaluation of the energy depending on the dielectric constant, both theoretically and 

experimentally [11]. 
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     There has been interest in graphite for a long time, but the interest has certainly 

increased since graphene started to be made.  The great optical property of graphene 

– i.e. the excellent optical transparency coupled with high conductivity [12], has 

resulted in it being involved in many applications, such as in solar cell materials and 

terahertz-IR detectors[12]. Reflectance and transmittance are measurements have 

been made as a function of frequency, temperature, and carrier density[13-14].  

     The optical and magneto-optical (Faraday rotation and magnetic circular 

dichroism MCD) properties for graphite and graphene have been studied in the IR 

region by many groups [15].The majority of previous work on the magneto-optical 

properties of graphite have been studied numerically [16]. On the other hand, all 

magneto-optical properties of graphene were discovered in many electromagnetic 

spectrums like IR [17].  

      In this chapter, we describe thin films of Graphite and Graphene and their 

characteristics, by measuring the optical absorption and the magnetic circular 

dichroism MCD with the Faraday rotation FR in a simultaneous time at room 

temperature in the visible over an energy range of 1.5-4.5 eV. 

      Basically, this chapter investigates the optical and magneto-optical response of 

two sets of thin films, which were graphite and graphene thin films. The first section 

of this chapter explains the crystal and band structure of graphite and graphene.  

This is followed by a brief study of the literature to explain the previous work which 

has been done on the optical and magneto-optical properties of graphite and 

graphene, and emphasizes the most relevant studies. 
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   The results section will be divided into two parts. The first part is concentrated on 

graphite thin films in detail starting with the growth technique, where they have 

been grown in Sheffield. 

    Then the structural changes and the topography of surface for the graphite films 

were described by X-Ray diffraction technique XRD and AFM atomic force 

microscopy.  A flat surface topography has been seen by the SEM measurements. 

However, the AFM has detected a height variation of (±5nm) for a film with a 

~20nmthickness. XRD for thin graphite films will be presented [18].In addition, the 

optical absorption of the graphite films was used to estimate the thicknesses by 

considering parameters taken from the bulk.  The final part of the section on 

graphite films will present the Faraday rotation and the magnetic circular dichroism 

MCD in the visible spectrum region.  

    The second part of the results section will concentrate on graphene thin films, 

which have been obtained from our collaborators in other groups.   Starting with thin 

films growth details and describes the M-O properties of graphene thin films in the 

visible region.       

 

 

 

 

 



Chapter 4- Graphite and Graphene                                                                                                        

66 
 

4-2 Crystal Structure of Graphite: 

      Graphite is a lamellar material [6, 19] composed of bond layers; in each layer, 

the carbon atoms form a hexagonal two-dimensional array by covalent bonds [5-6]. 

As shown in Figure (4-2), the distance between two carbon atoms, or the (in-plane) 

bond length in a graphene layer, is 1.42Å [5-6, 9].  Every unit cell has four atoms. 

The lattice constants for the primitive hexagonal cell are a=2.46Å and c= 6.70Å [5-

7]. The distance between adjacent layers (inter plane) is 3.35Å [5, 7, 9], and the 

bonding of adjacent graphene layers is due to the weak van der Waals force, hence 

the use of graphite as a lubricant. 

 

 

 

Figure (4-2): Crystal Structure of Graphite (Bernal graphite). Sites A and B are two 

chemically equivalent atomic sites of carbon atoms but distinguished by an 

inversion in graphite [6]. 
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     There are a variety of configurations for graphite layers. The first is Bernal 

graphite, which has an ABA stacking sequence as shown in Figure (4-2) with the 

lattice vectors and also in Figure (4-3a) without mentioning the lattice vectors, and 

the second is rhombohedral graphite Figure (4-3b), with a stacking sequence of 

ABCABC [5-6]. The properties and band structure of graphite are strongly 

influenced by the different stacking sequences (as is explained later). 

      As shown in Figure (4-3a) the carbon atoms in layer B of the Bernal structure 

are straight under the centre of a hexagonal cell of carbon in layer A.  On the other 

hand, the angle of the carbon hexagon in layer B in a rhombohedral structure, which 

is directly above the centre of the hexagon in layer A; the centre of the hexagon in 

layer B is also below an unequal carbon hexagon corner in layer C [5-6]. 

     However, a pure Bernal single graphite crystal is rare, which is not suitable for 

interpreting the physical properties, due to the occurrence of stack inaccuracy, 

insertion, and rise in fault intensity [6, 9].  It is worth mention that the physical 

structure of our graphite films it is not necessary the Bernal structure.  

 

Figure (4-3): The stacking sequences for three graphite layers; (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 and that a layer of single graphene is a 

zero-gap semiconductor [9]. Therefore, the number of layers in graphene has an 

effect on its electronic structure. When the number of graphene layers is increased, 

the behaviour of bulk graphite is recovered.     

     In the previous section, the different kinds of structure sequences of graphite 

layers were introduced. These differences affect the electronic structure of graphite, 

and this has been rated by a variety of models [6, 20].  The rhombohedral graphite 

band structure has been analyzed using the Haering -McClure model [21].  The 

Slonczewski-Weiss-McClure (SWCMcC) SWCMcC model is the most commonly 

model, which was used by Charlier to determine the ABA band structure 

configuration and to illustrate graphite’s properties, such as the optical and transport 

properties close to the Fermi energy level [20].  Thus, the orbital interactions in the 

same and the nearest plane for carbon atoms near the Fermi level can be expressed 

as a function of a number of variables of the “energy eigen value” [5-6].  As can be 

seen from Figure (4-2), per unit cell there are four atoms. In fact, the unit cell for 

graphite and the graphene bilayer is the same, because of the stack of bilayer 

graphene forms the graphite lattice [7]. 

     Graphite is anisotropic; the effects of the inner metallic bond within the layers 

make the graphite an excellent conductor in plane, electrically and thermally.  In 

contrast, vertically, it becomes a weak electric and thermal conductor, because of the 

weak van der Waals forces between adjacent layers [5, 9].  This weak interaction 

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

semimetalic properties, and it is a zero-band-gap for graphene [1, 6].   

Figure (4-4) shows the Brillouin zone of graphite (Bernal structure) and also shows 

the SWMcC band model of 3D-graphite, which explains the electronic energy 

bands.     

         

     

 

Figure (4-4): Upper figure: The Brillouin zone of graphite where the electron and 

hole are located in the area of the edges HKH and H'K'H'. Bottom figure; the 

electron energy bands of graphite near the HKH axis in the (SWMcC) model, 

showing the dependency of the wave vector (ξ , σ) on the energy E. [1, 5, 7] 
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    Figure (4-5): In-plane structure of graphite and reciprocal lattice vectors [5, 22]. 

Chung [5] gave a clear explanation for the translation vectors and reciprocal lattice 

vectors for ABA, as shown in Figure (4-2), Figure (4-5) and the equations below. 

The coordinates for the four unit cell atoms A, B, A´ and B´ are given: 

                                               ………………………(4.1) 

The lattice translation vectors for an in-plane graphite crystal are:  

a��1 = a �√3
2 , −1/2,0� ,         |a��1| = a = 2.46 Ao 

a��2 = a �√3
2 , 1/2,0� ,            |a��2| = a = 2.46 Ao

 

a��3 = c�0,0,1�,                      |a��3| = c = 6.71 Ao                        ……………………. (4.2) 
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where  a1, a2 and a3 are the primitive lattice vector of the orthonormal coordinates (x, 

y, z).The "nearest neighbour distance" for the in-plane graphite lattice is ao=1.42 Ao, 

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

                    …………………… (4.3) 

where n1, n2 and n3 are integers, and a��1,a��2, a��3 are the translation vectors.  

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

primitive vectors: 

                     ………………….. (4.4) 

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

Brillouin zone, and the reciprocal lattice vector is [5, 22]:  

            ………………….. (4.5) 

Wherem1, m2 and m3 are integers. 
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4-4 Band Structure of Graphene: 

Graphene was first isolated in 2004 and, since then, it has won the attention of many 

researchers, who have attempted to explain it is unique mechanical, electrical, 

thermal and many other properties. Its electronic properties are considered to be an 

attractive feature of graphene [14, 23].  

Graphene is a single layer of graphite, with Dirac charge carriers [24], where the 

charge carriers have an energy depend linearly on Κ.  The pattern of the 2D layers 

of the carbon atoms is a hexagonal structure, as shown in Figure (4-6) [8].   

 

Figure (4-6): Graphene structure. 

 

    One of the unique electronic properties of graphene is its mobility (1400 cm2V-1s-

1); this is higher than the mobility of a bulk Si semiconductor [23]. The free carbon 

atoms have a 1s22s22p2 electron arrangement, while in the 2s, 2px, 2py and 2pz 

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

    The dispersion relation close to the Dirac point in pristine graphene is E =
±ℏv|q| (where v is the Fermi velocity and q is the Brillouin zone point or Dirac 

point) [23]; hence at the Κ point, for pristine graphene the valence and conduction 
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band meet together and form a “cone shape” [23]. Conversely, the conduction band 

is produced by the upper π anti-bonding, and the valence band is produced by the 

lower π bonding [6].  The most noticeable properties at this point are that the 

velocity of all conduction electrons have the value of ~ C/300, where C is the speed 

of light [8], without regard to their energy; the Fermi level (Ef) is at the cross-over 

point, as seen in Fig (4-7a), and the density of state at these levels is zero, which is 

the reason for the zero-gap in graphene [23, 25].  Figures (4-7b) and (4-7c) illustrate 

that the Fermi levels (Ef) lie in the valence band for p-type graphene, while (Ef) lies 

in the conduction band for the n-type band structure of graphene [8, 23]. 

 

Figure (4-7): Schematic band structure of single layer graphene. (a) Band structure 

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

The honeycomb lattice in graphene includes two in equivalent carbon atoms, A and 

B, or, in another expression, two equivalent carbon sub lattices, A and B           

Figure (4-8) [7], so the lattice (unit) vectors a1 and a2 are[6, 25]:  

                           ……..……… (4.6)        

(a=2.46 Ao) the lattice constant. 
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Figure (4-8): Graphene hexagonal lattice, a1 and a2 the lattice unit vectors [7]. 

 

     In 1947, Wallace proposed the first graphene tight-binding model [26].  He 

explained that “the nearest and next nearest neighbour interaction between pz orbital 

with the neglect of the overlap between the wave function from more remote 

atoms.” Equation (4.7) represents the form of the graphene π electron [7, 26] 

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

   …..…. (4.7) 

When   k = !π
√"#    , and  k& = !π

"#      that means the E (kx, ky) = E '!π
√"# , !π

"# ( = 0 

Eq(4.7) will be zero. 

Where γ = 2.7 eV is the hopping energy for the nearest neighbour carbon atoms in 

the π orbital. acc =1.42 Ao represents the distance between two carbon atoms [6-7, 

27]. 
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    The plus and minus sign in equation (4.7) sequentially means that the anti-

bonding π* is empty and the π band is full in graphene, where the two bands (π, π*) 

contact at the points (K, K′) respectively [7].  An expansion of equation (4.7) around 

(K, K′) points yields to a linear dispersion bands, which is the previous relation used 

in pristine graphene  E = ±ℏv|q|  , where q is measured with respect to the K-point 

[7].  

 

4-5 Previous Work 

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

 

     Optical properties and the optical constant for graphite have been determined by 

different models and techniques, which have also provided more accurate 

information about crystal states [10, 15].  Many of these techniques are related to the 

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

    Usually, from an optical point of view, graphite in all its forms is considered as 

uniaxial, where the c optic axis is perpendicular to the plane. Therefore, in order to 

be able to explain the optical response at each wavelength, two complex optical 

functions are needed.  The light polarized perpendicular to the c axis was described 

by using the ordinary dielectric function )*�+� .  While, to describe the light 

polarized interaction along to the c axis, the extraordinary dielectric function 

),�+�were was used [15].  In order to obtain the complex dielectric function)�+�, 
which is associated with the complex refractive index [ )�+� = -.! = �- + 01�! ], 

and optical absorption coefficient 2 = 431/+, we need to know n, k and +, the 
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refractive index, extinction coefficient and light wavelength, respectively. All the 

known values are in table 4.1[15],   

     Absorption spectroscopy is a broadly used technique to study and present the 

essential optical properties of the materials.  This operates by measuring the spectra 

of reflection and transmission as a function of energy at room or low temperatures. 

Our absorption system was described in details in Chapter 3, the light source covers 

the energy range from 1.5 eV to 4.5 eV. All the measurements for the graphite and 

graphene thin films were taken within that energy range. 

    In this chapter, optical absorption is used as a method to estimate the film 

thicknesses and its orientation, using a complex refractive index from bulk 

parameters[15], considering the reflection from the front and back sides of graphite 

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

   Similar to the optical properties the Magneto-Optical properties for graphite have 

been investigated numerically [16]. Magneto-optics, which has been explained in 

Chapter 3, is a description tool of the observed optical effects that occurs when light 

interacts with matter under an external magnetic field.  

    Therefore, we found that measuring the Faraday rotation in the visible region for 

graphite thin films and compare it with theory, would be an interesting research[16]. 

In addition, our M-O system also measures both the magnetic circular dichroism 

MCD and the Faraday rotation simultaneously together. There are no available 

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

 

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

 

    There is massive amount of literature on the optical properties and of Graphene. 

Due to interband and intraband transitions, Graphene has clear and ordinary optical 

absorptions. Graphene absorption spectrum shows different behaviour within the 

optical regions. The absorption spectrum of graphene in the visible range is 

frequency independent. In the UV-region an excitonic absorption peak shows up (as 

predicted in theory). While the Drude absorption peak is observed in the far-IR 

(FIR) region [12]. 

    The important optical property of graphene – i.e. the excellent optical 

transparency [12] – has resulted in it being involved in many applications, such as in 

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

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

calculate the spectrum for optical transmission and reflection, some of the data is 
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shown in the Figure (4-9).  The frequency ranged from far-IR to UV range (4meV- 

6.2eV) [12-13]. They also noticed a Drude peak in the absorption in the far-IR 

region [12].We note that the absorption data is remarkably similar to 2ε< > of 

graphite as shown in Figure (4-10) adapted from Jellison[15]. 

 

 

Figure (4-9): (a) Large-scale graphene/sapphire and sapphire transmission and 

reflection in the UV-region; (b) the experimental and theoretical absorption of large-

scale graphene and monolayer graphene, respectively [12]. 
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Figure (4-10): The pseudo-dielectric function was measured for the HOPG samples, 

with a perpendicular c axis to the surface. The measurements were taken at various 

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

 

    Crasseeet al [32] and her group used different methods to measure the Faraday 

rotation in graphene (single and multilayer) in the Infrared.  They put the sample on 

top of a “split-coil” and placed a “grid-wire gold polariser” in front and after the 

sample Figure (4-11). By rotating the two polarisers, the Faraday rotation can be 

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

 

4.6 Present Work 

4.6.1Graphite Thin Films 

4.6.1.1 Graphite Sample Preparations 

 

      A cylinder of carbon, from GoodFellow Cambridge limited with purity of 

99.997% was used to prepare a graphite target. The cylinder was chopped into small 

cylindrical pellet of 25 mm diameter and about 5 mm thickness and then located on 

the target holder using a sticker. A set of graphite films of varying thickness was 

grown using pulsed laser deposition (PLD). All the films were made in Sheffield by 

PLD using an excimer Xe-Cl laser operate at 308 nm wavelength. The optical pulse 

length of the laser is about 28 ns and it operates at 10 Hz pulse frequency which 

gave an energy density of up to 400 mJ per pulse, as explained in Chapter.3.  
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     A series of films was made from single targets at base oxygen pressure 1.85x10-5 

Torr and deposited on c-cut sapphire substrates at a distance of 50 mm, that was held 

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

     In addition to the PLD technique, spin coating was also used to prepare the thin 

films.  An excess amount of a solution of graphite in acetone solution was placed on 

a sapphire substrate, which was then rotated at typically 2000 to 4000 rpm to spread 

the graphite fluid by centrifugal force.  We found that graphite thin films which 

were made by the pulsed laser deposition technique are better quality than the spin 

coating technique that produced rougher films.  All the results given in this chapter 

for graphite are for films made by PLD. 

Sample 
Deposition 

time(minute) 

PldGr2 4 

PldGr3 2 

PldGr4 1 

PldGr5 30 second 

PldGr6 15 second 

 

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

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

 

      In this section, we will present several methods that been used to provide us with 

structural information including the texture and crystallization for the graphite thin 

films that were grown by PLD. 

   A Dektak surface profiler was utilized to measure the thickness of the samples, 

which represented the real thicknesses for the films. In addition, the optical 

absorption data by using parameters taken from the bulk was used to estimate the 

thicknesses of the films. Where, taking in to account, the front and back side’s 

reflections of the film, in order to get the effective thickness, which is the thickness 

of the part of the film that is aligned parallel to the plane. Then, this was compared 

with theory, the details are given in section (4.6.1.3) [15]. 

   The Dektak/bulk thickness measurements showed that the thickness depends 

linearly on the deposition time for graphite films as expected; this is shown as black 

line in Figure (4-12). The value of the thickness was also obtained from the optical 

absorption (case A, B and C – the methods are discussed later) assuming perfect 

alignment in the graphite grains in the plane of the film and using the value of xxε%

for bulk graphite. Optical estimates gave a consistently lower value of the thickness, 

which indicates some misalignment of the films because, as is clear from Figure (4-

12), the absorption coefficients are very anisotropic, however, it is hard to get a 

quantitative measure of the amount of misalignment from this set of data.  
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Figure (4.12): Graphite film thickness measured by Dektak and optical density by 

using different reflections equations, using bulk experimental values for the 

absorption α (as will be discussed in section 4.6.1.3). 

 

    The topography for the grain size surface, and the structural changes of the 

graphite films were characterized by AFM atomic force microscopy and XRD. All 

the following films were grown at base pressure by PLD at 450 ºC deposition 

temperature. Dr. Xiaoli Li performed the XRD and AFM measurements in the Key 

Laboratory of Magnetic Molecules and Magnetic Information Materials, Shanxi 

Normal University in China 

    X-ray diffraction XRD is a widely used technique to investigate the structure of 

thin films. Figure (4.13) shows the XRD patterns of the graphite films grown on 

sapphire substrate at a base pressure for (1 minute).   

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

crystallites of graphite aligned with the c axis perpendicular to the plane. The second 
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peak is from the sapphire substrate, which also shows that the films were partially 

textured. The appearance of the (002) diffraction line in the XRD pattern is a 

behaviour we ought to observe because it represents the separation of the carbon 

atoms between the planes. Lin, et al. [33] have reported the same behaviour for the 

graphite cathode, as shown in Figure (4.14).The first prediction was we thought that 

the films were aligned due to the sharp (002) peak, and when they are not aligned 

the (101) peak is always weaker. 

    As seen in Figure (4.13) there was no evidence of the (101) peak index around 

2θ= 55o, which may imply that most of the grains were aligned with c axis normal to 

the film.  Even if the (101) peak were present we still could not detect it; therefore, 

we cannot deduce that the films were entirely aligned.  However, in bulk 

polycrystalline graphite, the (101) peak was significantly less intense than the (002) 

peak so this is not a sensitive test of alignment Figure (4.14). 
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Figure (4.13): XRD spectrum of synthesized Graphite thin films with (21nm) 

Dektak thickness. 
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Figure (4.14): X-ray diffraction patterns of natural graphite, pyrolytic graphite (PG) 

and graphite foam. The relative sizes of the 26.55o and 55o peaks is clearly evident 

[33].   

 

   We can calculate the average size of the crystalline grains in the graphite films 

using the Debye-Scherrer formula as given: 

 

D = 5.67 λ
β 89:θ                                              …………………. (4.8) 

 
Where D is the grain size, λ= 1.5406 Å is the wavelength of Cu Kα X-ray, θ the 

diffraction angle, and β is the full width at half maximum (FWHM) in radians. The 

grain size of the (1minute) films is about 8.7Ao which is quite comparable to grain 

height ≈ 8.6Å obtained from the AFM data. Hence the broad peak at (002) indicates 

the existence of the small grain size. Also, it shows that the lattice spacing is as 

expected were it detected from the centre of the peak. It is worth mentioning that the 

grain sizes for the rest of the graphite films were approximately the same value as 

the (1minute) film. 
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    As mentioned previously atomic force microscopy AFM data, were obtained by 

Dr. Li in China. Figure (4.15) and (4.16) illustrate the AFM data for the graphite 

thin films with (1minute) (21nm) thickness and (30second) (11nm) thicknesses 

respectively, thicknesses measured by Dektak. 

   AFM detected a height variation of (±5nm) for the films. In addition, the AFM 

figures show that the grains are visible and the films are continuous. 

 

 

 

 

 

 

 



Chapter 4- Graphite and Graphene                                                                                                        

87 
 

 

 

Figure (4.15): AFM for Graphite thin films with (1minute) (21 nm) thickness. 
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Figure (4.16):  AFM for Graphite thin films with (30 second) (11nm) thickness 
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4.6.1.3 Graphite Optical Properties 

 

     We measured reflectance from the front and the transmittance from the back to 

get the absorptions α(E).  As mentioned in the paper by G.E. Jellison[15] in which 

they reported measurements of the absorption along different directions, it was very 

anisotropic as expected, large for E in the x-y plane. 

     All the equations were described previously in Chapter 3 to determine the 

absorption spectrum by measuring the spectrum of reflection and transmission at 

room temperature, which cannot be used to determine the absorption for graphite 

thin films because they are too transparent. The transmission was calculated by 

assuming that reflectivity from the front and back surface of the film is equal. 

Transmission and reflection spectra of Graphite/sapphire were measured using the 

reflection coefficient at interfaces. 

    The films appeared to absorb less than what we have expected. This was probably 

due to the fact that the alignment in the (X and Y) direction was much bigger than 

that in Z-direction, therefore only a fraction of the film was contributing. Hence we 

put the light parallel to the Z-direction, and the electric field was all in the (X and Y) 

direction, to get a maximum absorption. This was only interesting in the optical 

absorption when we took into consideration the reflection from the back and the 

front surface.  

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

several methods for that. 
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In all the other films that have been mentioned in this thesis the thickness can be 

estimated using equation 4.8 because the refractive index of the film was close to 

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

 

T = �1 − R=>9?@��1 − RA#8B�eDαE                                       ……………….. (4.8) 

 

Hence, when the films absorb very weakly by assuming a total transmission, then 

the transmission will depend on conservation energy and neglects scattering and 

reflection from the back side of the films (the assumption here is that all the light 

that is not absorbed is specularly reflected), is given by: 

T = �1 − Rmeasured�e−αL
                                                       ……………….. (4.9) 

 

Where Rfront= Rmeasured , is the reflection from the front side of the film.  

Rinterface  , is the reflection from the film. Rback, is the back side reflection of the film, 

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

Case(A) For our graphite films we used different calculation methods to get the 

absorption and estimate the film thicknesses. There are obvious reflections, which 

occur at the front, middle and back interfaces.  

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

then the transmission is given by:     

T = �1 − R=>9?@��1 − RL?@M>=#8M��1 − RA#8B�eDαN                 ……………….. (4.10) 
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   This equation is standard, but it gave a negative α. This occurred because R=>9?@ is 

too big and there was more transmission light than expected.  

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

Rfront = R measured                                                                         ……………….. (4.11) 

RL?@M>=#8M, which is the reflection from the graphite films, in this case, will be energy 

This is definitely an underestimate for depending on for each wave length, is by the 

following Eq: 

RL?@M>=#8M = �?OPQRD?STUSVWXVY�Z[BZ
�?OPQR[?STUSVWXVY�Z[BZ                                 ……………….. (4.12) 

 

Where, n film and k both are optical constants, the refractive index and extinction 

coefficient respectively. The values are from (table1) in G.E.Jellison paper [15] for 

nine different wavelengths (nm), as a function of energy. ns is the sapphire refractive 

index, which is energy depended on too. 

Reflection from the back side of the film was obtained by using the following 

formula:  

RA#8B = '?SD\
?S[\(!

                                                      ……………….. (4.13) 

 

where ns, is the refractive index of the substrate as energy in depended. Where the 

value of nsfor sapphire substrate is ( ≈ 1.6). 
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Case(B) For a few individual cases, when the film is very thin, there will be multiple 

reflections from the front side of the film in addition to the back reflections from the 

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

 

]^_*`a = �`bD\�Z[cZ
�`d[\�Z[cZ                                                ……………….. (4.14) 

Where, no and k, are the same values are from G.E.Jellison paper [15] for nine 

different wavelengths (nm), as a function of energy.  

Case(C) In this case we depend only on the back side reflections of the film to 

measure the absorption and neglect front and interface reflections, as: 

T = �1 − RA#8B�eDαN                                                                  ..……………….. (4.15) 

This approximation will certainly give an over-estimate for the absorption α. The 

transmission coefficients for each film are shown in figure (4.17). 
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Figure (4.17): Transmission spectrum of the graphite films. 
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    The conclusion from the previous cases is: Case A and B, overestimate light loss 

due to reflection since the films are not totally aligned the reflection at the interface 

is going to be little and that will lead to a much smaller dielectric constant. While 

Case C heavy underestimates the light loss. Therefore, to determine the best 

thickness for the graphite films to use in the M-O calculations, we need to add 

another case.  

Case (D) by using the thickness from Case B, when we consider the reflections from 

the front and back of the films, and the Dektak thicknesses, we can get the aligned 

fraction f, as given: 

    LB = LDek .f                                                                          ……………….. (4.16) 

 

The fraction number obtained from eq (4.16) will be used in eq( 4.10): 

T = �1 − R=>9?@ . f��1 − RL?@M>=#8M . f��1 − RA#8B�eDαEfZ      ……………….. (4.17) 

Were LB2 is the apparent thickness obtained by taking into consideration the aligned 

fraction.  

4.6.1.4 Graphite Magneto-Optical Properties 

 

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

study and analyse graphite properties.   

   The magnetic circular dichroism MCD is measured in the visible region of the 

spectrum order simultaneously with the Faraday rotation FR (see Chapter3), for 

graphite thin film deposited by PLD on a sapphire substrate. The applied magnetic is 
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perpendicular to the plane of the sample, it is B= 1.8T, and parallel to the direction 

of incidence.   

    The absolute values of the MCD and FR for graphite thin films have been 

determined. However, the results are subject to error due to the uncertainty in 

measuring the thickness of the aligned grains because it is only this orientation that 

will give the large calculated FR [16].  

    Faraday rotations for graphite thin film deposited by PLD for (30second) and 

(1minute) are shown in Figure (4.18) which has been plotted depending on the 

Dektak thicknesses for each film. All FR figures show a strong peak around 4.09 eV 

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

energy as shown in Figure (4.22).  
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Figure (4.18): Faraday rotation for graphite thin film deposited by for (30 second), 

and (1minute) on a sapphire substrate in the energy range 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 graphite thin film where the thickness 

of the film deposited in 1 minute has been taken as that measured by the Dektak and 

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

 

 

 

 

 

 

 

Figure (4.19): The FR for graphite thin film using the thickness measured by Dektak 

and the optical density using bulk values for the absorption α, deposited by PLD for 

(1minute) on a sapphire substrate in the energy range from 1.8 to 4.5 eV .These 

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

 

      Therefore to demonstrating the similar behaviour seen for all graphite films 

which were grown in different deposition times, we scaled the FR data for all films 

in arbitrary units for a range between 1 and 0 as shown in Figure (4.20).  Peaks at ~ 

4eV are very similar but the thinner films did have a large FR in the range 2.6 ˂ E ˂  

3.4 eV.      
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Figure (4.20): Scaled Faraday rotation for graphite thin film deposited by PLD for 

(4, 2 and 1) min and (30 and 15) second on a sapphire substrate in the energy range 

from 2.1 to 4.5 eV.  

 

      All films have approximately the same FR shapes, but the magnitudes are 

different as may be seen from table (4.3) and we believe this is because the 

alignment fraction is different; there is also a real thickness dependence. 

Unfortunately it was hard to work it out. 
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2min 47±2 11.7 8.33 22.8 20.8 26.7 0.025 13.6 

1min 21±2 5.5 0.86 15.6 15.4 25 0.025 40.5 

30sec 11±2 0.89 --- 9.88 6.08 50.58 0.049 36.6 

15sec 10±2 0.79 --- 8.9 4.2 47.9 0.044 109.6 

Graphene 0.335 --- --- --- --- 4679 4.53 821.5 

 

Table (4.3): Measurements of thickness using Dektak and Transmission data, 
assuming α in the films takes the bulk value. 

 

     On the other hand, the FR data are not compatible with Verdet constant that was 

given in T.G. Pedersenas shown in Figure (4.21) as the calculated number valid in 

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

The Verdet parameter is a constant that expresses the strength of the Faraday 

rotation for the substance, as given in eq (4.18). It may be expressed in radian/mmT 

and it is temperature dependent. 

g = VBL                                                   …………………………… (4.18) 

Where V is the Verdet constant in radian/mmT units, B is the magnetic field; L is 

the sample thickness and gis the angle of rotation.  

    Figure (4.21) illustrates the FR for graphite thin film (1minute) with (21nm) 

Dektak thickness in a magnetic field of 1.8 T, in Verdet constant units, and the 

Verdet constant spectra in a field of 158T from T.G. Pedersen [16]. It is clearly 
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shown that the measured Verdet constant is much smaller than that found by 

Pedersen.  
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Figure (4.21): The top figure is Verdet constant for graphite thin film deposited by 

PLD for (1minute) with (21nm) Dektak thickness, in a field of 1.8 T.  The bottom 

figure is Faraday rotation for calculated Verdet constant spectra, where(s) is 

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

(1minute) and (2 minute) on a sapphire substrate in the energy 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 graphite films for (30second), (1minute) 

and (2minute) with Dektak thicknesses of (11nm), (21nm) and (47nm) respectively. 

The frequency dependence of the MCD measured on these films was comparable; 

however, the magnitudes were different widely as illustrated in figure (4.23) which 

shows the MCD data for thickness measured by Dektak and optical density using the 

bulk value for the absorption α.   

 

 

 

 

 

 

 

Figure (4.23): The MCD for graphite thin film deposited by PLD for (1minute) on a 

sapphire substrate in the energy range from 1.8 to 4.5 eV were measured in a field of 

1.8 T at RT, for thickness measured by Dektak and the optical density using bulk 

values for the absorption α.  

 

    In addition a scaled plot in arbitrary units for a range between 1 and 0 shown in 

Figure (4.24) to demonstrate the similarity in the MCD behaviour for all graphite 

thin films grown in different deposition time.  
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Figure (4.24): Scaled MCD for graphite thin films deposited by PLD for different 

times on a sapphire substrate in the energy range from 2.1 to 4.5 eV. The data was 

scaled so that the smallest value was -1 for each film. 

    The MCD data showed a strong feature at the exciton energy at ~3.7eV. The 

small peak in the MCD at ~4.09 eV might be due to some leaking of the FR signal 

into the MCD channel because of a little strain induced birefringence. The Kramers-

Kronig analysis is valid for dielectric constants rather than refractive indices; 

however, it has often been found to be approximately correct for magneto-optics.  

The fact that the FR shows a dip where the MCD shows a peak at ~3.7eV is an 

indication that the Kramers- Kronig relations are approximately 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 chemical vapour deposition technique 

CVD on the same sapphire substrates in a collaborator group research Laboratory in 

the Institute of Semiconductors ,Chinese Academy of Sciences, Beijing [34]. 

4.6.2.2 Graphene Magneto-Optics Properties 

    All the previous works on M-O properties for Graphene have focused on 

measuring the FR and calculating it numerically in the Infra-Red IR region of the 

electromagnetic spectrum and in a very high magnetic field [32]. There are no 

previous measurements for the MCD for graphene in the visible region. 

     The MCD and FR presented data for graphene film was in the energy range from 

(1.8 to 4.5) eV was taken at RT in a field of 1.8 T. In Figure (4.25) the graphene 

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

from 1.8 to 4.5 eV was measured at RT in a field of 1.8 T.  

 

    It has shifted a bit from the energy range that has been found previously in 

graphite films ~ 3.7eV. This is worrying because the Kramer-Kronig relations 

predict that the peaks of the FR and MCD occur at different energies, but the peaks 

shown in figures (4.25) and (4.26) are both at 3.9eV. Also the FR is very large 

compared with the MCD.  Hence the results here need to be repeated before 

publication. 

      In addition, the Faraday rotation in Verdet units for Graphene thin film is shown 

in Figure (4.26). Both spectrum FR and MCD have a comparable behaviour, which 

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

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

Hence the results still need to be verified before publication. 
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Figure (4.26): The Faraday rotation in Verdet constant units for Graphene thin film 

prepared by low-pressure chemical vapour deposition on a sapphire substrate too. 

The Verdet constant is in the energy range from (1.8 to 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 the optical and magneto-optical 

properties of graphite and graphene thin films and it concentrated on 

explaining the physical characterizations, the optical methods and the M-O 

effects for graphite thin films. The results for graphite were compared those 

for with graphene. 

- Two techniques have been used to made graphite thin films; pulsed laser 

deposition and a spin coating technique. We found that graphite thin films 

that had been made by pulsed laser deposition technique were better quality 

than those produced by spin coating method. All the results are given in this 

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

- Dektak measurements of the thickness showed that the thickness of the films 

depended linearly on the deposition time. 

- Because the optical properties of graphite are very anisotropic and the 

Faraday rotation had been calculated only for a magnetic field aligned along 

the z-axis, we needed to know the level of alignment of the films. Hence we 

used the optical density to estimate the level of alignment. We assumed that 

the magneto-optical effects would be smaller in other orientations in 

common with the other components of the dielectric tensor. 

- The value of the thickness was obtained using different methods for 

estimating the optical absorption. All methods that were applied in this 

chapter assumed an alignment of the graphite grains in the plane of the film 

and using the value of Ɛxx for bulk graphite [15] gave a consistently lower 

value which indicates some misalignment. 
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- If we assume that graphite films are sufficiently aligned so we could use the 

calculated values of the reflection from the front and the interface between 

the substrate and the film using the measured value of Ɛxx, we got unphysical 

values for α, therefore the films were not entirely aligned. 

- The XRD for graphite films shows only two peaks, the first (002) peak is for 

a small crystallites of graphite and the second peak is for the sapphire 

substrate [18], which revealed that at least some of the films were aligned 

with z perpendicular to the plane of the film. 

- AFM detected a height variation of (±5nm) for a graphite film of thickness 

approximately (21nm) and (11nm) for (1minute) and (30second) deposition 

time respectively (these thicknesses were measured by Dektak). 

 

- We found that the spectral shapes of the Faraday rotation and the MCD 

found from different films were very similar. However, the magnitudes 

varied widely which we ascribed in part to the uncertainty in measuring the 

thickness of the aligned grains. 

- Both the Faraday effect and MCD (measured per unit thickness) are very 

much larger for graphene. 

- There are oscillations due to standing waves in the FR at low energies for 

graphite films, and the FR of graphite was positive, which are both in 

agreement with theory.  

- The MCD data for both graphite and graphene shows a strong 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 and explaining the benefits of conducting 

magneto-optical studies on non-magnetic ZnO and doped ZnO.  We will discuss how 

the magnetic circular dichroism MCD is a powerful technique to identify the energy gap 

states in weakly absorbing polar ZnO thin films that have been grown either by 

molecular beam epitaxy MBE or by pulsed laser deposition PLD with and without Al. 

The capability of MCD to detect the energies of the states that arise from extended 

defects and oxygen vacancies will be explored in the chapter for both types of thin 

films.  The PLD thin films preparation and the MCD measurements were undertaken at 

the University of Sheffield (UoS).  The MBE thin films were grown by Dr. Ying at the 

Key Laboratory of Beam Technology, Beijing Normal University in the Republic of 

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

 

     Doping is an important practice for semi-conductor nanostructures to facilitate the 

control of their physical properties.  It has been found that ZnO has many more 

potential applications following doping, including uses in nano wires and other forms of 

nanostructures, along with other transition metals such as nickel, iron and cobalt [2-3].  

Zinc oxide’s range of band gaps around (3.4eV) in the UV region and it is large exciton 

binding energy at room temperature (estimated as 60meV) gives it many potential use 

in ultraviolet (UV) luminescence devices, gas sensors, thin film transistors that are 

transparent in the visible spectrum, solar cells, and light emitting diodes (LEDs) [4].  

     The electronic and magnetic properties of the ZnO are dependent on the existence of 

states in the energy gap. The properties intrinsic states to pure zinc oxide are dependent 

on the oxygen vacancies, anti-site ions, interstitials, grain boundaries and the surfaces 

[3] .  In other cases, it is properties are affected by the doping material that is introduced 

into the material to improve the intended property.  The limited mobility in the wide 

band semiconductors is due to ionised donors that originate from the defect gap states 

that tend to scatter the mobile carriers.  Zinc oxide is found to naturally grow as oxygen 

deficient and therefore it is n-type carriers [4].  

     It has been established that the zinc oxide polar material demonstrates differences 

between the samples grown with O-polar or Zn-polar surfaces. Specifically, they 

include structural density defects that influence the absorption of the impurities and thus 

the precise optically states that are active and normally associated with the O-polar 

surfaces [5-8], Figure (5-1) [9].  
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Figure (5.1): A hexagonal wurtzite crystal structure of ZnO contain of alternating zinc 

(Zn) and oxygen (O) atoms. The polar surface (0001) of ZnO is either Zn or O 

terminated. Figure taken from [9] 

 

 

     Polar films of zinc oxide are used in hetero junctions, enhancement of the 

piezoelectricity and also in catalysis.  It is therefore, important to clarify the influence 

that O- or Zn-termination has on gap states for the films [10-12]. 

    The results also indicate that the number of applications is found to increase rapidly 

when the doped ZnO is considered.  Specifically, it has been established that the ZnO 

conductivity increases rapidly when it is doped with Al (AZO) or the Ga ions, which is 

cheaper and also more bio-compatible that indium tin oxide ITO [13], for use as 

photocurrent detectors [14-15].   Since pure ZnO has a band gap which is below the 

band gap of  ITO, hence, it increases after Al doping [16].  Doping with TM, mean 
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while, has been found to produce many cases of ferromagnetism at room temperature.  

Oxygen vacancies are necessary but the magnetism is enhanced by increasing the 

carriers’ number, by the co-doping with on Al or Ga [17-19].  

 

    There has been an increased interest among researchers in the use and application of 

the ZnO, InGaZnO and the ZnCoO, all of which are crucial to achieve resistive 

switching [20-22].   Their effects are considered to be dependent on the oxygen 

vacancies, which means that the technique used in measure the energy states that is 

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

 

     Furthermore, the states in the gap are crucial for many applications and they may be 

measured by the photoluminescence (PL), which is often used to measure energy states.  

Research illustrates that this technique is not usually available with ZnO, since the 

photoluminescence (PL) is found to be quenched through the dopant transition metal or 

the Al ions [23-24].  In addition, measuring the gap states by measuring their direct 

absorption is difficult, because this is normally masked by the scattering due to 

crystalline imperfections and surface roughness. 

     In this chapter, we will illustrate the use of magnetic circular dichroism (MCD) in 

the detection of the weak absorption processes that are observed in thin films of zinc 

oxide [1].  MCD measures the absorption difference between left and right circularly 

polarised light which is both insensitive to scattering and suitable for samples that have 

quenched luminescence, such as doped ZnO films. 
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5.3 Magnetic Circular Dichroism Spectra in ZnO. 

 

 

Figure (5.2): ZnO Bulk-band structure, where standard pseudopotential (SIC-PP) used 

for calculation.  The horizontal dashed lines shown the width of the d-band and 

measured gap energy. Figure is taken from Ozgur et al [2].   

 

      

        In this section we will focus on the ZnO possible transitions with point defects.  As 

shown in Figure (5.2) bulk ZnO has an empty conduction band and a full valance band 

and, the energy gap is about 3.4eV at room temperature [2].  We are interested in the 

states that occur in this gap due to defects, particularly states due to oxygen vacancy. 

The lowest state of energy for a neutral oxygen vacancy is found to be a spin singlet 

which is a deep donor, also another spin triplet is still within the energy gap [19].  The 

great number of vacancies, inside the grains, are found to be singly ionised 

paramagnetic states, however [25].  
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     For all these cases, there is a broad energy range because of the lattice relaxation of 

the medium and the fact that the depletion regions are located close to the grain 

boundaries.  There are also extensive defect states that are normally associated with the 

depletion layer and which are contained within the grain boundaries and become spin 

polarised, allowing them to accepts extra electrons when a magnetic field applied.  

     Optical absorption and MCD spectra are also expected to arise from shallow Al 

donors if they are only able to bind a single electron [1]. When a magnetic field is 

applied, all the electronic states are splits according to the order of µB|B| energies in the 

material, hence unequally population of the spin states, leading to an induced 

magnetisation.  In many cases, a sample may show an MCD signal due to a small 

concentration of paramagnetic centres when the overall bulk susceptibility is 

diamagnetic.  For a nonmagnetic material at RT the states have a small imbalanced 

population with an order of 10−3 in a magnetic induction of 1.8T , as used for our films, 

making the MCD signal weak, but still observable [1].  

     Diamagnetic MCD spectra are dispersive in the energy range of about µB|B|; and 

since the induction that is used for the given experiments ≈ 1.8T, correspond to the 

specified energy which is of the order 10−4eV.  This is smaller than the resolution for 

the equipment used that ranges within 10−2eV, hence the diamagnetic signal cannot be 

observed through our measurement [1]. The diamagnetic MCD spectra produced can 

also be observed through the large value for |B|, which is the only signal that is 

associated with the transition that occurs when an electron is transferred from levels that 

are completely full to completely empty levels. A large value of B is needed, however, 

or a more sensitive detection system, if this is to be observed [1].  
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     When the transitions contribute just to the absorption but not to the observable 

MCD, they are called ‘silent’ transitions, as is in figure (5-3)(a) demonstrates the  

transition that occurs to the ionised Al donor states, while (b) illustrates the conduction 

band transitions, which occur within the singlet state for the neutral oxygen vacancy.  

The excitation experienced from the triplet state in the oxygen vacancies of the 

conduction band, meanwhile, provide a state that is partially ionised as shown in figure 

(5-3)(c). Figures (5-3)(d)-(f) illustrate the possible transitions that can be observed from 

a defect state that is singly occupied [1].  The partially ionised state shown in figure (5-

3)(d) is similar to our results presented in this chapter for a singly occupied oxygen 

vacancy.       
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Figure (5.3): Schematic diagram for ZnO possible transitions. (a) Shows the MCD silent 

transitions to an ionised Al defect which occur from the valance band. (b) Also shows 

the MCD silent transitions like (a), but this time the transitions to the conduction band is 

from a spin singlet oxygen vacancy. (c) Observed MCD signal for a transition from the 

oxygen vacancy triplet state to the conduction band. (d) MCD signal for an occupied 

defect state with a single ionisation (e) MCD signal for a transition to the singly 

occupied oxygen state from the valance band, which guides to a defect singlet, and 

finally (f) MCD signal for a transition to the oxygen defect triplet [1]. 
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      If the zinc oxide has been heavily doped with Al, another contribution is noticed due 

to the existence of a significant number of degenerate electrons in the conduction and 

impurity bands. A finite MCD will occur for transitions from the valance band if the 

density of final states in the conduction band is spin dependent [1]. In the case of the 

occupations denoted by n0, which is low, so the Boltzmann statistics are used so the 

MCD ~ noµBB/ kBT , and when the conduction electrons being degenerate the MCD ~ 

µB BG (EF) ~ Bn�
�/� [1].   

     There are also other transitions that could occur around grain boundaries in the 

defect states. Hence, in ZnO, the grain boundaries have a conducting layer and also a 

high number of the singly ionised defects of oxygen [25]. These conducting layers can 

be responsible for the magnetism in the undoped films, since it originates from the spin 

splitting of the electronic states in the layers [1, 25].           
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5.4 Present Work: 

5.4.1 Thin Films Preparations Techniques. 

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

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

provides a summary of the growth method and thicknesses for the samples that have 

been used in this chapter.    

 

 

 

 

 

 

 

     

 

Samples Growth 
method 

Deposition time 
(second) 

Thickness (nm) Energy Gap 
(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 3.7 

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 MBE and PLD. 
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5.4.1.1 Molecular Beam Epitaxy MBE Technique. 

     Molecular beam epitaxy MBE technique was used by Dr.Ying, at the Key 

Laboratory of Beam Technology, Beijing Normal University in China to grow two 

polar ZnO films, as shown in table (5.1) [1].  The films were grown on sapphire 

substrates following degreasing with chloroethylene and acetone and then deionized 

water have been used to rinse it. The films were grown using a radio-frequency plasma-

assisted system (Ommi Vac) with radical sources, such as Zn which had been 

evaporated by Kundsen cell (Veeco), and oxygen atoms produced by an rf-plasma 

system (SVTA).  

      A three unit cell with an (~10 nm) thick buffer layer of MgO rock salt was used to 

grown the Zn-polar ZnO films. While, for O-polar ZnO films a strained rock salt with 

layer thickness of (~ 0.5 nm) and an ultra-thin layer of MgO was employed to grow the 

films. At low temperatures of around 450oC, an additional ZnO buffer layer of 10nm 

thickness was deposited, before the high temperature deposition of the 400 nm thick 

ZnO epilayer for both films [1, 26]. (Zn and O) polar terminating films were grown to 

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

     All the targets used to grown (ZnAl)O thin films by PLD were prepared in the 

group’s laboratories at the University of Sheffield (UoS). All powders were purchased 

from Alfa Aesar, hence the purity of the ZnO powder was of 99.9995%.  A 

stoichiometric amount of each powder was weighed appropriately and mixed together 

using the following this percentages: Zn1-x Al xO where ( x= 1 and 2) % of Al2O3.  

     The mixture was then ground together three times for 20 minutes each by using a 

pestle and mortar as mentioned in chapter 3.2.  The first sintering of the mixture was 

performed in air furnace for ~ 12 hours at 400oC annealing temperature.  Then, after 

grinding for another 20 minutes, the target was annealed again at 600oC for ~ 12 hours.  

The final annealing of the mixture as a powder was at 900oC, again for around 12 hours. 

After that, the final powder was compressed in a vacuum to a pressure of 25000 kPa 

resulting in a cylindrical pellet with 25 mm diameter, which was then sintered for the 

last time at around 900oC for 13-15 hours. More details are given in chapter 3.2.  

     An XeCI Excimer laser with 308nm wavelength and pulse energies up to 400mJ, 

was used to synthesise thin films with various thicknesses on c-cut sapphire substrates 

at a temperature of 450oC for the different ablation times of 40, 60 to 70 minutes as 

shown in the table (5.1), and at an oxygen pressure range of (1- 3 x10-5) 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 and absorption spectra of the films. The 

energy spectra for MCD and absorption were taken in a range between 1.7 and 4.5 eV. 

A monochromator with a photo detector, together with a xenon lamp, were used to 

measure the transmission spectra. The loss coefficient α was obtained from the intensity 

lost in the film. The loss coefficient is a combination of the real absorption plus 

scattering from the grain boundaries in the films also scattering from the front and back 

surfaces of the film [1].  

    The MCD measurements were performed at room temperature in order to measure 

the Faraday rotation and ellipticity of the MCD simultaneously in an applied magnetic 

field of 1.8T.  A pair of polarisers and a photoelastic modulator were used to take the 

MCD spectra for 1.7 ˂  E ˂  4.5 eV [1, 27]. All the MCD data presented in this chapter 

were obtained for a weakly absorbing film, to enable the detector to record the 

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

5.4.2.1 MCD spectra of O-polar Films fabricated by MBE   

        The two O-polar and Zn-polar films were grown on a substrate that is a single-side 

polished, this cause a large amount of scattering from the substrate back side in below 

the band edge, hence the weak absorption spectra could not be measured accurately.           

The O-polar films have previously been found to have defects more than the Zn-polar 

films, in contrast with our films which showed an enhanced crystalline quality for the 

O-polar films. The film quality was deduced from the sharpness of the edge seen in the 

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

increases weakly with energy until the band gap at 3.32 eV is reached [28].  

 

 

 

 

Figure (5-5): (a) The MCD spectra for 400nm thickness O-polar and Zn-polar ZnO 

films, grown by MBE. (b) The MCD spectra of the sapphire substrate [1]. The MCD 

measurements were undertaken in our group laboratories at the University of Sheffield 

(UoS).   

Figure (5-4): The absorption, α, for the O-polar and Zn-polar ZnO films. 
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    Figure (5-5a) shows the MCD spectra which were done at the UoS for 400nm O-

polar and Zn-polar ZnO films, grown on sapphire substrates by MBE.  The signal from 

the substrate has been subtracted from the presented MCD data.  As seen in the figure 

(5.5a) the MCD spectra for both films were rather flat, however, it is larger for the Zn-

polar films with slow increase in the energy range in between 1.8 ˂  E ˂ 3 eV, 

demonstrating the increase of the defects density near the band edge.                

     The MCD spectra for the O-polar film have a very shallow maximum at around 

2.5eV which contrary with the ‘green line’ seen in the PL spectrum where it has a broad 

emission band at the same energy 2.5eV with a width of around 0.5eV [19, 23, 25].  The 

Zn-polar films have significant magnetic active gap states, which concluded from the 

larger MCD signal.  The spin processes as described in figure (5.3d-f) with a singly 

occupied oxygen vacancy state and figure (5.3c) with the triplet state in their initial 

state, all occur in these polar films [25].  Figure (5.5b) shows the very small MCD 

spectra for sapphire substrate about 0.004 in (degree/cm) compared to 0.2-0.4 for ZnO, 

which is an MCD feature for wide band gap materials like sapphire ~ 8.7eV.   
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 5.4.2.2 MCD Analysis of (ZnAl)O Films fabricated by PLD. 

 

 

 

 

      Figure (5-6 a and b) shows the absorption and MCD data were taken at the UoS 

respectively, for one pure ZnO film and the 1% (ZnAl)O films with various thicknesses 

and for one 2% (ZnAl)O film, with all films being grown by PLD.  The purpose of 

preparing these samples was to investigate the defect states in nonmagnetic ZnO and 

(ZnAl)O films using MCD, which is a sensitive method to differ between transmission 

loss due to absorption and scattering.  I will start by discussing the absorption results 

then the MCD results for all films.   

    From the absorption data the band gaps for all films grown by PLD were calculated 

by using Tauc plots more details of which are provided in chapter 3, and the energy gap 

Eg (eV) are given in the insert shown in figure (5.6a).  The absorption spectra shown a 

Figure (5-6): Data for PLD growth films of ZnO and (ZnAlO). (a) Illustrate the 

absorption α for all films with different thicknesses. (b) The corrected MCD data 

[1]. 
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fast increase for pure ZnO below the band gap compared to the (ZnAl)O films, which is 

an indication of a better film quality [24, 29].  

    The donor states formed by adding Al to ZnO are easily ionised to give a carriers 

with a high density at room temperature within the conduction band.  This causes the 

band edge to move from 3.5 eV to ~3.65 ± 0.05 eV, because of the Burnstein Moss 

effect [5, 8, 29].  There is unusual behaviour for the band gap of the 1% Al films with 

430nm thicknesses, which does not follow the expected increase with thicknesses, as 

the energy gap for the 430nm film does not lie between the energy gaps for the 380nm 

and 660nm films as would be expected.  

    Further evidence for the deterioration in the film quality after doping with Al is clear 

from the data for the 2%Al film with 310nm thicknesses, which shows the largest 

energy loss of α ~ 0.05cm-1  below the band gap.  

 

   In the following paragraphs I will start to discuss the MCD results for all films 

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

 

     Similar spectral behaviour for the MCD of the pure ZnO films can be seen in figure 

(5.6b) and the O-polar film in figure (5.5a) per unit thickness.  The measured signal 

from the polar film was bigger than the pure ZnO film because it is thicker, 400nm 

compared with 155nm for the PLD film. The MCD shows an overall small positive 

behaviour above the low energy range, but a small negative region can also be seen near 

the band edge. This negative region is caused by the transitions to the split band states 

created by an applied magnetic field [14-15]. 
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     In addition, the magnetically polarized states for the ZnO film have an approximate 

stable density of states in the band gap; although this depends on the number of defects 

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

 

     The MCD spectrum for the three 1%Al doped with ZnO films with various 

thicknesses is also shown in figure (5.6b).  The MCD signal at low energy has a small 

positive behaviour in (ZnAl)O films containing 1% Al doping compared to the positive 

MCD spectra that dominated in pure ZnO. The elimination of the positive MCD signal 

is caused by the Al doping, which provides electrons to the partially occupied gap states 

of the oxygen vacancy, thereby causing the MCD signal by changing the states to 

doubly occupied states that are nonmagnetic.  As mentioned earlier in the chapter the 

data shown in figure (5.3d) illustrates that the single occupied defect state transition, 

observable by the MCD for a single occupied oxygen vacancy, but not observed for an 

Al donor, since this has a much smaller energy ˂ 0.01eV in that case, which is not 

accessible to our apparatus.  The MCD signal for E ˂ 2.6eV is reduced strongly by the 

additional carriers provided by small concentration of Al.  This emphasises the fact that 

oxygen vacancy alone could play the main role in enhancing the magnetism in ZnO, 

whereas the effect of the aluminium donors enhances the magnetism only in the 

presence of oxygen vacancies [18].  The partially occupied Al donors form a polarised 

impurity band that causes the strong negative signal starting from above 2.6eV up to the 

band edge.  
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      The MCD spectrum for the 2%Al doped with ZnO film with a thickness of 310nm 

is also shown in figure (5.6b) and demonstrates a slightly bigger positive MCD signal at 

low energy than the 1%Al doped with ZnO films. This positive signal is caused by the 

additional singly ionised oxygen states due to the doping with 2% of Al, which increase 

the density of grain boundaries. While the negative MCD signal starts from around 

2.6eV up to the band edge from the Al impurity band, in comparison to the PL result, 

we noticed that doping with Al reduced the intensity at around 2.2eV of the PL signal, 

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

     

• MCD is a very powerful technique that gives information about the magnetic 

polarisation of the states for magnetic materials. In this chapter we show that it 

is also a sensitive technique to determine weak absorption in non-magnetic 

material in a magnetic field and also to assist in the characterisation of the gap 

states.  

• Both the MCD and PL techniques could work together in the investigations of 

gap states.  The PL technique is usually less available, however, because the PL 

spectrum will be quenched by Al ions or dopant transition metal.  

• For the two polar ZnO based films, we concluded that the O-polar films 

contained fewer spin polarised gap states than the Zn-polar film, which was an 

unexpected outcome. The spin polarisable states are shown as the broad signal 

in the MCD spectra at a big energy range.  

• A similar MCD spectrum was seen in the case of the O-polar film figure (5.5a) 

and the pure ZnO films in figure (5.6b) per unit thickness.  

• All three 1%Al doped with ZnO films showed a weak positive MCD signal at 

low energies which is due to full polarized gap states by the additional electrons 

from the 1%Al doping.  

• Increasing the Al concentration has reduced the mobility of the mobile carriers 

scattering within the charged states. Hence MCD is a powerful technique to 

determine the source of scattering in ZnO:Al films, and also to detect the 

presence of singly ionised oxygen vacancies in ZnO.  
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• Increasing the Al concentration has indeed increased the band gap, however this 

variation with thicknesses was not applicable for all our 1% Al films, because 

unusual behaviour was seen for the 430nm film.       

• A very weak positive MCD signal was detected for the sapphire substrate at 

energies above 2.4eV, which is very far from the sapphire band gap at 8.7eV. 

• We expect that MCD will be used in many weakly absorbing transparent 

materials in the visible region.  
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    Figure (6-13) and (6-14): show the ZFC/FC magnetisations for the two film 

measured in 100 Oe with field applied in the film plane. Both films were deposited 

for 8minutes at 400oC growth temperature. The target for the film with 136nm 

thickness was annealed at 1150oC, hence, the target for the film with 131nm 

thickness were cooked at 1000oC.  Large coercive fields are associated with cobalt 

nanoparticles where the size of the blocking temperature depends on the average 

volume of the nanoparticles. Some of the films made with the targets that had been 

sintered at 1150 oC had very significant concentrations of cobalt nanoparticles but 

small coercive fields.  This implies that films made from targets that had been 

sintered at high temperature contained very small Co nanoparticles.  

 

6.4 Conclusion 

     In this chapter we have performed a magnetism and magneto-optic 

measurement on Co-doped ZnO and Co-doped Al-ZnO thin films, thus to 

investigate the presence on nanoparticles in the doped films and their contribution 

to the observed magnetic and magneto optical results.  The effects of different 

methods of film preparations in the magnetic properties seem to depend on one 

method to another; never the less adding Al to the target enhanced the 

magnetization.          

     We have found that grain size is important together with film thicknesses.  Thus 

thin films with small grain size showed a big magnetization and a positive MCD 

signal.   



Chapter 6- ZnCoO and ZnCoAlO Thin Films 

162 
 

    Also  
J(K==L)

J(BL)
≥ 0.9  whereas films containing metallic cobalt frequently showed 

J(K==L)

J(BL)
≥ 0.8 .  

     Films made from Co doped ZnO targets annealed at high temperature, seems to 

show a smaller nano particles than those made from targets sintered at lower 

temperature.  Observable metallic nano partials showed a negative MCD signal, 

while the positive MCD signal is only a feature of grain boundaries. Some Co 

doped ZnO films demonstrated a considerable magnetization even with the 

absence of the metallic Co. 

       Large Hc at low temperature is due to large Co nano particles that occur for 

target sintered at lower temperatures.  In general, the results were rather 

disappointed, as the aim was to prepare films with rather large Hc at room 

temperature.        
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