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CHAPTER Ӏ 

INTRODUCTION 

 

1.1 Background and motivation 

The possibilities and methods of using a non-magnetic field to control the 

magnetism of material are widely interesting topic because of potential impact to in 

information technology. Instead of using electric currents or electric fields, the new idea 

of using light to enhance or control magnetism may be possible method (Chu et al., 

2008). It has been reported about using ultrashort laser pulses to manipulated magnetic 

properties (including sub-picosecond magnetization reversal) are possible and consume 

low energy (Lambert et al., 2014; Stanciu et al., 2007). Optical generated coherent 

magnetic precession (Kim et al., 2015) and laser-induced spin reorientation 

(Kalashnikova et al., 2015) was studied. In fact, according to literature review, some 

group studied the spin states modification by nonpolarized light for a long time. 

Moreover, the magnetic permeability can be modified under infrared radiation in 

silicon-doped yttrium iron garnet at 20K (Teale and Temple, 1967) which is caused by 

the charge transfer from Fe2+ to Fe3+.  

The photo-induced ferromagnetic properties was investigated in p-(In,Mn) 

As/GaSb and metal-organic assemblies, at low temperatures (Ohkoshi et al., 2011; 

Ohkoshi et al., 2006). They described this effect using model of the carrier-mediated 

ferromagnetic interaction of the Mn ions which is enhanced by light (Munekata, 2005). 
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The room temperature ferromagnetism in oxide materials such as undoped ZnO 

(Banerjee et al., 2007) caused by the oxygen defects, especially singly ionized oxygen 

vacancies (Liu et al., 2013; Zhan et al., 2012). Furthermore, nonpolarized ultraviolet or 

violet light can control ferromagnetic properties of  ZnO film on Pt substrate at room 

temperature. This effect was described that the oxygen vacancies and the built-in 

electric field across the heterostructured ZnO/Pt might be main determinant of the light-

induced ferromagnetic variation. (Xie et al., 2017) 

Moreover, there is one possibility which ferromagnetism can be controlled via 

magnetoelectric and photovoltaic effect. Many research efforts on magnetoelectric 

effects in recent years (Eerenstein et al., 2006a; Spaldin and Fiebig, 2005) have 

motivated the research of light induced magnetism in many materials, Bismuth ferrite 

(BiFeO3) get attention because of it is compound with ferroelectricity together with 

antiferromagnetism at room temperature. In the viewpoint of applications, BFO has a 

great potential in spintronics devices namely using an electric field to control a 

magnetization via the magnetoelectric effect.  

Classical spintronic device are based on metallic materials which can not interact 

with photons. Functionalities with light require materials that have a bandgap which 

photons can generate charge carriers such as semiconductors and Schottky barriers. 

Therefore, multiferroic materials also offer this possible opportunity along with 

magnetoelectricity, which couples magnetism to ferroelectricity and also elasticity. 

Moreover, because of the material possess the ferroelectricity are insulators, it can be 

enhanced the photoconduction or photovoltaic effects under light illumination (Choi et 

al., 2009; Yang et al., 2010). According to literature review, it was found that visible-



3 
 

light can induce the dimensional variation of BiFeO3 crystals at room temperature, was 

called the light-induced photostrictive effect which is in the order of 10-5 with response 

times below 0.1 s.  These reported results imply that in multiferroic material, magnetism 

can be induced by light, but until now, coupling of light with magnetism has been 

elusive, although magnetoelectric effect is a well-known property of many materials. 

In this work, we intend to focus on the observation and study of a substantial light-

induced change in the magnetic properties of light sensitive materials at room 

temperature. 

1.2 Research objective/Purposes of the study 

In this work, we aim to study the origin of change of magnetism in light sensitive 

material. The objectives listed as follows.  

(I) To set up magneto-optical Kerr effect measurement system (MOKE) 

(II) To study the magnetic property of the light sensitive materials using MOKE  

 (III) To investigate the application of light/ electric field enhance magnetism 

relative to the Fermi level (EF) in the photoemission measurements. 

1.3 Scope and limitations 

(I) Install magneto-optical Kerr measurement kit from the existing devices. To 

be able to measure the longitudinal magnetic phenomenon of volumetric and film 

samples or Kerr angle rotation in non-magnetic materials. 

(II) Study the effect of laser on Kerr angle rotation in BiFeO3 

(III) Study the laser enhanced magnetism in Ni/Bi2Te3 and report the study 

result.  
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1.4 Anticipated outcomes 

(I) To successfully set up the L-MOKE. 

(II) To present potential ways of utilization of Kerr rotation in materials. 

(III) To understand the fundamental of light-induced magnetism/Kerr angle 

rotation. 

(IV) Publications in ISI journals.  

1.5 Outline of thesis 

This thesis is organized as following. The Chapter II describes a brief theoretical 

concept overview of magneto optical Kerr effect, technical background of 

photoemission spectroscopy, Bismuth ferrite (BiFeO3) have also been demonstrated in 

this chapter. In chapter III, the technical details of Magneto-optical Kerr effect 

magnetometer (MOKE) set up will be discussed. The overview of sample preparation 

technique is described with an emphasis on electroless deposition technique which was 

setup to prepared the magnetic film. Moreover, all measurement techniques used in this 

work are also summarized in this chapter.  

Chapter IV represents my work on BiFeO3. In this chapter, the effect of laser 

irradiation on the Kerr angle rotation will be presented. Application to create a 

substance that contains the state of Kerr rotation has been proposed. Furthermore, the 

experimental observation of electronic structure and the implication of electric field 

inside substance will be discussed in this chapter. 

Chapter V represents my work on Ni/Bi2Te3. In this chapter, the effect of laser 

enhanced magnetism of Ni film on Bi2Te3 substrate will be reported. The experimental 

results of morphology, chemical concentration analysis and electronic structure will be 
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reported. Finally, conclusions and suggestions are described, and future works are 

proposed in Chapter VI. 

 



 

 

CHAPTER II 

THEORITICAL BACKGROUND 

  

2.1 Brief overview of magnetic properties in materials 

2.1.1 Magnetic domains 

            Magnetic materials were of interest to researchers for centuries, until in 

the 19th century, theories were developed that attempted to explain their magnetic 

properties on a macro scale. Weiss was the first to question what happened at the 

microscopic level scale. He hypothesized that the magnetization inside the material is 

irregular. But, on the contrary, it consists of regions of self-magnetization,!! (Figure 

2.1). organized in such a way that the resulting magnetic moment M vanishes, i.e. ∑ !! ! 

is zero (for ferromagnetic materials). The magnetic moments that lie in each region 

cancel each other out. 

 

 

 

Figure 2.1 Example of magnetic domains. The arrows indicate the direction of the 

magnetization. 

These areas are named magnetic domains. They are separated by the 

wall, which is called Block or Néel walls depending on material properties. Within the 
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domain wall, the magnetization rotates from the direction of magnetization within the 

first domain to the second domain orientation. For the Bloch wall, magnetization 

rotated from the wall plane. In contrast, for the Néel wall, it is rotated in the plane, as 

shown in Figure 2.2. To get a deeper understanding of the formation or even the 

presence of domains, we need to look at the various energies. 

 

Figure 2.2 Rotation of the magnetization from one domain to the other domain through 

a wall. a) represents a Bloch wall whereas b) is a Néel wall. 

2.1.2 Magnetic interaction 

            The formation of magnetic domains corresponds to a minimization of 

the total energy of the system. The total energy is a sum of several magnetic 

interactions, 

#"#" = #$% + #&'"("!) + #&)( + #* + #&'"+!)"!#,																																															2.1
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The three terms consist of, #$% is the exchange energy, #&'"("!) is the magnetostatic 

and #&)+-'"(.!,$  is the magneto-crystalline anisotropy (for crystals) energy are the 

main energies to describe the ground state domain configuration. The first two terms 

will be described in detail. The magneto-crystalline anisotropy describes the tendency 

of the magnetization to align along the easy axis of the crystal. And #&'"+!)"!#, ,the 

magnetostriction energy, describes the ability of change its dimensions depending on 

the magnetization. Applying an external filed change, the magnetization and thus the 

magnetostriction. And #* is the Zeeman energy or external field energy, corresponds 

to the energy of a magnetized body in external magnetic field. 

2.1.3 Exchange Energy  

            In deeply understanding the exchange energy, we have looked at the 

atomic scale. Because the magnetization is related to the behavior of spins, or roughly 

speaking, the magnetization is the average of spin moments direction. The exchange 

energy describes the interaction between neighboring spins. 

														#$% = −2∑ )!/0!/1 *⃗! ∙ *⃗/ 																																																																													2.2 

            In this equation, the summation is over all pairs of neighboring atoms ij. 

And  )!/  is the exchange parameter, for ferromagnetic coupling ) > 0 , mean 

neighboring spins tend to be aligned in the same direction. While J <0 causes 

antiferromagnetic coupling, which neighboring spin rotated in the opposite direction. 

Assume that the exchange parameter is the same from a couple of neighbors to the next 

one, giving )!/ = ) . And that /*⃗!/ = * (1) can then be rewritten as: 

																																																			#$% = −2)*2∑ 0123!/0!/1 																																																			2.3
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Where 3!/ is the angle between two spins. If 3!/ is small, we can approximate it as 

cos 3!/ = 1 −
3!"
#

2
 .Then equation 2.2 becomes: 

																															#$% ≈ −2)*2 ∑ 1 −
3!"
#

20!/1 = −2)*2 + )*2 ∑ 3!/
2

0!/1 																							2.4 

            The first constant term corresponding to the case where all spins are 

aligned is dropped. Finally the exchange energy for one couple is : 

																																																													#!/ = )*23!/
2
																																																																		2.5 

2.1.4 The magnetostatic energy  

             The magnetostatic energy can be called demagnetizing energy, 

magnetic dipole interaction or stray field. We use the magnetostatic energy to explains 

the formation of magnetic domain. This energy is made up of the wall energy #4 and 

the magnetostatic self-energy #& . Since a domain of materials that possesses a 

magnetization !! naturally reveal the poles at the surface of the domain, these magnetic 

charges generate a demagnetizing field. #&  is the integral over the volume of the 

sample of the product between the demagnetizing field and the magnetization. Which 

gives the following equation, 

																																												#& =
5

2
∫ :6;<<⃗ 7 ∙ !<<⃗ =>8 																																																																2.6  

              Where ;7   is the self-internal demagnetizing field, :6  is the vacuum 

permeability and ! is the spontaneous magnetization. The integral of this equation is 

volume integral over the volume of magnetic domain, it takes into account the whole 

demagnetized energy which can extents outside the sample. The demagnetizing field is 

opposite to the magnetization !, can be written a
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																																																																	;<<⃗ 7 = −?!<<⃗ 																																																														2.7 

where N is a demagnetizing tensor. 

Then #& is 

																																																																	#& ∝ ?																																																																					2.8 

2.2     Magneto optic effect 

           The magneto-optic effect is introduced followed by establishing a model for the 

propagation of light in a magnetic multilayer structure. The Kerr angle is derived and a 

basic setup which utilizes the effect to measure hysteresis loops of metallic surface 

structures is presented. 

2.2.1 Introduction to magneto optic effect 

            The theoretical concept of the magneto-optic effect is described in many 

perspectives. From a macroscopical viewpoint, ascribed by the effect to the 

antisymmetric off-diagonal elements of the dielectric tensor. However, to get the 

complete explanation of this effect, one must use quantum mechanics to describe the 

effect through a coupling between the electrical field of the light and the spin of the 

electron, namely, the spin-orbit interaction. First of all, in this section the microscopical 

explanation is discussed and later on a more thorough description using the dielectric 

function is introduced.



11 

2.2.2 Macroscopical view point of magneto optic effect 

             Generally, we describe the optical properties of single crystal solid by 

complex dielectric tensor or optical conductivity tensor, A!̃/  and CD!/  , respectively. 

Some optical properties can be investigated using polarization modulation techniques. 

In section 2.2.3, we will explain the Jones calculus, which can use to calculate the 

transfer function of an optical system. Next, the relationship of the conductivity tensors 

and the components of the dielectric are shown, and the Kerr effect can be expressed in 

terms of the optical conductivity. We explain the electromagnetic response of a medium 

in the macroscopic description with the Kramers-Kronig relations and also explain the 

Kerr effect, the optical conductivity, and the dielectric function. 

2.2.3 Waves and polarization- the Jones calculus 

             In order to generalize the derivation, our explanations are done using 

monochromatic waves. In the case of an anharmonic wave, it is split into 

monochromatic components by using Fourier analysis. Because of Maxwell’s 

equations indicate that electromagnetic waves are transverse, consider the case of a 

uniform transverse-electric field plane wave which the electric field are uniform in 

every plane that are perpendicular to the direction of wave propagation. The electric 

field vector of such wave varies with respect to position E⃗ and time F according to 

																																																							#<⃗ (E⃗, F) = 	#J6K
!9:;⃗ ∙+⃗>?"@K̂																																																				2.9 

where M<⃗  is the propagation (or wave) vector and K̂  is the polarization vector (unit 

vector). For example, consider a wave propagating along the z-axis in a medium 

(refractive index ND = N − OM), we get
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																																																						M<⃗ ∙ E⃗ = 	 M*P = 	
2A,B

C$
P																																																									2.10 

where Q6 is the vacuum wavelength, N is the index of refraction and M is the absorption 

coefficient. In real experiment, If we rotate the z-axis to point along the propagation 

vector, an arbitrary linearly polarized wave which travel along P direction, we can write 

Eq. 2.12 as 

																																															#<⃗ (P, F) = #J6K
!(:*>?")K̂																																																											2.11 

																																										#<⃗ (P, F) = R#J%ST + #J-UTVK
!(:*>?")																																														 2.12 

 

For the complex phase of the field component, we represent the complex term K!F% and  

K!F& in Eq. 2.13 as 

																					#<⃗ (P, F) = R|#%|K
!F%ST + /#-/K

!F&UTVK!(:*>?")																																														2.13 

rearrange the Eq. 2.13 as follows 

																																							#<⃗ (P, F) = #$GGRXST + YK
!HUTVK!(:*>?")																																							2.14 

where 

																																															#$GG = Z|#%|
2 + /#-/

2
K!F% 																																																			2.15 

																																																													X =
|J%|

K|J%|#LMJ&M
#
																																																											2.16 

																																																													Y =
MJ&M

K|J%|#LMJ&M
#
																																																											2.17
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																																																													[ = \- − \%																																																															2.18 

We can get the Jones vector in the column matric form as follows 

																																																	]
X

YK!H
^																																																																										2.19 

This vector describes the polarization state of plane wave. For example, Jones vector  

linearly polarized along x direction is ]1
0
^ 

linearly polarized along y direction is ]0
1
^ 

linearly polarized at angle 3 (measured from the x-axis) is ]cos 3
sin 3

^ 

Right circularly polarized is 5
√2
]
1

−O
^ 

Left circularly polarized is 5
√2
]
1

O
^ 

           Consider the general direction of electric field vector in the wave front 

plane, at an azimuth angle 3 to the x-axis, namely the polarization of wave is in the xy 

plane and wave propagate along the z-axis. The exponential term in eq. 2.9 indicate the 

time dependence and the phase information as well as the z-component.
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Figure 2.3 The vectorial diagram of polarization and their Jones vector. The upper row 

diagrams show a linearly polarized wave along the x-axis, an inclined linear 

polarized wave with an azimuth angle 3 relative to the x-axis, and a left 

circularly polarized wave. The diagram in the lower row shows the linearly 

polarized wave perpendicular to the wave in the upper row. 

            For example, an elliptically polarized wave with ellipticity d  and the 

major axis of ellipse is tilted at an azimuth angle 3 is described by the Jones vector as 

follows 

																										e
cos 3 − sin 3

sin 3 cos 3
f e

cos d

O sin d
f = R

)#'3)#'O>!'!,3'!,O
'!,3)#'OL!)#'3'!,OV							               2.20
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  The Jones vector of a wave is written as follow 

																																																																									e
JP%
JP&
f																																																																			2.21 

which #% and  #- are complex amplitudes along x and y-axis, respectively. The 

intensity of a wave can be calculated from the sum of the squared amplitudes of the 

electric field component along two orthogonal direction as follow 

																																									g = 	 |#%|
2 + /#-/

2
=	#%

∗#% +	#-
∗#-																																									2.22 

where #!∗ is the complex conjugate of #!  

            Optical elements (e.g.  polarizers, modulator, sample) has its own 

transfer characteristics (Jones matric). The transfer function of an optical system can be 

determined by Jones calculus which starting from the initial state of polarization or the 

incident electric wave #<⃗ !, multiply with Jones matric of element to form a series of 

optical components )5, … , ), . The Jones vector of light passing through the optical 

system is determined by 

																																														#<⃗ #R" =	 ), ∙ ),>5 ∙ … ∙ )5 ∙ #<⃗ !,																																																		2.23
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Figure 2.4 On the left hand-side, the diagram shows an elliptically polarized wave with 

the ellipticity is d and 3 = 0. On the right hand-side the same ellipse is 

inclined at an angle 3 with respect to the positive x-axis.  

            The Jones matrix of a linear polarizer with its transmission axis tilted at 

an angle 3 to the x-axis is represented by 

																																														)S =	 e
cos2 3 sin 3 cos 3

sin 3 cos 3 sin2 3
f																																											2.24 

A linear retarder incurs a phase shift [ between components of a wave polarized along 

its two mutually perpendicular optical axes. Jones matrix of linear retarder is written 

follow as 

																																																								)T =	e
1 0

0 K!H
f																																																																	2.25
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2.2.4 Microscopic model for the optical response 

   2.2.4.1 The classical approach – Drude behavior and Lorentz model 

     Free carrier can cause a change in the Kerr rotation by changing 

two components of the optical conductivity tensor, CD%%  and CD%- . In this section, the 

optical conductivity CD%%  will be derived from the free electron approximation. an 

incident electro-magnetic plane wave induces the current in metal. To calculate it start 

from the Lorentz force as 

																																																										i⃗ = K#<⃗ +
$

)
j⃗ × Y<⃗ 																																																										2.26 

Which i⃗ is acting on the charge moving under the field of radiation consisting of 

electric field and magnetic field. Since typically the electron velocity in metal is much 

less than light j	 ≪ 0, we can neglect the term originating from the magnetic field.  

   The understanding of traditional conductivity is based on the 

concept of the Drude model. This builds on the hypothesis that material consist of 

stationary nucleus and electrons move freely at random speeds. The electrons have 

periodic scattering. The mean time of the collision is called the mean free time m and 

given the mean of the distance in the collision called mean free path Q  

   In this model, it is considered natural drift velocity of electron 

j⃗7  is equal to zero when there is no external electric field 

																																																											j⃗7 ≡ 〈j⃗〉 = 0																																																																	2.27  

current density of electrons can be found from the equation 

																																										q⃗ = N(−K)j⃗7 = 0                                                     2.28
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which N is number of electrons per volume or number density of electrons. 

   When an external electric field is applied, we have to consider 

electrons that begin to move at random speeds from time F = −F6 In this situation, the 

force exerted by an electric field on an electron is equal to i⃗ = (−K)#<⃗  The equation for 

the motion of one electron at the initial time F = 0 can be written as follows 

																																																														r
7U;⃗

7"
= (−K)#<⃗                                                     2.29 

the velocity of an electron can be found as follows 

																																																						r ∫ =j⃗
U;⃗
U;⃗ $

= (−K)#<⃗ ∫ =F
6
>"$

                                         2.30 

																																	r(j⃗ − j⃗6) = (−K)#<⃗ R0 − (−F6)V																														         2.31 

																																																			j⃗ = j⃗6 −
$J;⃗ "$
&

                                                    2.32 

   To find the drift velocity, all the figures must be averaged. 

Taking into account the probability that electrons begin to move without scattering until 

that time F = 0 There is the following probability   s(F6) ∝ K>"$ V⁄ = K>"$ V⁄ /m  . And in 

addition, the probability distribution of the initial velocity must be taken into account. 

Probability distribution of initial velocities is in accordance with the equation 

																																																	∫ =j⃗6 s(j⃗6) = 1                                                2.33 

																																																												∫ =j⃗6 s(j⃗6)j⃗6 = 0																		                              2.34 

the drift velocity, which is equal to the average velocity of all electrons, can be 

obtained from
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j⃗7 = 〈j⃗〉																																																																																																															 

= u=j⃗6 s(j⃗6)u =F6s(F6)

X

6
vj⃗6 −

K#<⃗ F6

r
w																																												 

= u=j⃗6 s(j⃗6)j⃗6u =F6s(F6)

X

6
−u=j⃗6 s(j⃗6)u =F6s(F6)

K#<⃗ F6

r

X

6
 

= 0 ∙ 1 − 1 ∙ u =F6
K>"$ V⁄

m

X

6

K#<⃗ F6

r
																																																													 

= −
K#<⃗

rm
∙ u F6=F6K

>"$ V⁄
X

6
																																																																											 

= −
K#<⃗

rm
∙ m2 vu S,=SK>(% =

N!

y,L5

X

6
w																																																			 

																																				=
>$J;⃗ V

&
																																																																																																				2.35 

hence, the current density of the electron in the event of an electric field can be found 

as follows 

																	q⃗ = N(−K)j⃗7 = N(−K) e−
$J;⃗ V

&
f =

,$#V
&

#<⃗                                       2.36 

from this equation, the conductivity that follows Ohm's law can be expressed as 

follows 

																																												C =
,$#V
&

                                                                  2.37 

we can write the equation of motion for the electron under a force as 

																																								z⃗(F + =F) = (1 −
7"

V
)(z⃗ + i⃗=F).																																																	2.38
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7Y⃗

7"
= −

Y⃗

V
− K#<⃗ 																																																													2.38 

where z⃗ is momentum of electron. This equation is called the Drude electron transport 

equation. The steady state solution to this equation yields a frequency-dependent 

conductivity follow, 

																																																															CD(|) =
Z$

5>!?V
																																																												2.39 

equation 2.28 show a quantity called the Drude conductivity which can reduce to the 

dc conductivity, C6 = NK2m/r, at | = 0. We can get the equation of intra-band 

dielectric function 

																																																									A%̃%
!,"+( = 1 −

?'#

?#L!?[
																																																						2.40 

where the scattering frequency is } = m>5  and unscreened plasma frequency is 

																																																																|Y =	Z
\A,$#

&∗ 																																																											2.41 

which N is the free carrier density and r∗ is effective mass. This model can be used to 

explain interband transitions, which must be improved by the harmonic approximation.  

In order to derive the equation of interband transition, we add a term |62E⃗ which 

describes a harmonically bound charge, |6 is the eigenfrequency of the system 

																																																					r e
7#+⃗
7"#

+ }
7+⃗

7"
+ |6

2E⃗f = K#<⃗ 																																												2.42 

   Basically, there are many electrons in atom that absorb light. If 

? is the electron density and ~: the fraction of electrons with eigenfrequency |:, we 

get the interband dielectric function as follows



21 

																																													A%̃%
!,"$+ = 1 +

\A]$#

&
∑

G)
?)
#>?#>![?: 																																		        2.43 

where ~: is an oscillator strength  

   Consider the free carrier which affect to CD%- in diamagnetic and 

paramagnetic materials. However, the classical Drude theory is enough to explain the 

magneto-optical behavioral response of free carriers. Let’s start by considering the 

equation of motion which has the Lorentz force and set |6 = 0, that is we work with 

free electrons 

																																																				r e
7#+⃗
7"#

+ }
7+⃗

7"
f = K#<⃗ +

$

)

7+⃗

7"
× Y<⃗ 																																					2.44 

instead, this general solution into the equation 

																																																							E⃗±(F) = 	 E±K̂±K
!(?">:;⃗ ∙+⃗)																																																		2.45 

   After substitute an electric field of the form 2.9, we obtain the 

dielectric function for the states of right and left-circular polarization 

																																																A±̃ = 1 +	
\A]$

J±
E± = 1 +

?'#

?(>?L![±?+)
																															2.46 

where |Y is the plasma frequency and |) = KY r∗0⁄   is the cyclotron frequency. The 

dielectric function which depend on right and left-circular polarization also cause a 

splitting of the plasma edge in paramagnetic materials, which can lead to relatively 

large Kerr rotations of several 10>_ degrees, as observed by Schnatterly on 

paramagnetic silver. 

   The conduction electrons of ferromagnetic metals contribute to 

the off-diagonal conductivity and orders of magnitudes of this effect is larger than for 
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paramagnetic metals. The spin-orbit interaction is an important phenomenon that drives 

large magneto-optic effects in ferromagnets. Spin-orbit interaction couples the spin of 

an electron to its momentum. As a result, the circularly polarized light wave couple to 

the magnetization of the materials.  The skew scattering theory which was developed 

by Erskine and Stern and has been improved to be more accurate by Reim et al. to 

explain intraband transitions contribute to the off-diagonal absorption, C2%- with two 

different frequency dependencies include C2%- ∝ |>5  and C2%- ∝ |>_ . Erskine and 

Stern consider the responsive behavior of free carrier in an electric field of the form 

#6[(F)ST. Using the relaxation-time approximation 

																																																															−
7:;⃗

7"
=

:;⃗

V
+

'⃗×:;⃗

V,
																																																									2.47 

where m  is a normal scattering lifetime and m'  is a skew scattering lifetime, which 

explain spin-orbit asymmetric scattering in ferromagnet metals , the off-diagonal 

optical conductivity is given by 

																																							CD%- =
?'#

\A
〈C*〉 Ä

a

(?>![)#>a#
+

MS;⃗$M
$U-

e1 −
?(?>![)

(?>![)#>a#
fÅ															2.48 

where |Y  is the unscreened plasma frequency, Ω = m'
>5  is the skew scattering 

frequency, jb is the Fermi velocity, and /s<⃗6/ is the maximum electric dipole moment 

per unit cell. The off-diagonal conductivity is proportional to the net spin polarization 

																																																																	〈C*〉 =
,↑>,↓
,↑L,↓

																																																													2.49 

If we identify 〈C*〉Ω with the cyclotron frequency |) , the first term in eq. 2.49 is 

formally identical with our result obtained from the Drude model for diamagnetic and 
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paramagnetic materials, i.e. for | ≫ Ñ, }, C2%-  shows the same |>_  frequency 

dependence.  

   2.2.4.2 Quantum mechanical derivation of magneto-optical Kerr 

effect. 

   The content in this section is the derivation of the optical 

conductivity in the quantum mechanics viewpoint. The understanding of this section 

should begin with the unperturbed one-electron Hamiltonian 

																																																											;6 =
Y⃗#

2&
+ >(E⃗)																																																											2.50 

   We introduce the vector potential X⃗(E⃗, F) and the scalar potential 

\(E⃗, F). And to make it convenient, we choose the Coulomb gauge, in which 

																																																								\ = 0												∇ ∙ X⃗ = 0																																																				2.60 

   To study the motion of a charge −K in an external field by 

replacing the electron momentum operator 

																																																															z⃗ → z⃗ +
$

)
X⃗																																																															2.61 

   Substituting this momentum into the unperturbed Hamiltonian 

and expand  ;6. Neglect a quadratic term of X⃗ and get approximately Hamiltonian as 

																																																; = 	;6 +
$

&)
X⃗ ∙ z⃗ = 	;6 + ;c 																																												2.62 

where ;c is the electron-radiation interaction Hamiltonian. In the limit of small wave 

vector M<⃗   may approximate ;c by
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																																																															;c =	−KE⃗ ∙ #<⃗ 																																																												2.63 

which is known as the electric dipole approximation which does not include higher 

order terms (magnetic dipole, electric quadrupole, etc.) According to Fermi’s Golden 

Rule, the electric dipole transition probability, Γde , of absorption per unit time is  

																																	Γde =	
2A

fg
e
$

&?
f à

J(?)

2
à
2
∑ /sde/

2
[R#eRM<⃗ V − #dRM<⃗ V − ℎä|V:;⃗ 									2.64 

which |ã⟩ and |ç⟩ are the occupied initial and empty final states of the transition, 

respectively. #(|) is the amplitude of the radiation field and #d , #e are the energies 

of the initial and final states, respectively. sde is the dipole matrix element 

																																																										/sde/
2
= |⟨ç|;c|ã⟩|

2																																																				2.65 

   Consider the power loss function which is the transition 

probability per unit volume multiplied by the energy of the photon. This function can 

be expressed in the imaginary part of the dielectric function, A2%% which can be seen as 

the link between microscopic theory and macroscopic phenomena, 

																																																												ℎä|Γde =	
?|J(?)|#

hA
A2%%																																															2.66 

consider the dielectric function in terms of matrix elements 

																														A2%% =	e
2A$#

&?
f

2
∑ /sde/

2
:;⃗ [R#eRM<⃗ V − #dRM<⃗ V − ℎä|V																								2.67 

according to the Kramers-Kronig relations, we obtain A5%% 

																																A5%% = 1 +
\A$#

&
∑

2

&fg?01

MS01M
#

?10
# >?#:;⃗ 																																																							2.68
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where ℎä|ed = #eRM<⃗ V − #d(M<⃗ ) . Equation 2.48 show the sharp limit, i.e., the lift time 

of the excited state is infinite or the broadening (damping) term is zero, } = 0. After 

comparing this expression with the result obtained from the Lorentz model. we get 

?~: =	
2MS01M

#

&fg?01
																																																															2.69 

where ?~:  is the number of oscillators vibrating with frequency |ed . and ~:  is 

oscillator strength of the optical transition which is proportional to the transition matrix 

element. 

   Later, consider the absorptive part of the off-diagonal 

conductivity, C2%-. We neglect the contribution of spin flip transitions and write C2%- 

as the sum of contributions from spin-up (↑) and spin-down (↓) state, 

																																															C2%-(|) = 	C2%-↑(|) + C2%-↓(|)																																								2.70 

which the contributions of spin-up states is given by 

C2%-↑(|) = 	
A$#

\fg?&#8
∑ {|⟨ç ↑ |íL|ã ↑⟩|2 − |⟨ç ↑ |í>|ã ↑⟩|2}de [R|de↑ − |V		     2.71 

where the operators 

																																																										í± = íD% ± OíD-																																																														2.72 

are linear combinations of the kinetic momentum operator 

																																																	í<⃗ = z⃗ +
fg

\&)#
CT × ∇<<⃗ >(E)																																																				2.73 

where z⃗ is the canonical momentum operator and CT × ∇>(E) represents the spin-orbit 

term. In principle, the contribution of spin-orbit coupling behavior could change spin-
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up to spin-down state therefore be included in eq. 2.73. However, this spin-flip 

contribution is of second order in the spin-orbit interaction and is ignore compared to 

contribution of spin conservation. The spin-down states contribution is identical to Eq 

2.73, but spin-up states replaced by spin-down ones. We multiply eq. 2.73 by | and 

replacing the sum over all states by an integral 

																														|C2%- =	
A$#

\fg&#
5

(2A)2 ∫
ide(|)[R|ed − |V=M<⃗ 																																		2.74 

where 

ide(|) = |⟨ç ↑ |íL|ã ↑⟩|2 − |⟨ç ↑ |í>|ã ↑⟩|2 + |⟨ç ↓ |íL|ã ↓⟩|2

− |⟨ç ↓ |í>|ã ↓⟩|2 

Eq. 2.74 show that optical and magneto-optical spectra of metals consist of the 

contributions from intra-band and inter-band transitions. 

2.3 Photoemission spectroscopy 

Photoemission spectroscopy have unique advantage of directly probing band 

structure of materials which widely used to study the single crystal solid materials.  The 

introduction of PES with the original view of photoelectric effect and some simple 

equations will be provided. Then, the simple physical pictures of photoemission process 

called three-  and one- step model are presented.  The intensive explanation of 

photoemission theory is described in section 2.4. 
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2.3.1 Photoelectric effect 

             Photoemission spectroscopy (PES) is an effective technique used to 

probe the electronic structure of materials through the photoelectric effect. The 

photoelectric effect was discovered by Hertz (Hertz, 1887) and explained using the 

point of view of the quantum nature of light by Einstein in 1905. By exposing the light 

with photon energy (ℎï) on the material, the electrons are emitted out from the surface 

of the material with the minimum kinetic energy (#:!,) when the photon energy is 

greater than the work function (\).  The kinetic energy (#:!,)  of photo-electron 

depends on its binding energy (#k) and \, where their relationship can be written as 

																																																						#k = ℎñ − \l − #:!,																																																							2.75 

Normally, the work function of the analyzer (\l) exceeds the work 

function of sample.  Therefore, \l is usually respected as the reference work function 

relating to the Fermi level in all experiments (using the same analyzer). 

 

2.3.2 The photoemission process 

  The photoemission process can simply be described as following; after 

shining the light on the sample surface, electrons are ejected out to the vacuum 

described by the photoelectric effect.  In this part, the appropriate and necessary 

description including three-step model and the more realistic of one-step model will be 

discussed. 

2.3.2.1 Three-step model 

The three-step model is commonly used to describe the simple 

view of the photoemission process. The three important steps and description of this 

model is displayed in figure 2.1 (left). The three steps of photoexcitation, transport, and
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escape of photoelectron are shown below. 

I) Photoexcitation of electron inside the sample 

This step occurs when an occupied electronic state ( initial state)  is excited by 

the photon to an unoccupied state.  Then, the photon is adsorbed, and an electron-hole 

pair is created inside the crystal with the transition probability (|) given by the Fermi 

golden rule. This rule will be explained in the next section. As photons have very little 

momentum, the electron momentum is also unchanged in this state. 

II) Transport of photoelectron to the surface 

This process can be described in terms of a selective-mass- mean- free- path of 

any materials. This term relates to the probability of the excited electron travel through 

the surface without scattering.  In this process, some inelastic scattering electrons give 

some needless background continuous spectra which is usually subtracted. 

III) Escape of the photoelectron into the vacuum: 

The excited electron in the surface requires the energy which is higher than work 

function of the materials to escape from the surface. In this process, the momentum 

perpendicular to the surface is not conserved depending on excited energy and the 

sample surface. Consequently, this step provides the information of the transmission 

probability out of the surface depending on the excited energy and work function. 

2.3.2.2 One-step model 

   One- step model considers the whole photoemission process as 

one single step.  The whole process can be described as; the excited electron from an 

initial Bloch state go to a damped final state near the surface.  This damping state of 

electron takes care the whole process traveling through the surface of solid with a short 



29 

mean free path.  In contrast to the three- step model, the one- step model replaces three 

artificial step of three- step model as a single coherent process shown in figure 2. 1 

(right). 

   Correction of the photoemission process is based on Fermi's 

Golden rule with proper function for initial and final state.  This problem cannot be 

solved rigorously. However, the key to attempt the solution is the simplification within 

the sudden approximation which is extensively used in many body calculation of the 

photoemission spectra.  This approximation works by assuming no post- collisional 

interaction between photoelectron and system left behind and no relaxation from the 

excitation. This approximation serves well for relatively high kinetic energy 

photoelectrons. 

 

 

 

 

 

 

 

Figure 2.5 Illustration of three-step model and one-step model that use for describing 

the possible photoemission process (Hufner, 1995).
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2.3.2.3 Photoemission theory 

More intensive interpretation of photoemission will be discussed 

in this section.  Firstly, consider the Fermi's golden rule which is the probability 

approximation about the transition from the N-electron ground state into one of the 

possible final states by photoexcitation using the perturbation theory.  The Fermi's 

golden rule has the general formula as 

																																|G,! =	
2A

fg
/óòG

]
/;!,"/ò!

]
ô/
2
R#G

]
− #!

]
− ℎïV																						2.76 

where ò!] and òG] are the initial state and final state energies of the N-particle system. 

The photon field gives rise to photoemission process via a perturbing term in the 

Hamiltonian given by 

																																								;!," =	−
$

2&)
R2X ∙ z − Oℎä∇ ∙ XV																																												2.77 

where p and A are the electronic momentum operator and the electromagnetic vector 

potential, respectively.  In the bulk or continuous region, where A is constant over 

atomic dimension and therefore ∇ ∙ X = 0.  Then, the direct transition term (X ∙ z) 

exhibits dominant contribution to the photoemission intensity preserving the crystal 

momentum of the electron during the photoexcitation while the second term (∇ ∙ X) is 

ignored.  However, at the surface, we should concern about ∇ ∙ X  term which is 

important where the electromagnetic field may have a strong spatial dependence and 

can be compared to the direct transition term.  Next, the initial state wave function is 

assumed to be the product of one-electron orbital R\!:V and an (N-1)-particle term from 

the single determinant. This relation can be expressed as  

																																																										ò!
]
= X\!

:
ò!
(]>5)

																																																						2.78
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where A is the properly N-electron wave function antisymmetric operator, \!: is the 

wave function of the initial state with momentum M before photoexcitation, and ò!
(]>5) 

is the wave function of the remaining (N-1) electrons. 

By the sudden approximation, the final state can also be written 

as 

																																													òG
]
= X\G

:
òG
(]>5)

																																																						2.79 

here, \G: is the wave function after photoexcitation, and òG
(]>5) is the final state wave 

function of the (N-1)  electrons left behind.  Two equations above are substituted into 

Eq. 2.5 and the solution can be then written as 

																																										óòG
]
/;!,"/ò!

]
ô = 	!G,!

:
óò'

]>5/ò!
]>5

ô																																						2.80 

   By looking into this immediate formula. The ó\G:/;!,"/\!:ô 	≡

	!G,!
:  term is the one-electron matrix element (resulted from eq. 2.79 and 2.80). The 

second term is the (N-1)-electron overlap integral, and the òG
(]>5) is replaced by the 

eigenstate eò'
(]>5)

f . To define the real system, considering the ejected electron from 

\!
: to \': scatters with the remaining (N-1) electrons system. The system organizes to 

reach its minimum energy allowing many possible transitions from wave functions 

eò'
(]>5)

f and energies (#']>5) to the final state of (N-1)-electrons system. Then, the 

total photoemission intensity measured as a function of #:!, at any M, namely 

g(M, #:!,) = 	∑ öG.!G,!   is equal to 

																				g(M, #:!,) = 	∑ /!G,!
2
/ ∑ |0'

2|[R#:!, + #'(? − 1) − #]
! − ℎïV				'G,! 								2.81
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where |0'2| = 	 /óò']>5/ò!]>5ô/
2 is the probability that electron from initial state i can be 

removed from (N-1)  electrons systems into excited state 2.  In noninteracting system 

with  ò!]>5 =	ò'$
]>5 and for one particular 2 = 	 26, where /0'$,!/

2 and all others are 

vanished, the ARPES spectra is formed as a delta function at the Hartree-Fock orbital 

energy.  In contrast, for strongly- correlated systems, many of the /0',!/
2 are non-zero 

because any ò!]>5 overlaps with many of the eigenstates ò']>5.  Hence, the ARPES 

spectra is not only the single but also many delta functions according to the number of 

excited state created in the process.  By invoking sudden approximation, we can now 

obtain the ARPES intensity for a 2D single-band system which can be written as 

																																								g(M, |) = 	 g6(M, ï, X)	~(|)	X(M, |)																																										2.82 

where M = 	M∥ is the in-plane electron momentum, | is the electron energy respect to 

the Fermi level, ï is the electron energy, and X is the polarization of incoming photon. 

Term of g6(M, ñ, X) is proportional to the squared one-electron matrix element /!G,!: /
2. 

The Fermi Dirac function e~(|) = 	 RK? :3p⁄
+ 1V

>5
f can probe only occupied states. 

The X(M, |) term will be introduced later as spectral function.  In some cases, for 

example, in many 2D systems, the g6(M, ï, X) is slowly varying respect to the energy 

and momentum.  Hence, photoemission can directly probe the spectral function which 

is directly related to the Green's function introduced by 

																																																											X(M, |) = 	
c&q(:,?)

A
																																																						2.83 

In strongly-correlated-electron system, the correction of the 

Green's function Rõ(M, |)V may be described in terms of electron self-energy 

∑(M, |) = 	∑(M, |) + O ∑(M, |). The real and imaginary parts of the self-energy carry 
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the information of the energy renormalization and lifetime of an electron with 

noninteracting band (d:) and M. Thus, the Green's function can be expressed in term of 

self-energy as 

																																																									õ(M, |) = 	
5

?>O)>∑(:,?)
																																																	2.84 

substituting eq. 2.63 to eq. 2.64, the corresponding spectral function is 

																																									X(M, |) = 	−
5

A

c&∑(:,?)

[?>O)>T$∑(:,?)]#L[c&∑(:,?)]#
																			       2.85 

Note that d: is the bare band of the electron, we can see that when ∑(M, |) = 0, the 

spectral function is a delta function, or assuming no electron-electron correlation, the 

function will distribute as a Lorentzian function. 

In general, many systems always have electron- electron 

correlation but remain at equilibrium itself. Disturbing the system by adding one extra 

electron into Bloch state causes the excitation into the whole system. This process will 

then result in the creation of additional electron-hole pairs.  Hence, all of energy and 

electron lifetimes are changed because of the Fermi sea ( discontinuous of momentum 

distribution) .  To simplify this matter, we introduce namely quasiparticle to describe 

that the correlated electrons are dressed by virtual excitations and move coherently with 

the electron through the crystal.  Thus, the spectral function in the correlated electron 

system will be determined by Lorentzian function based on energy and lifetime of 

introduced quasiparticle.
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2.3.3 Core level spectroscopy 

Core level spectroscopy is a proper tool which is used to investigate the 

chemical composition and assign a chemical state in any elements on the material 

surfaces. Soft x-ray photoemission spectroscopy (XPS) is used as a basic technique to 

investigate the elemental compositions on the sample surfaces by irradiating soft x-rays 

to the sample.  The photoelectrons are ejected out of the surfaces and will be analyzed 

respect to their kinetic energies.  Because each element has a characteristic set of 

binding energies, the peak positions can be used to identify the elements with respect 

to the surface of detected material.  The concentration of particular element can be 

determined by integrating area under significant peaks based on the Shirley background 

(inelastic scattering event) which already has the standard ratio used to compare in any 

individual element.  There will be some small shifts of the binding energies of a 

particular peak containing information of the chemical state of atoms.  Apart of the 

photoemission process, this process may excite the Auger electrons caused by empty 

state filled by electron from higher shell, particularly in the core level.  However, the 

Auger electrons manifest the same kinetic energy so they can be clarified by changing 

the photon energy during experiment.
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Figure 2.6 a) Mirror plane emission from a =%2 − =-2 orbital indicates the opposite sign 

of initial wave function from each direction. b) Sketch of the optical 

transition between atomic orbital with different angular momentum results 

to the intensity variation of outcoming electron. c) Calculated 

photoionization-cross-section of Cu 3d and O 2p as a function of photon 

energy (Damascelli, 2004).
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Figure 2.7 The standard `Universal' electron-mean-free-path in solids as a function 

of kinetic energy (Damascelli, 2004). 

2.3.4 Charging effect 

  In photoemission process, after the light irradiates the sample, the 

escaping photoelectrons will experience the energy redistribution from the Coulomb 

interaction.  This effect is named the charging effect, which causes the energy shifting 

and broadening of 10 meV for conducting sample in high-resolution synchrotron light 

source.  Figure 2.8( a)  shows the Fermi edge broadening and shifting of gold as a 

function of sample current (Zhou et al., 2005). This indicates a large uncertainty caused 

by charging effect even measuring in good conducting environment. This might be the 

main obstacle for fundamental studies especially in high-temperature-superconductors 

or strongly- correlated system (Damascelli, 2004) In the present, to aid such studies 

requires very high resolution in range of few meV. Because of the Coulomb interaction 

between each electron, the fast electrons are pushed by the electrons behind them while



37 

 the slow one is being retarded.  This reason will distort the intrinsic information by 

broadening the distribution of electrons.  The energy shifting is strongly dependent on 

the kind of accumulation on the surface. The typical accumulation is introduced as hole 

accumulation which drive the valence band to lower binding energy. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 a) Fermi edge broadening and the Fermi edge shift of gold as a function of 

sample current (Zhou et al., 2005).  

According to a large number of materials can be measured using 

ARPES. From the previous report, the minimum of 10 meV resolution is introduced by 

charging effect in the third-generation synchrotron. However, in fact, charging effect is 

one of the major problem in ARPES especially in non-conducting materials. This effect 

may give the energy shift up to hundreds meV caused by charge accumulation on the 

surface.  In conducting material, this should not be a problem because the electrons 

move freely in the sample and fill the missing electron. However, for non-conducting
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material, the electrons are accumulated on the sample surface induced the electric field 

(summarized in figure 2.8). This electric field will block the photoemission process and 

sometimes interrupt all information.  Grounding is the best way to prevent the sample 

from charging effect. The sample has to be mounted with conducting holder (copper is 

typically used) by conducting glues. Commonly, the bounding process can be done by 

spraying the graphite covering all the sample to ensure that the sample is electrical 

contacted with the holder.  During the measurement, some charging evidence like 

unsteady binding energy or blurred spectrum may happen.  There are two typical 

techniques to suppress the charging effect. Firstly, reducing the light exposure will help 

to decrease the number of photoelectron (reducing the surface accumulation.) Secondly, 

increasing the temperature which help the sample to be more conducting by its nature. 

Anyway, the data quality may be worse because lower photoelectrons are ejected out 

compared with the presence of Fermi-Dirac distribution. Adding the alkali ions such as 

K+ may help to restore the charged surface with electron donation as well. 

 

2.3.5 Reciprocal lattice 

  To understand the real space lattice structure or electronic structure 

requires the knowledge of reciprocal lattice. Methods such as XRD can be built and 

understood by exploiting the knowledge of reciprocal lattice. Because light behaving 

like matter-wave, this leads to the relation between spatial and momentum space 

through the de Broglie relation (previously explained in section 2.5.2). This condition 

is well known as Bragg's law (further information provided in XRD section). In crystal, 

atoms are periodically arranged in three-dimensional real space lattice. 
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The characters of the lattice have been defined as unit vectors a, b, and c with angles ã, 

ç, and } respectively (see figure 3.2(a)). All atoms in the perfect lattice are equivalent 

in one reference point.  The neighboring atoms can be expressed in term of translation 

vector (T) given by 

																																																								ú = 	N5y +	N2ù + N_0																																																	2.86 

where N5, N2, and N_ are integers.  We can define the plane and direction of the real 

space lattice by using this translation vector ( eq.  3. 5) .  The defined plane is generally 

used to indicate the sample orientation. The direction of sample plane can be written in 

the format of integer triplet [N5	N2	N_].  For example, the chosen translation vector 

(ú5 = 1y + 1ù + 10) refers to the integers N5 = N2 = N_ = 1.  The plane of vector is 

denoted by [ 111] .  The plane orientation can be specified by the interception of the 

number straight up to the basis vectors.  In case of the [001]  plane of cubic lattice, the 

plane is cut through z-axis giving the xy-plane normal to z-axis. 

  To understand the relationship between real and reciprocal lattice, we 

have introduced the reciprocal lattice vector õ(ℎM†) to describe the lattice behavior. 

The real space lattice vector (°) is equivalent to ú. The condition of periodic structure 

will always satisfy the following equation,
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Figure 2.9 a) A unit cell with three basis vectors a, b, and c with the respected angles 

        of ã, ç, and }. b) Illustration of reciprocal lattice vectors, y∗, ù∗, and 0∗. 

relating to the real space vectors. 

 

																																																																				K!q∙T = 1																																																															2.87 

where  õ ∙ ° = 2íN  

therefore, the reciprocal lattice is commonly defined as 

																																																				õ(ℎM†) = ℎy∗ + Mù∗ + †0∗																																														2.88 

where ℎ, M, and † are the Miller indices of a crystal plane.  The (ℎM†) is referred to the 

reciprocal unit vector illustrated in figure 2.9( b) .  By mathematical satisfaction, the 

reciprocal lattice vectors must be in the form of 

 

y∗ = 2í
u×)

(∙(u×))
	,			ù∗ = 2í

)×(

(∙(u×))
	,			0∗ = 2í

(×u

(∙(u×))
                        2.89

(a) (b) 
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In the simple hexagonal lattice, the xy- and z-plane are denoted by a and 

c. The reciprocal lattice is still in hexagonal form, but its axis is substituted by \A
(√_

 and 

2A

(
 a rotating 30° around c-axis respected to the real space lattice. The high symmetry 

points are generally given to simplify the direction respect to the hexagonal shape 

shown later in figure 5.1(a). The electronic structure of the materials is described 

through the points in reciprocal space. 

2.3.6 Spin-orbit interaction 

An interaction between orbital angular momentum (L)  and spin (S)  of 

the particle is called spin-orbit interaction ( SOI).  When electron moves around the 

nucleus, resulted in the interaction between spin and the magnetic field generated by 

the electron's orbit around the nucleus.  This interaction causes many effects in 

electronic structure such as shifts of spectral lines in atomic energy level and 

momentum splitting in 2DEG materials (Rashba effect). SOI plays an important role in 

manipulating the electron's spin in the materials. 

2.4 X-ray diffraction of single crystal: Laue method 

The x-ray diffractometer or x-ray diffraction (XRD) is a common technique to 

determine the crystal structure in solid.  The well- known equation for XRD is Bragg's 

law which describes the relation between diffraction angle and the point position in the 

reciprocal space which can be expressed as 

																																																											2=2ON3% = NQ																																																														2.90
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where N is the integer according to the number of scattering planes which is usually 

denoted as 1, = is the plane spacing in the atomic lattice, Q is wavelength of incident x-

ray wave and Bragg angle (3%) is the angle between incident and the reflection plane. 

On the other hand, the oldest x- ray diffraction method is Laue method ( LM) 

which serves as a powerful tool to study the layered materials, single crystals, and 

polycrystalline.  This technique is very helpful in my work as it is used to check the 

perfection of our single crystal before the MOKE measurement. LM uses the graphical 

method to determine the Laue spots on the photograph.  LM have been divided into 

transmission and back- reflection modes.  The perfection of the crystal can be 

determined by the spots on the photograph.  The spots from perfect crystal are sharp 

while the spots are diffused or elongated for the imperfect or polycrystalline.  The 

practical formula of LM introduced by E. Schiebold (Schiebold, 1932) expresses how 

to calculate the important value for the standard setup as shown in figure 2.10. 

The position of any spots away from the center of the incident light can be 

determined using the geometry in figure 2.10. In the simplest case, if the incident x-ray 

beam is perpendicular to the principal crystal plane and the photographic plane (c-axis 

or (001) plane). A distance of Laue spot on the film (E) can be expressed according to 

the 3% as 

																																																											E = ¢ ∙ FyN	23%																																																											2.90 

where D is the distance between the crystal and the photographic plate.  The azimuthal 

angle (ò) and 3% are independent of the wavelength and can be expressed in terms of 

unit cell dimension.  The  ò  represents the possible spot away from the reference 

orientation related to the angle between a- and b-axis while the reflection
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Figure 2.10 Geometrical relationship between position of the Laue spots and the reflec- 

ting plane (Kedesy, 1954). 

angle (}) represents the distance away from the center. The relation between ò and } 

can be given by 

																																																				tanò = 	
5

vwx [
e
u

(
∙
f

:
−	cos }f																																											2.91 

If the ratio between h and k is the same, this condition gives the discrete spots lining 

straight from the center of the pattern. 
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2.5 Bismuth ferrite (BiFeO3) 

 A single-phase multiferroic material (Fiebig, 2005) is a material that 

simultaneously possesses more than one ferroic order parameters, including 

ferroelectricity, ferromagnetism, and ferroelasticity. Relevance between the magnetic 

properties and electrical properties of the material, namely the magnetoelectric coupling 

which is the linear magnetoelectric effect or the induction of magnetization by an 

electric field or polarization by a magnetic field. (Eerenstein et al., 2006b). At present, 

the interestingness of coupling between magnetic and electronic order parameters and 

the manipulation one through the other stimulates the eagerness of researchers. The 

ultimate goal of studying multiferroic materials is to produce device functionality in a 

single-phase multiferroic with strong coupling between ferroelectric and ferromagnetic 

order parameters, making it easy to control the magnetic behavior with an electric field.  

 

 

 

 

 

 

 

 

Figure 2.11 Crystal structure of BiFeO3 shown (a) the pseudocubic-[110], (b) the pseu-

docubic-[111]-polarization, and (c) isometric view of the structure (d) G-

type antiferromagnetic ordering and the formation of the weak 

ferromagnetic moment (Martin et al., 2008). 
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2.5.1 Crystal structure of Bismuth Ferrite (BiFeO3) 

At room temperature, BiFeO3 is in rhombohedral phase belonging to the 

space group R3c (Moreau et al., 1971). Lattice parameter of a rhombohedral structure 

of BiFeO3 consist of arh = 3.965 Å and a angle of α = 89.3-89.4˚ at room temperature. 

The ferroelectric polarization point along [111] pseudocubic (Catalan and Scott, 2009). 

Simultaneously, we can characterize the rhombohedral structure in a 

hexagonal viewpoint by connecting two perovskite cubes along with their body 

diagonal, i.e., [001]hexagonal ǁ [111]pseudocubic. The hexagonal lattice parameters consist of 

ahex =  5. 58 Å and chex =  13.90 Å.  In figure 2.11(c), two pseudo cubic unit cells are 

connected together in order to illustrate that successive oxygen octahedra along the 

polar [ 111]  axis rotate with opposite sense around [ 111]  direction. The magnetic 

moments of  Fe atoms is oriented in the (111)  plane indicated by the red arrow (Lubk 

et al., 2009). 

 

 

 
 
 
 
 
 
 
 
 
Figure 2.12 Crystal structure of bulk BiFeO3 (Lubk et al., 2009). 
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2.5.2 Magnetism of Bismuth ferrite (BiFeO3) 

   The BiFeO3 possesses a ferroelectric polarization ordering with a high 

Curie temperature Tc of 1103 K and antiferromagnetic ordering with a magnetic 

transition temperature TN of 643 K (Fiebig, 2005). In [111] pseudo-cubic planes, the Fe 

magnetic moments are ferromagnetically coupled while they are antiferromagnetically 

coupled between the near planes. this is called the G- type antiferromagnetic order. In 

the event that the magnetic moments of Fe atom are oriented perpendicularly to the 

[111] direction, the symmetry of structure cause a canting of spin in the 

antiferromagnetic sublattices, cause a macroscopic magnetization called weak 

magnetism (Yan et al., 2015). The spontaneous polarization of BiFeO3 depend on the 

crystal structure, that is the tetragonal structure ( Space group:  P4mm)  evince the 

polarization about 150:¶/0r2 in the [001]  direction, and the rhombohedral structure 

(Space group:  R3c)  evince the polarization about 100:¶/0r2 in the [111]  direction 

without strain (Waterfield Price et al., 2019). The octahedral turn 11-14˚ around the 

polar [111] axis (Catalan and Scott, 2009). And in addition, Fe-O-Fe angle is 154-156˚ 

and it has been found that the Fe-O-Fe angle of BiFeO3 can controls both the magnetic 

ordering temperature and the conductivity via the magnetic exchange and orbital 

overlap between Fe and O.  
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2.5.3 Symmetry of magnetism and spin cycloid in BiFeO3 

             Magnetism of bismuth ferrite (BiFeO3) is a result of both short- and 

long-range magnetic orderings. G- type antiferromagnet cause the local short-range 

magnetic ordering in BiFeO3 sub-domain.  Because of a spin of Fe+ 3 which is 

surrounded by six antiparallel spins on the neighbor of Fe+3 ion and the structural 

distortion, the arrangement of the neighboring spins is not perfectly antiparallel. 

However, the canted spins in the antiferromagnetic domain give a weak magnetic 

moment which can couples with the ferroelectric polarization.  Overlap of spin canting 

take place in a long- range superstructure which consist of an incommensurate spin 

cycloid of the antiferromagnetically ordered sublattices (Catalan and Scott, 2009). This 

cycloid of spin canting has a very long period of 64 nm (Lebeugle et al., 2008).  Figure 

2.13 shows magnetic easy plane that is the plane of the spins rotation which is defined 

by the cycloid propagation vector (black) and the polarization vector (red). The total of 

canted antiferromagnetic spins (blue and green arrows) is a net magnetic moment 

(purple arrows) that is normally averaged out to zero due to the cycloidal rotation. 

 

 

 

 

 

 

Figure 2.13 Antiferromagnetic structure of BiFeO3, the vector diagram of magnetic 

moments points in the direction along a cycloid with a period of 64 nm.



 

CHAPTER ӀӀӀ 

RESEARCH METHODOLOGY 

 

In chapter III, we intend to describe the experimental method which were 

categorized into the following two main section. 

(I) Experimental method in the study of Bismuth Ferrite (BiFeO3). 

• Magneto-optical Kerr effect Magnetometer (MOKE) set up and calibration 

with Fe thin which prepared by Molecular beam epitaxy (MBE). 

• Details of sample preparation techniques: synthesis of 

BiFeO3/SrRuO3/SrTiO3 heterostructure by RF magnetron sputtering. 

• Kerr rotation measurement: Magneto-optical Kerr effect Magnetometer  

• Material characterizations techniques: X-ray diffraction (XRD), Atomic 

force microscope (AFM) and piezo force microscope (PFM), and X-ray 

photoemission spectroscopy (XPS). 

(II) Experimental method in the study of Ni/Bi2Te3. 

• Sample preparation techniques: Electroless deposition technique 

• Magnetic measurement: Magneto-optical Kerr effect Magnetometer  

• Material characterizations: electrochemical measurement by cyclic 

voltammetry (CV), X-ray photoemission spectroscopy (XPS), X-ray 

absorption spectroscopy (XAS). 

 



 

 

49 

3.1 Magneto-optical Kerr effect (MOKE) magnetometer set up 

In the study of bismuth ferrite, due to the sample has a very high smoothness, 

MOKE is basically only a few components are necessary when trying to construct a 

MOKE setup. A light source (L), two polarizers (P1, P2), Faraday cell (F), a sample (S), 

Len(L), a detector (D), and means of creating a magnetic field across the surface of the 

sample. This is illustrated in Figure 3.1 

 

 

 

 

 

 

 

 

 

Figure 3.1 Schematic of the basic components needed for a MOKE setup. Light source 

                  (L), polarizers (P), a sample (S), a detector (D), and electromagnets       

                  (E). OP naturally denotes the optical path. 

 

 In the same way, because of the surface of the Ni/Bi2Te3 sample has a lower 

macroscopic smoothness the reflected light has been flared to be a cone-shaped beam. 

A more complicated MOKE setup was performed, following figure 3.2.
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Figure 3.2 Schematic of the basic components needed for a MOKE setup. Light source 

(L), polarizers (P), a sample (S), a detector (D), and electromagnets (E). OP 

naturally denotes the optical path. 

The figure illustrates the relatively simple geometry used for obtaining 

hysteresis loops or Kerr rotation of surface structures in free air. In the figure 3.2 (LD) 

signifies the optical path beginning at the laser (L)  and ending at the detector (D) .  In 

between are two polarizers (P1 and P2) , Faraday cell (F), Objective lens(O), Lens (L1, 

L2, L3) and a sample holder (S). The current optical setup employed in this measurement 

use Glan-Thompson prisms with an extinction ratio of 100,000:1 to produce precisely 

polarized light. The light source is a 640 nm Thorlab stabilized HeNe laser with 

intensity stabilization of 0.2%. To magnetize the surface two pole electromagnets (E1 

and E2)  are used.   The electromagnets are placed with the smallest possible distance 

between the cores to obtain the largest, most homogeneous field in a gap of 50mm the 

electromagnets produce a magnetic field of 1800G with a maximal current of 20A. 

Electromagnet was able to apply a large current to create a magnetic field, which can 

change the direction of magnetic field by switching the direction of the applied current



51 

in bipolar power supply. A computer controls the bipolar power supply via a general-

purpose interface bus (GPIB) which can continuously control the applied magnetic 

field. Gaussmeter is attached to the computer via USB cable, the applied magnetic field 

can be accurately measured. Although we can do the in-situ measurements of the 

applied magnetic field, the accuracy of measurement is diminished due to the off-

position of the detector. Therefore, a calibration was performed. We place the 

gaussmeter probe in the same position as the sample and record the magnetic field 

versus the applied voltage. this method can create an accurate representation of the 

magnetic field at the same location as sample surface. 

We placed our sample at the center of the applied magnetic field on a xy 

translation stages with rotating platform that allows to rotate 180 degrees with respect 

to the plane of incidence. We observed the Kerr angle by measuring the light 

polarization rotation induced by the sample and compare them to each other based on 

the change in intensity seen after the analyzer. In our experiment, we use a Thorlab 

photodiode detector (DET36A) to detect the brightness of laser which pass through the 

analyser. The voltage from the detector is read using a lock-in amplifier, which is then 

recorded by the computer using a GPIB interface and a LabView control program. The 

power supply used for delivering the current is a BOP100-2M power supply from 

Kepco, a detailed description is presented in Appendix A.  It is possible to operate the 

power supply by manually adjusting the current or using an analogue signal.  The 

electronics surrounding the optical equipment is illustrated in figure 3.3
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Figure 3.3 The electronics component of MOKE. 

To extract a signal from a highly noisy environment, we used a lock-in amplifier 

to apply a known carrier waveform to a faraday cell to modulate the laser's polarization. 

Using this method, the signals up to 1 million times smaller than noise, reasonably close 

by in frequency, can be reliably detected. However, depending on the dynamic reserve 

of the instrument. Moreover, signal recovery at low signal-to-noise ratios requires a 

clean reference signal that is the same frequency as the received signal.  

A lock-in amplifier relies on the principle of the sinusoidal functions 

orthogonality. For example, consider the two in-phase sinusoidal function, when 

multiplying two sinusoidal function with frequency f1 and f2 which not equal to f1 and 

then integrated over a time that is longer than the period of the two functions, the result 

will be zero. On the other hand, if f1 is equal to f2, the integrated value is equal to half 

of the product of the amplitudes. A lock-in amplifier gets the input signal from the 

detector and multiplies it by the reference signal, and integrates this signal over the time
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that generally on the order of milliseconds to a few seconds. The result signal is a DC 

signal, where consist of any signal that is not at the same frequency as the reference 

signal is devalued to zero. The out-of-phase component of the signal that has the same 

frequency as the reference signal is also devalued, namely a lock-in detection is a phase-

sensitive detector. Consider a sine wave reference signal and an input waveform 

𝑊!"(𝑡), the integral in eq 3.1 show the DC out put signal 𝑊#$%(𝑡) that can be calculated 

for an analog lock-in amplifier as 

																																					𝑊#$%(𝑡) = 	
&
' ∫ 𝑠𝑖𝑛%

%(' +2𝜋𝑓)*+ ∙ 𝑡 + 𝜑2𝑊!"(𝑡)	𝑑𝑡																										3.1 

where 𝜑 is a phase of the reference signal is set on the lock-in amplifier (default value 

is zero).  

The averaging time 𝑇 or integral time should be wide enough (generally much 

larger than the period) to reduce all unwanted signal i.e. noise and the variations at 

twice the reference frequency, the output is 

																																											𝑊#$% = 𝑉,!-	𝑐𝑜𝑠𝜃																																																													3.2 

where 𝑉,!-  is the signal amplitude at the reference frequency and 𝜃  is the phase 

difference between the signal and reference.  

Our measurement of the lock-in detection only requires recovering the signal 

amplitude rather than relative phase to the reference signal. For a single-phase lock-in-

amplifier procedure, have to adjusted the phase difference to be zero to get the clear 

signal. But in another advanced system, namely two-phase lock-in-amplifiers have a 

second detector, calculate as before with a different 90-degree phase shift. Thus, the 

result consist of two outputs values including 𝑋 = 𝑉,!-𝑐𝑜𝑠𝜃 is named the in-phase com-
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ponent and 𝑌 = 	𝑉,!-𝑠𝑖𝑛𝜃 is named the ’quadrature’ component. These both quantities 

represent the signal in a vector form relative to the lock-in reference signal. By 

calculating the magnitude (𝑅) of this vector, the phase dependence value is removed 

and give the pure signal value as 

																																																					𝑅 = √𝑋. + 𝑌. =	𝑉,!-																																																								3.3 

The phase can be calculated from 

																																																							tan 𝜃 = 	𝑌 𝑋⁄ 																																																																							3.4 

 

 

 

 

 

 

 

 

Figure 3.4 The hysteresis loop of Fe film with 5 nm thickness shows the coercive field, 

the saturation field, the remnant magnetization and the saturation 

magnetization.
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In our measurement, we used LabView program to record the data from the 

detector and creates a plot of Kerr rotation versus applied field. According to the theory 

of the total Kerr rotation in ferromagnetic material, Kerr angle linearly depend on the 

magnetization on the material surface. Therefore, the plot of Kerr rotation versus 

applied magnetic field can indicate the M-H hysteresis loop. However, we cannot 

determine the absolute magnetization of sample, but the saturation field, coercive field, 

and squareness of sample can be obtained, as shown in figure 3.4. Since the sample can 

rotated, the same measurements can be taken at several angles of the sample with 

respect to the plane of incidence. The easy and hard axis can be obtained from these 

rotations. For a magnetically anisotropic sample, the easy axis is defined as the axis 

which is energetically favorable to magnetize. If the data is taken for small increments, 

one can create a polar plot of the coercive field or saturation field as a function of the 

angle, giving insight into the magnetic anisotropy of the sample. Our MOKE system 

using a method known as AC-MOKE, which can determine the values of the Kerr 

rotation and ellipticity for a given sample. By using a faraday cell as an oscillating 

retarder, one can create an AC signal that can be read by a lock-in amplifier. By 

analyzing the AC intensity using Jones matrix analysis, it can be shown that the Kerr 

rotation and ellipticity can be measured separately. 
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3.2 Sample preparation techniques 

3.2.1 Thin film growth process 

  In this thesis, we prepared thin films by the deposition of atoms on a 

substrate using chemical deposition and plasma deposition technique. Typically, the 

growth process of thin film is often following this process, 

(I) Firstly, a random nucleation process occurs, followed by nucleation and growth 

process. 

(II) The nucleation and growth process depend on deposition conditions, for example 

growth rate, temperature of substrate, flux rate and substrate surface chemistry.  

(III) The nucleation process can be modified by external stimuli, such as electron or ion 

bombardments. 

(IV) Formation of film microstructure and associated defect structure. At this stage 

there will be the film stress depending on the deposition condition. 

(V) Formation of crystal phase and orientation. 

 

 

Figure 3.5 The thin film general growth model. 

 

Figure 3.5 The thin film general growth model.
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3.2.2 Molecular Beam Epitaxial (MBE) technique 

Molecular Beam Epitaxy (MBE) is a technology of growing thin film 

that can precisely control composition by using a process involved in thermodynamic 

equilibrium. The MBE growth process has extremely low deposition rates 

(approximately a few Å per second) caused by the accumulation of the vapor of highly 

pure solid elements heated in separate effusion cells or called Knudsen cell. The ultra-

pure material in solid state is sublimated into gas state by heating. The gas particles 

move into the vacuumed space and reach the substrate, then the condensation process 

takes place at the surface of substrate. After that, the epitaxial arrangement takes place 

and the crystalline structure form depending on the flux rate. The epitaxial growth is 

performed in Ultra-High-Vacuum (UHV) conditions (lower than 10-10 Torr) to reduce 

the impurity levels in the growing layers. A standard MBE system is shown 

schematically in figure 3.6 

 

 

 

 

 

 

 

Figure 3.6 A molecular beam epitaxy growth chamber. 
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Figure 3.7 Schematic figure of effusion cells currently used in MBE systems: (a) 

Knudsen cell; (b) Two stage Cracking effusion cell (Courtesy of Prof. Klaus 

H. Ploog). 

 

Figure 3.7 shows the two types of effusion cells that used in general 

MBE system. Usually, the crucible in the effusion cell is made of pirolytic boron nitride 

(PBN), which can tolerate high temperatures up to 1500 °C without contamination to 

the prepared film. This type is named high range effusion cell. Our MBE system consist 

of high range effusion cell and medium range effusion cells can operate at a medium 

temperature lower than 1100 °C. Heater in effusion cell made from Ta filament and Ta 

foils is used to shield the heater to improve both the temperature stability and the 

thermal efficiency. The W-Re (5% and 26% Re) thermocouple is attached to measure 

the temperature inside the effusion cell. 
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3.2.2.1 Deposition process of MBE 

 

 

 

 

 

 

Figure 3.8 Schematic illustration of the surface processes occurring during MBE 

growth. 

In the epitaxial growth, there are the processes including: a) the 

evaporated atoms collide the surface are adsorbed on the substrate; b) the absorbed 

atoms diffuse and dissolve on the surface of substrate; c) the atoms on the surface 

arrange themselves into the crystal lattice; d) desorption of the atoms not arranged into 

the lattice. In the process which the adsorbed atoms combine to form a critical size and 

then become stable nuclei (or clusters). the substrate temperature, the flux rates and the 

affinity are the important factor.  

In the following section the fabrication of the Fe sample with 

different thickness was growth using MBE technique. The Fe sample was used to 

calibrate MOKE magnetometer in free air.  The sample is desired to consist of a 

nonmagnetic silicon (100) substrate with a iron material deposited on top.  This is 

naturally to isolate the magneto-optic response from the deposited material as much as
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possible.  this substrate is used merely because it is available in abundance.  As a 

ferromagnetic material Fe is evaporated on top of the Si substrate following a standard 

physical vapor deposition (PVD). The thickness was calibrated by using quartz crystal 

microbalance (QCM). 

3.2.3 RF Magnetron sputtering 

 

 

 

 

 

Figure 3.9 Schematic of sputtering process (adapted from http://www.semicore. 

com/news/92-what-is-rf-sputtering) 

Magnetron sputtering show the good disadvantages compare to thermal 

evaporation or electron-beam evaporation in case of the alloys and insulator thin film 

coating, because of differences in alloy constituent vapor pressures and their high 

melting points. The advantages of magnetron sputtering are (1) ability to give high 

deposition rates, (2) ability to sputter any metal, alloy, or compound, (3) the resulting 

film has a high purity, (4) the resulting film has a very high adhesion strength, (5) able 

to coat heat-sensitive substrates, (6) provide film with good uniformity on large scale 

area. 

DC magnetrons sputtering are not suitable for an insulating target, 

because of the rapid formation of a positive surface charge on the front side of the insu-

http://www/
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lator target resulting in gradually decreasing current through it, and then the sputtering 

glow discharge cannot be sustained. The system named a radio frequency (RF) 

sputtering system, use an alternating current at radio frequency to generate plasma, can 

sustain the glow discharge with an insulator target. In this system, the DC voltage power 

supply is replaced by an RF power supply. Moreover, RF sputtering system requires an 

impedance-matching network between the power supply and discharge chamber.  The 

impedance of the RF power supply is almost always 50Ω.  The impedance of the glow 

discharge is of the order 1 − 10	𝑘Ω. In RF diode sputtering, the cathode current density 

is 𝑖, given by  

                                                 is = C dV / dt                                                   3.5 

where C is capacitance of discharge plasma and the target, and dV/ dt is the time 

variations of the target surface potential.  

In the RF magnetron sputtering system, the pressure should be lower 

than 1 mTorr, because the RF electrical field increases the collision probability between 

secondary electrons and gas molecules.  The target area is smaller than the grounded 

anode and the chamber wall namely asymmetric electrode configuration which induces 

negative DC bias on the target, and causes sputtering in the RF system. The quadrupole 

magnetic field increases ion current density at cathode cause an increase in deposition 

rate.
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Figure 3.10 RF diode sputtering system. 

 

In our study, BiFeO3/SrRuO3/SrTiO3 heterostructure were prepared 

starting with ( 001)  SrTiO3 single- crystal substrates with 4° miscut toward [ 110] pc 

direction are used for domain formation control of BiFeO3 thin films (Baek et al., 2010). 

A 35-nm- thick SrRuO3 (SRO) bottom electrode layer is first deposited by 90° off-axis 

sputtering (Eom et al., 1989) at 600 °C followed by 400 nm of BiFeO3 films grown by 

double-gun off- axis sputtering at 750 °C with Ar:O2 ratio of 4:1 at a total pressure of 

400 mTorr (Das et al., 2006). We used BiFeO3 target which contains 5% excess Bi2O3 

to compensate the bismuth volatility (Das et al., 2006).  In the sputtering process, the 

substrate miscut constrain the crystal growth resulting in the growth of a single 

ferroelastic domain variant, at the same time the SrRuO3 bottom electrode induce an 

electrical boundary condition favoring the ferroelectric down (r1) state (Baek et al., 

2010) since the depolarization field can be screened by free charge in the electrode  dur-
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ing growth (Fong et al., 2006).  71° switching leads to the monodomain up r3 +  state 

(Saenrang et al., 2017).  

3.2.4 Electroless-deposition (ELDP) technique 

 Electroless or autocatalytic plating is the chemical coating that utilize a 

chemical reducing agent in solution to reduce metallic ions to the metal. Instead of 

making the metal anode move to coat the substrate at cathode, the metal is supplied by 

the metal ion in the solution. ELDP is performed by adding metal salt in the solution, a 

substrate serving as the cathode, while the electrons are provided by a reducing agent. 

ELDP occurs on catalytic surfaces rather than through the entire solution, but if the 

process is not adequately controlled, the reduction can occur on particles of dust or of 

catalytic metals in entire solution.  

 In the solution, a chemical reducing agent supplies the electrons for 

converting metal ions to the metal, following this 

𝑀./ + 2𝑒(𝑠𝑢𝑝𝑝𝑙𝑖𝑒𝑑	𝑏𝑦	𝑟𝑒𝑑𝑢𝑐𝑖𝑛𝑔	𝑎𝑔𝑒𝑛𝑡) → 𝑀0 

when the metal start to deposit on a surface, the deposited metal must also be catalytic 

for the deposition to continue. It has been demonstrated by Marton and Schlesinger 

(Marton and Schlesinger, 1968) that the deposition of  Ni–P on a sensitized-activated 

surface starts at specific activation sites and continues on these points only. This 

specific behavior makes the islands of material are formed around these nucleation 

sites, until they gather to become a continuous film. In fact, the surface of a dielectric 

substrate is not all activated but the activation stimulates small catalytic sites dispersed 

on the surface, namely the nuclei formation.
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Figure 3.11 Schematic of electroless nickel deposition (a) and photography of 

electroless deposition set up (b). 

In our study of Ni/Bi2Te3, we preformed the electroless-deposition of 

Nickel metal on Bismuth telluride (Ni/Bi2Te3) heterostructure. Materials that used in 

our process consist of analytic grade Nickel chloride (𝑁𝑖𝐶𝑙. ∙ 6𝐻.𝑂), Sodium chloride 

(𝑁𝑎𝐶𝑙), Hydrochloric acid (𝐻𝐶𝑙) were purchased from Sigma Aldrich and were used 

without any further purification. Ultra-pure deionized water was used as the electrolyte 

solution for electrodeposition. Nickel thin films were electrodeposited from an aqueous 

of 40mM Nickel chloride containing 5mM NaCl as supporting electrolyte. In order to 

electrodeposition Ni, consider the Pourbaix diagram (Basharat et al., 2015) show that 

the pH of electrolyte solution should be ≤ 9. Hence, the pH of solution was determined 

to maintain at 3 by adding appropriate amount of HCl. Deposition temperature was 

maintained at 40-60 °C. A lower temperature than this range showed formation of 

nickel oxide layer in addition to the Ni.  

In our experiment, we prepared the solutions using high purity chemicals 

(HCl, NiCl2, NaCl) and ultra-pure water (> 18	𝑀Ω	𝑐𝑚). Before the deposition, the sol-

(a) (b) 
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utions were purged with high purity argon gas for 1 h to displace the dissolved oxygen 

in solution. The oxide layer on Bi2Te3 surface, which is naturally formed in the 

atmosphere, is removed by peeling off with capton tape before install it into the 

electrochemical cell. A Pt plate was used as a counter electrode (CE) and Ag/AgCl was 

used as a reference electrode (RE). After mounting the substrate into the 

electrochemical cell, we routinely performed an electrochemical characterization of the 

Bi2Te3 surface in a pure supporting electrolyte. Furthermore, after deposit nickel 

overlayers at a negative potential, the sample was rinsed with ultra-pure water. And the 

next step, MOKE measurements have been performed at room temperature.  

3.3 Electrochemical measurements 

In the second part of this thesis, the electrochemical properties of the prepared 

Ni/Bi2Te3 sample were studied using a Autolab potentiostat galvanostat ( PGSTAT 

302N) .  The cyclic voltammetry ( CV)  techniques were used to investigate the 

appropriate bias potential for nickel deposition.  We use three- electrode configuration 

which consists of the Bi2Te3 substrate, a platinum wire (Pt)  and silver/ silver chloride 

(Ag/AgCl) electrodes used as working, counter, and reference electrodes, respectively. 

We used Nova software from Metrohm Autolab in measurement.  

Cyclic Voltammetry (CV)  is an effective technique to detect the 

reversibility of the electrochemical reaction, capacitance and its voltage dependence 

( Zheng, 2003) .  By applying a linear voltage ramp to an electrode and simultaneously 

measure the current. During the electrode potential (the potential difference between 

the reference electrode and working electrode) is scanned from initial value to final 
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value, the current passing between the working electrode and the counter electrode is 

recorded. Both current and potential are plotted as a typical fashion plot shown in figure 

3.12.   is named the voltammogram, which shows oxidation and reduction reaction or 

called redox reaction.  

 

 

 

 

 

 

Figure 3.12 Cyclic voltammogram of redox reaction (Adapted from 

http://urrjaa.blogspot.com/2013/08/cyclic-voltammetry-urrjaa-

p0110-2013.html). 

Another parameter of interest in all electrochemical systems is the 

reversibility.  By using cyclic voltammetry, we can investigate the degree of 

reversibility of an electrochemical reaction.  The electron transfer process in an 

electrochemical reaction is divided into three types: reversible, irreversible and quasi-

reversible. In a reversible process, the rate of the electron transfer is higher than the rate 

of the mass transport. The ratio between the reverse peaks (cathodic peaks,𝐼1,3) and the 

forward peaks (anodic peaks, 𝐼1,4) is constant and proportional to the concentrations of 

the active species. The current peak	^𝑖1_ is described by the Randles-Sevcik equation 

(Brownson and Banks, 2014).

http://urrjaa.blogspot.com/2013/08/cyclic-voltammetry-urrjaa-p0110-2013.html)
http://urrjaa.blogspot.com/2013/08/cyclic-voltammetry-urrjaa-p0110-2013.html)
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																																								𝑖1)*5 = 2.687 × 10(6	𝑛7/.𝐴𝐶𝐷&/.𝑣&/.																																									3.6 

where n, A, C, D, and ν are the number of electron transferred/molecule, the electrode 

surface area (cm2), the concentration (mol/cm3), the diffusion coefficient (cm2/s), and 

the potential scan rate (V/s), respectively.  

The potential of anodic ^𝐸1,4_ and cathodic peak ^𝐸1,3_ are not depend 

on the scan rate. The difference potentials between the forward and reverse peaks 

(named peak-to-peak separation), ∆𝐸1, at all scan rates is equal to 

∆𝐸 = 	𝐸1,4 − 𝐸1,3 =
0.059
𝑛 	𝑉																																																3.7 

  In an irreversible process, the mass transport is higher than the electron 

transfer and the electron transfer rate of the reverse scan is very slow.  The current and 

potential of peak are given by 

																																				𝑖1!))*5 = 0.4958	𝑛𝐹𝐴𝐶𝐷&/. l9"!:
;'

m
&/.

𝜈&/.																																					3.7 

																																			𝐸1 = 𝐸0 − ;'
9"!:

o0.78 − 𝑙𝑛 <"

=
#
$
+ 𝑙𝑛 l9"!:>

;'
m
#
$p																																	3.8 

where 𝛼  is the transfer coefficient and 𝑛4  is the number of electrons in the charge 

transfer process. α is transfer coefficient, R is gas constant ( 8. 3145 J/mol K) , F is 

faradays constant (96,500 C/mol) and T is temperature (K).  

  In this work, the cyclic voltammetry measurement was performed at a 

potential window in the range of -1.0 V to 0.3 V at scan rates of 30 mV/s were applied 

in an aqueous of 40mM Nickel chloride containing 5mM NaCl at 50 °C. To study and 

identify the suitable potential difference for electroless deposition of Ni.
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3.4 Scanning electron microscopy (SEM) 

The scanning electron microscopy (SEM) technique utilizes a focus electron 

beam to generate signals electron at the surface of a specimen, as shown in figure 3.13. 

The signals electron caused by electron-sample interaction reveals the surface 

morphology of the specimen, chemical composition and crystalline structure. The 

electrons beam that is produced by a field emission source are accelerated in a field 

gradient. The beam passes through electromagnetic lenses, focusing onto the specimen 

resulting in bombardment. The result of bombardment cause different types of electrons 

are emitted from the specimen include secondary electron (SE), backscattered electron 

(BSE), diffracted backscattered electrons (EBSD). The most common signals used for 

imaging are secondary electrons, backscattered electrons, and characteristic X rays. 

Moreover, the secondary electrons depend on the incidence angle, and generate 

topographic information. The electron detector gains the secondary electrons to 

construct the image of surface by comparing the intensity of secondary electrons with 

the scanning primary electron beam (Yu et al., 2013) (Frackowiak, 2007). In this work, 

the morphologies of samples were obtained using scanning electron microscope (SEM. 

JSM-7800F).
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Figure 3.13 The interaction of primary incident electrons with a sample. (a) Signals 

generated by electron-matter interactions (b) Absorption of SE, BSE, and 

X-rays  by inelastic scattering within the interaction volume, determine 

the depth of electron escape (Inkson, 2016). 

 

 

 

 

 

 

Figure 3.14 Electron-induced X-ray emission. (a) Characteristic X-ray emission. 

Characteristics X-ray are emitted when outer shell electron moves to fill 

the empty electron energy level emptied by the secondary electron. (b) 

Schematic figure of an energy dispersive X-ray (EDX) spectrum of 

characteristic X-rays at several specific energies (Inkson, 2016).

(a) (b) 
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3.5 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is used to determine the crystal structure of materials. 

An X-ray diffractometer can detect X-ray diffraction pattern of materials and the 

diffraction intensity as a function of the diffraction angle (2θ). When X-ray beams 

incident on a crystalline solid, it is reflected at atom in the crystallographic planes, as 

illustrated in figure 3.15. The constructive and destructive interferences occur if a phase 

difference is equal to nλ (in phase) and nλ/2 (out of phase) resulting in diffraction. The 

following relationship of diffraction is satisfied by Bragg equation 

																																																		2𝑑𝑠𝑖𝑛𝜃 = 𝑛𝜆																																																														3.9 

Where d is the spacing between the parallel crystal planes, θ is the angle of incident 

beam, λ is the wavelength of the incident X- ray beam and n is an integer. The various 

of peaks located at different 2θ position compared as a ‘ fingerprint’  of a crystalline 

solid. Crystallinity and phases identification of a specimen is determined by comparing 

the spectra of known crystalline substances with our specimen diffraction spectrum 

(Leng, 2013).
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Figure 3.15 Bragg diffraction by crystal planes. 

In this thesis, we used X- ray diffractometer to analyse the structure of the 

BiFeO3 sample. X-ray diffractometer is XRD (D2 Advance Bruker) with Cu Kα at λ = 

0.15406 nm. The XRD pattern were recorded in the 2θ of 10⁰-70⁰ with the step size of 

0. 02 degree and the time step of 0.5s.  The crystallinity and phase identification was 

performed by comparing with the data of the Joint Committee on Powder Diffraction 

Standards (JCPDS) diffraction.  

 

3.6 In-situ X-ray absorption spectroscopy 

X-ray absorption spectroscopy technique is an effective technique for study the 

electronic structure and local structure. The principle of XAS can be described simply 

as using the efficiency photon energy of X-ray to reject a core electron from an original 

electronic level and measure the signal emitted. 
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Figure 3.16 The schematic processes stimulated by X-ray which include 

photoemission, X-ray fluorescence and Auger electron emission where 

ℎ𝜈 is the incident photon, Eae is the energy of the outgoing Auger 

electron (Eae = EK - EL - EM), Ep is the energy of the outgoing 

photoelectron or relaxation ^𝐸1 = ℎ𝜈 − 𝐸< − 𝐸?_, Eerf is the energy 

of the outgoing fluorescence photon (Exrf = EK - EM) and EK, EL and EM 

are the energies of the K, L, and M orbitals respectively. 

In this technique, a parallel monochromatic X-ray beam of intensity 𝐼 passing 

through a sample of thickness 𝑥. The intensity is reduced to be 𝐼 following the equation.
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																																																												𝐼 = 	 𝐼0𝑒(@A																																																																	3.10 

where I0 is the incident X-ray intensity and μ is the linear absorption coefficient 

namely it is the probability of absorption. 

 

 

 

 

 

 

Figure 3.17 XAS spectrum of L3-edge measured in transmission mode. 

The X-ray absorption at constant energy increases dramatically when the photon 

energy corresponds to the electrons binding energy. Furthermore, at the same time 

results in a decrease of the transmitted X-ray intensity. The absorption edge appear 

when the incident photon energy is sufficient to excite a core electron to a higher 

energy. When we analyze the XAS spectrum, it can be separated into three main 

regions. In figure 3.17 show that the first region is at around 20-50 eV below the 

absorption edge, is called pre-edge structure. The pre-edge peak arised from the 

transition of electron to the lowest empty bound state near is the Fermi level. It indicates 

the local structure and electronic structure around absorber atom including the neighbor 

atoms or valence state.
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The second region occurs when the photon energy of incident X-ray is sufficient 

to excite electrons of atomic core level to final states. This region is in the higher energy 

range, about 40-100 eV above an absorbed atomic core level of ionization energy. We 

call this region that X- ray absorption near edge structure (XANES). The absorption 

edge in XANES spectra can provide information on the oxidation state and the 

absorbing atoms coordination number.  

The third region is the region of the oscillation above the edge, which is known 

as the Extended X-ray absorption fine structure (EXAFS) (see in figure 3.17).  In this 

region, the incident photon energy is enough to excite the core electron because of 

energy is equal or higher than the edge energy.  Because many atoms around the 

absorber atom behave as scattering centers of the photoelectrons wave, the final state 

of photoelectrons is contributed by the original and single scattered waves from the 

nearest neighboring atoms. We can extract the information of the interatomic distance, 

coordination number and species of neighboring atoms from EXAFS spectrum.  The 

EXAFS is described as a function of the wave vector k as: 

																								𝜒(C) = ∑ 𝑗 E"
$F%
C;%

$ x𝑓G(𝑘, 𝜋)x sin+2𝑘𝑅G + 𝜙G(𝑘)2𝑒(.H%
$C$𝑒(.;%/I(C)										3.11 

where 𝑁G is the number of neighbors in 𝑗 shell of surrounding atoms, 𝑘 is photoelectron 

wave vector, 𝑓G is the scattering amplitude, 𝑆0.(𝑘) is the amplitude reduction term due 

to many- body effect, 𝑅G  is radial distance from absorbing atom to 𝑗 shell, 𝑆0.(𝑘) is 

electron mean free path, 𝜎G is the Debye-Waller factor and 𝜙(𝑘) accounts for the total 

phase shift of the curve wave scattering amplitude along the scattering trajectory. 
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Figure 3.18 XAS measurement system at SUT-NANOTEC-SLRI XAS beamline (BL-

5.2), Synchrotron Light Research Institute (SLRI) of Thailand.  

In this thesis, the XANES and EXAFS spectrum were collected at the SUT-

NANOTEC- SLRI XAS beamline ( BL- 5. 2) , Synchrotron Light Research Institute 

( SLRI)  of Thailand.  We install the laser with wavelength 405 nm to illuminated the 

sample while measurement. All spectra of Ni K- edge were collected in fluorescent 

mode.  The EXAFS spectra were transformed by Fourier transform to real space using 

k3-weighting factor and a Hanning window. 

 



 

 

CHAPTER IV 

THE STUDY OF KERR ROTATION IN BISMUTH 

FERRITE (BIFEO3) 

 

The results of experiment and discussion on the study of light sensitive materials 

are reported in this chapter. This chapter is divided into three sections: the first section 

presents the results of the instrument installation and the analysis of the instrument to 

confirm the measurement accuracy. The second section is the characterization of 

BiFeO3/SrRuO3/SrTiO3 heterostructure. In this section, the experiment is devoted to 

characterizing BiFeO3 sample and explaining the Kerr rotation of BiFeO3 upon UV 

illumination. The BiFeO3 film morphology are evaluated by scanning probe 

microscope (AFM) and piezoresponse force microscope (PFM) is used to investigate 

the piezoelectric response. The third section is the study of the light induced Kerr effect 

in BiFeO3 film. The electronic structure of BFO which was placed upon ultra-violet 

illumination can be determined by using In-situ ultraviolet spectroscopy (UPS).  
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4.1 Experimental Investigation of MOKE 

 

 

 

 

 

 

 

 

 

Figure 4.1 Schematic illustration of longitudinal magneto-optical kerr effect (L-

MOKE) measurements. the inset is photograph of L-MOKE. 

 

One of the main objectives of this thesis is to set up a functional and reliable 

system to measure the magneto-optic Kerr effect. The standard method began with the 

MOKE arrangement, which forms the arrangement closest to Kerr's original 

experiment.  Measurements to test this system were done on Fe films of different 

thicknesses. The hysteresis loops were confirmed by comparing with other works. 

These results were compared the shape and the hysteresis loop's coercive field with 

literary works. It showed that our MOKE setup was accurate in the measurement of 

normalized magnetization and the coercive field.
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4.1.1 Magnetic hysteresis loop measurement 

The Fe film with different thicknesses was deposited using Molecular 

Bean epitaxial (MBE) techniques by controlling the thickness to equal 20 nm and 5 nm. 

The MOKE measurement was performed with four different angles using the methods 

described earlier. The result indicates the magnetic anisotropy, remnant magnetization, 

saturation field, coercive field, and the measured samples' squareness (see figure 4.2 

and 4.3). The MOKE system’s main testing was to compare the two films deposited 

with the same target to confirm the similarity and coercive fields. The results of the 

comparison show that the films produced similar hysteresis loops corresponding to the 

literature reports. 

 

 

 

 

 

 

 

Figure 4.2 Field dependence of the magnetization M in B parallel to surface of Fe films 

in the external applied magnetic field -200G to 200G (a) and a partial 

enlarged curve (b).

(a) (b) 



79 

We compared the two films which consist of the same composition to 

confirm the similarity and optical alignment. The comparison between the 0° or 

indentation of the first Fe film and of the 45°, 53°, 60°, 90° incident angle show similar 

hysteresis loops. We used LabView program to control the electronics component of 

MOKE system and collect high-resolution data through several loops measurement and 

sum over the intensity. This method gives a normalized hysteresis loop without loss of 

the detail. The magnetic hysteresis loop of several angular orientations of the Fe films 

with respect to the plane of incidence show in figure 4.3. 

 

 

 

 

 

 

 

Figure 4.3 Normalized hysteresis loops of Fe film at the angles of 45°, 53°, 60°, 90° 

orientation. 

According to the theoretical description, the DC curves are a direct result 

of the Kerr effect, therefore we get enough estimate of the Kerr rotation using Malus’ 

law, which used to calculate the angle between two polarizers and estimate the DC Kerr 

effect. However, in our experiment, instead of calculating the angle between two 

polarizers, the angle between the polarizer and the analyzer is determined using the
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calibration curve. By carefully measuring intensity versus the analyzer angle through 

manual rotation, the angle of the analyzer at the maximum variation was set. This 

measurement however is just a estimate but enough to study the magnetism of thin 

films. It was found to be highly dependent upon the extinction ratio of the analyzer. In 

our experiment, we used the Glan-thomson polarizer with the extinction ratio 1:106, 

extinction ratio (or contrast ratio) is the ratio of transmitted polarized light intensity 

through polarizers set at an angle parallel to polarization vector to an angle 

perpendicular to polarization vector of light.  
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4.2 Characterization of BiFeO3/SrRuO3/SrTiO3 heterostructure 

4.2.1 Details of BiFeO3/SrRuO3/SrTiO3 fabrication 

            In this experiment, we took the example given by Dr. Wittawat 

Saenrang, BiFeO3/SrRuO3/SrTiO3 were prepared starting with (001) SrTiO3 single- 

crystal substrates with 4° miscut toward [110]pc direction (Baek et al., 2010). A 35 nm 

thick SrRuO3 (SRO) bottom electrode layer is deposited by 90° off-axis sputtering 

(Eom et al., 1989) at 600 °C followed by 400 nm of BiFeO3 (BFO) films grown by 

double- gun off-axis sputtering at 750 °C with Ar:O2 ratio of 4:1 at a total pressure of 

400 mTorr (Das et al., 2006). In sputtering process, we used BiFeO3 target contains 5% 

excess Bi2O3 to compensate for bismuth volatility (Das et al., 2006). The substrate 

miscut caused the growth of a single ferroelastic domain variant, while the SrRuO3 

bottom electrode induced an electrical boundary condition caused the ferroelectric 

down r1 – state (Baek et al., 2010) because of the depolarization field can be screened 

by free charge at the electrode during film growth (Fong et al., 2006). 

 

4.2.2 Crystal structure characterization by X-Ray diffractometer (XRD) 

 

 

 

 

 

 

Figure 4.4 The XRD spectra of BFO/SRO/STO (001) mono domain film.
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Figure 4.4(a) shows X-ray diffraction pattern scanned in the θ-2θ range of BFO film 

grown on SRO film with sputtering technique on (001) - STO substrate. The sample's 

primary diffraction peak indicates (001) - and (002) - the STO surface. The BFO film 

shows the peaks (001) and (002) corresponding to the substrate without any secondary 

phase. This reveals the BFO film has a direction (001) along with the normal orientation 

of the substrate in BFO film on SRO (001) / STO (001). Moreover, we can distinguish 

(002) the BFO, SRO, and STO peak due to the SRO off-plane lattice parameters, which 

grow by sputtering equal to 0.399 nm in pseudocubic symmetry. This result indicates 

the relationship between epitaxial cube-on-cube as follows: BFO 

(001)/SRO(001)/STO(001). Clearly, the XRD peaks are good agreement with previous 

work (Yuan et al., 2009). Moreover, the stain in the BFO/SRO/STO heterostructures 

was extracted from XRD patterns. According to literature review, no epitaxial strain 

SRO (δ~0) thick film film has the pseudocubic crystal lattice equal to ~0.3922 nm, 

STO(δ~0) crystal substrate ~0.3906 nm, and ~0.3965 nm for BFO (δ~0) crystal  (Chu 

et al., 2006; Wang et al., 2003; Zhao et al., 2006). Figure 4.2(b) show that 002 

diffraction peaks of BFO film are slightly higher than (or close to) the 45.770⁰ expected 

for BFO (𝛿~0)	crystal, indicating that our BFO films are weakly strained (namely is 

relaxed by a higher 	𝛿 ). To analyze the evidence of small compressive strain in 

BFO/SRO/STO, the 002 diffraction peaks of BFO films was fitted by a peak with 

2𝜃!!" ≤ 45.57° yield c axis is larger than  0.3979	𝑛𝑚 , which close to c-axis of BFO 

crystal mean that the relaxation of compressive strain between the BFO film and the 

SRO layer. We suggest that this effect may be induced by the density of oxygen vacancy 
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(V#$) that is enough to relax the compressive strain and when V#$ diffused to SRO, it 

induced the lightly expanded c axis.  

 

4.2.3  Surface Structure Analysis by Atomic Force Microscope 

  We determined the surface morphology of BiFeO3 film in the virgin 

state, atomic force microscopy (AFM) was performed to characterize the 

BFO/SRO/STO surfaces and roughness. The scan area of 8 µm x 8µm and 2 µm x 2µm 

was chosen to show the surface morphology in the largest area that the microscope can 

observe and allows confirmation that the BiFeO3 film has a uniform domain at least 

over this large area. 
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Figure 4.5 Surface morphology of the heterostructures. Atomic force microscope 

(AFM) images showing smooth surface morphology of both as-grown 

BiFeO3 (RMS roughness ~ 4.0 nm). Scale bar equal to 1 µm. Step bunching 

occurs to accommodate structural relaxation during BiFeO3 growth on 

miscut SrTiO3 substrates in area 8x8 µm (a), 4x4 µm (b), and 3D image of 

morphology (c). 

(a) 

1 µm  

(c) 

(b) 
1 µm  

[110
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Microscopic analysis by atomic force microscope is quantitatively 

measurement for surface roughness in nanoscale dimension and for the surface texture 

visualization. We measured the surface texture of BFO films with horizontal length 

scale of 4 microns and a vertical length scale of 5 nm which is not impact to optical 

properties. The AFM image was scanned in an AC scanning mode with a deflection set 

point of 0.2 V and at a scanning rate of 0.5 Hz. The spring constant of the tip is 2 N/m. 

The surface morphologies of BFO film are shown in Figure 4.5(a)-(b). It shows that the 

surfaces are smooth enough for PFM scanning and no random defect. The image shows 

the uniform distributed shape of the hills and valleys. Three-dimensional (3D) AFM 

images is shown in Figure 4.4(c). The surface roughness of BFO films equal to 4 nm, 

without any changes of surface morphology when the sample is under UV laser. On 

right hand side of Figure 4.4(a)-(b) show an analysis of the roughness derived from the 

XEI program of XEI’ s Park System.  

4.2.4 Piezoresponse force microscope (PFM) analysis. 

 

 

 

 

 

 

Figure 4.6 PFM image showing polarization domain structures of (001)-oriented 

BiFeO3 film.
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The piezoresponse force microscope (PFM) is performed to illustrate the 

piezoelectric response of BFO film. The resolved amplitude image of BFO films sample 

exhibit a piezoelectricity derived from PFM amplitude histogram. In figure 4.6, PFM 

phase images of the out-of plane polarization show the majority amount of the mono-

domains in BFO films are oriented with the polarization upward (bright brown), and 

domains containing the polarization oriented downward (dark brown). The schematic 

of scan area is shown. After switching from up to down polarization state of the middle 

area, the out-of-plane PFM images show the same contrast as the unswitched area. This 

confirms that the polarization of the switched area from up to down state has the same 

polarization as the virgin state. This confirmation is useful to study a one-to-one 

correlation between order parameters of BiFeO3 to exploit deterministic light coupling 

without the complicated effect caused by domain walls. The previous experimental and 

theoretical studies demonstrated that rotation of P away from the [111]pc towards the 

[001]pc direction caused by an in-plane compressive strain (Ederer and Spaldin, 2005; 

Jang et al., 2008). When the 𝑐/𝑎 ratio exceeds 1.1, the P has been found to be almost 

parallel to the 𝑐  axis (Hatt et al., 2010; Zhang et al., 2011). Moreover, BiFeO3 

possessing the ferroelectric monodomain also exhibits a single antiferromagnetic 

domain with the propagation vector along the film’s plane and a spin-cycloid 

orientation that differs from bulk single crystals (Saenrang et al., 2017).
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4.3 Magnetic-optical effect (MOKE) measurement 

 

 

 

 

 

 

Figure 4.7 Schematics of MOKE experiment configurations for magnetic field applied 

parallel to the surface. 

 

 

 

 

 

 

Figure 4.8 Magneto-optical hysteresis loop measured by MOKE for a BFO/SRO/STO 

film, measured in external range -1600G to 1600G at RT. 

  Kerr rotation of epitaxial BFO/SRO/STO heterostructure thin films was 

performed in magnetic field from -1600G to 1600G at room temperature following the
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configuration shown in figure 4.7. The probed signal was measured via modulation of 

a lock-in amplifier and then be subtracted the background signal by comparing with 

Kerr rotation of the aluminium mirror. We observed the variation of Kerr angle upon 

increasing the external magnetic field. The change in Kerr angle reaches around 0.52 

mrad at Bext = 1600G comparing with at Bext = -1600G. A small coercivity (loop) is 

observed, consistent with previous reports (Catalan and Scott, 2009; Lu et al., 2010; 

Shimada et al., 2014; Yan et al., 2015). The plot shows linear characteristic in low 

magnetic field range and passes through the origin, representing that our film exhibits 

a good magneto-optical response with high resolution. Clearly, M-H curve indicate that 

surface of sample behaved like weak ferromagnetic at 300K. The small spin canted 

moment in BiFeO3(~0.06	𝜇% 	𝐹𝑒&')(Ramazanoglu et al., 2011) caused by the 

Dzyaloshinskii-Moriya interaction(Dong et al., 2009; Rahmedov et al., 2012). 

Normally, the spin-cycloid structure in BiFeO3 single crystal make the net moment 

averages to be zero over a cycloid period (~62 nm) (Catalan and Scott, 2009). The 

suppression of the spin cycloid in BFO/SRO/STO heterostructure e.g. due to strain in 

this film, give rise to the formation of collinear G-type ferromagnetic order which  

orthogonal ferroelectric polarization vector <𝑃>⃗ @ , Neel vector <𝐿>⃗ @, and canted moment 

<𝑀>>⃗ (@ together induce the intrinsic weak ferromagnetism in BiFeO3 (Ramazanoglu et 

al., 2011; Saenrang et al., 2017). 

Moreover, based on this optical equipment layout of MOKE, we utilized a 

magneto-optical Kerr magnetometer (MOKE) as an instrument to observe the Kerr 

rotation in a additional designed device to measure the Kerr rotation of epitaxial 

BFO/SRO/STO thin films upon ultraviolet laser (wavelength 405nm) illumination. To
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study the interesting phenomenon, which is named as light-enhanced Kerr rotation 

effect. Laser with wavelength of 405 nm was installed along the direction perpendicular 

to the surface. The result shown the effect of laser induced Kerr rotation by two-fold 

magnitude at a light intensity equal to 500mW/mm2. Interestingly, As can see, the 

vertical shifting of magneto-optical hysteresis loop to lower as well as higher depending 

on the angle of polarizer (discussed in Figure 4.9). This vertical shifting is due to the 

constant additive of the polarization plane rotation angle. Moreover, we also found that 

this additive doesn’t depend on the direction and magnitude of the external magnetic 

field.   

   

 

 

 

 

 

Figure 4.9 Angle of analyzer setting(a) right (forward setup) (b) left (backward setup) 

of Kerr angle measurement under ultraviolet illumination. 

Figure 4.9(a) and (b) show the results of the analyzer (Glan-Thomson polarizer 

with extinction ratio 1:106) angle adjustment, which give the different direction signal. 

We take advantage of this setting to ensure that the polarization plane of reflected light 

indeed rotated.

(a) (b) 
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Figure 4.10 Restoration of Kerr rotation variation after turn off UV laser. 

The variation of Kerr rotation gradually decreases among UV irradiation time 

which is shown in Figure 4.10. Before and after UV irradiation, the hysteresis loop 

indicates the change of Kerr angle; however, the slope of the graph remains the same. 

This behavior indicates no difference of susceptibility, which may refer to electric field 

domination rather than magnetism. Kerr angles gradually change under UV irradiation 

(power density 180 mW/mm2) and saturated with the change of kerr angle to be around 

0.23 mrad for forward setup. This effect is opposite for the backward optical polarizer 

setup, indeed indicates the rotation of the optical polarization plane of reflected from 

BFO/SRO/STO.  

According to literature reports, the gradually occurrence of internal electric field 

can approximated via bulk photovoltaic measurement in which BFO has been report 

Voc of single domain BFO equal to -0.25V which converted into electric field equal to 

19.2kV/cm (Guo et al., 2020; Zhou et al., 2014) and in multi-domain equal to -7V in 

the perpendicular geometry (Yang et al., 2017). And for parallel geometry 

measurement, it was found that single crystal BFO exhibited a Voc of -28V in its pristine 

state, which is above the band gap (Yang et al., 2015). Moreover, it has been reported
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that light can induced the photovoltaic effect in BFO depend on two competitive 

contribution i.e. ferroelectric polarization leading to increment of the internal bias field 

caused by a nonuniform distribution of oxygen vacancies (Ji et al., 2010) and electric 

field screening by the light generated charges as an electric polarization averages 

reduction in the sample (Kundys, 2015).  

Moreover, it was known that all the BFO thin films show linear electro-optic 

(EO) behavior which strong response to the electric field orientation (Zhu et al., 2015). 

The electric field induce refractive index linearly changes namely pockels effect also 

resulting in plane of laser polarization rotation. The field-induced refractive index 

changes (birefringence) is given by ∆𝑛 = 	− '
"
𝑛)𝑟*++𝐸  where 𝑛 and 𝐸 are the refractive 

index and the applied electric field, respectively. At this point of view, we believed that 

the electric field arising from the photovoltaic effect can drive EO response in BFO. 

Although the electric field obtained from the photovoltaic effect is much smaller than 

the ferroelectric coercivity, however, to prove that a small electric field produced by 

the photovoltaic effect can cause a change in the refractive index through the MO 

phenomenon, we experimented with applied the small electric field in the perpendicular 

direction. The results of this study will be discussed in section 4.5.
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4.4 Summation of magnetic and electric (laser) fields via Kerr 

angle 

 

 

 

 

 

 

Figure 4.11 (a) Utilization of Kerr angle rotation. (b) magneto optical coupling at 

constant external magnetic field -200G and 200G. 

 In this part of experiments, we can add or subtract the Kerr angles rotation 

resulting from both magnetic field and laser irradiation. In the graph, we can add 

magnetic field state 0 and electric field state 1, and the result will be state 1; adding 

magnetic field state -1 and electric field state 1, the result will be in state 0, adding 

magnetic field state -1 and electric field state -1, the result will be in state -2 and so on. 

As far as we are aware, this is the first time showing that we can couple both magnetic 

and electric fields via Kerr rotation.  This result also promises a new type of device that 

a couple of magnetic fields, electric fields, and laser irradiation. we present a possible 

implementation of optically induced Kerr rotation and magneto-optical Kerr rotation in 

single phase BiFeO3 to fabricate multi-state at room temperature. Namely, this state
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could be written by applying ultraviolet laser with wavelength 405 nm and magnetic 

field, and read out by measuring its Kerr rotation signal.  

In this graph (figure 4.11(b)), a constant external magnetic field of -200G and 

200G is placed under the laser on and off. The resulting data are plotted on the axis of 

the magnetic field and the Kerr rotation. In the graph, the Kerr angle due to a 

combination of the light-induced Kerr rotation with magnetic field-induced Kerr 

rotation show to be six states. 

4.5 In situ Kerr rotation measurement under external electric field 

and laser application. 

 

 

 

 

 

 

Figure 4.12 Schematics of MOKE experiment configurations for magnetic field 

applied perpendicular to the BFO/SRO/STO surface (a). electric-optic 

coupling of BFO/SRO/STO via measured Kerr angle (b). 

Magnetic hysteresis Kerr loop was performed under external constant electric 

field application. Figure 4.12(a) show schematic configuration of Kerr signal measured 

with a bias electric field of 17.5 kV/cm.  Constant electric field was applied while
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hysteresis loop measurement while external magnetic field (figure 4.12(b)), the external 

electric field with magnitude 17.5 kV/cm was applied while external magnetic field 

equal to -360G until to 360G, then the external electric field was turn off. This result 

shows the magnetoelectric coupling via Kerr rotation in characteristically linearly 

summation resulting in the vertical shift of Kerr rotation similar to light induced Kerr 

rotation. 

 

 

 

 

 

 

 

Figure 4.13 The time resolve Kerr rotation of BFO which respond to the external 

electric field at different external electric field. 

  Time resolve measurements of Kerr angle variation in a BFO were carried out 

for different magnitudes of the bias electric field in order to study the coupling between 

the Kerr rotation and the electrical field. A bias field of 8KV/cm, 12KV/cm, 16KV/cm, 

respectively, was applied perpendicular to the surface. The dependence of the Kerr 

rotation enhancement upon the field strength shown in the figure 4.13, change in Kerr 

angle as a function of applied electric field was indicated. The change in Kerr rotation
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with respect to the increase in the external electric field can be observed. For more 

detail, the Kerr rotation suddenly increases as the electric field is turn on, and then Kerr 

angle gradually drop as the electric field is turn off. This result indicates that Kerr effect 

in BFO can be induced by applied external electric field. The present of local 

polarization variation in BFO/SRO/STO, although an external applied electric field is 

not as strong as the remanent polarization coercive field of BiFeO3. Our data are 

compatible with optical induced Kerr rotation results (Figure 4.16).  

 

 

 

 

 

 

 

Figure 4.14 The Kerr rotation behavior in terms of four different power density 

(≤140 mW/mm2) in time resolve Kerr rotation of BFO which respond to 

the ultraviolet stimuli at different power density. 

The experiment changing the laser power density was preformed to studies the 

behavior of Kerr rotation. We have studied the evolution of the photo-enhance of the 

BFO films as a function of incident light intensity. Figure 4.14 shows the evolution of 

Kerr rotation upon laser illumination with wavelength 405 nm, above light powers

remanence 
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density of ~ 70mW/mm2 to ~ 140mW/mm2 for 300 second. From the experiment 

results, it was found that the curves were changed with the intensity by modifying the 

UV intensity over equal intervals. And found that there was an outstanding remanence 

Kerr rotation after turning off the laser. The inset show relation between laser power 

density and Kerr rotation tends to saturate under power density of irradiation over 600 

mW/cm2 which beyond the limit of our instrument. 

 

 

 

 

 

 

 

  

Figure 4.15 PFM of BFO/SRO/STO under light and dark condition. 

PFM image show out of plane polarization of BFO in the dark and light 

condition. Surface potential related to intrinsic polarization was measured, the result 

show that ferroelectric polarization of BFO was decrease after UV illumination.  

Namely, depolarization field caused by Bulk photovoltaic effect (BPV). Consistent 

with the research of Yang group (Yang et al., 2009) which propose that oxygen 

vacancies are able to move upward direction and accumulate near the top surface after

(a) 

(b) 



97 

the applied electric field is turned off, this can result in ferroelectric depolarization 

screening in BFO. 

4.6  Relaxation of photo-induced Kerr rotation in BiFeO3 

In this part of experiment, we report the investigation of the effect of light 

intensity on Kerr rotation variation in BFO/SRO/STO heterostructure. The continuous 

laser with the wavelength of 405 nm was used as the excitation light source in the 

experiment. Figure 4.16(a)-(b) show the time-resolved Kerr rotation with laser-on and 

off conditions upon uv illumination with 70 mW/mm2 and 140 mW/mm2 power density 

on for 300 second, respectively. As noted in figure 4.16(a), Kerr rotation raise 

immediately when laser is turning on, and then falls as soon as laser turning off and 

then gradually decrease to the initial level. Figure 4.16(c)-(g) show unpredictable 

variation of Kerr rotation upon UV illumination with power density between 250 to 500 

mw/mm2. This phenomenon can be understood that the internal electric field separate 

the photon generated electron-hole pair and the electrons move to the surface, while 

holes move to the interface of BFO/SRO, and therefore suggest that Kerr rotation was 

induced. When the laser is turning off, the electron-hole pairs recombine, leading to the 

rapid fall of Kerr rotation and contribution to polarization to gradually fall of Kerr 

rotation.
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Figure 4.16 (a)-(g) show time-resolved Kerr rotation upon uv illumination with 70 

mW/mm2 to 600 mW/mm2 power density on for 300s. 

In our discussion, UV illumination can disturb the magnitude of the spontaneous 

polarization in BFO which has a electronic interactions with light namely bulk 

photovoltaic (BPV) effect caused by non-centrosymmetric crystal structure. An 

anomalously large open-circuit voltage (𝑉,-) exceeding the bandgap can be generated 

in BPV effect. Large open-circuit potential affects the optical properties of materials, 

e.g. refractive index, and also trigger polarization switching in ferroelectrics under 

illumination. For example, the largest electric field magnitude generated by the VOC in 
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BFO thin films equal to ≈ 5.5	𝑘𝑉	𝑐𝑚&'  that is smaller than coercive field of 

BFO.(Bhatnagar et al., 2013; Nakashima et al., 2016) 

 

 

 

 

Figure 4.17 Schematic diagram model of photo-induce depolarization in macroscopical 

perspective. 

Figure 4.16 show the lifetime of UV induced Kerr rotation which is much longer 

than the photo-generated charges lifetime (approximately 100-200 ns)(Yamada et al., 

2014). It could be possible scenario the photo-generated charges have completely 

recombined as soon as the laser was turned off. Therefore, the observed Kerr rotation 

enhancement is not likely to be caused by the photo-generated carriers but results from 

some other effect with a long lifetime. We suggest that such charges might be the 

bounded charges and the screening charges because screening charges are unavoidably 

accumulated on the surface of ferroelectrics to balance the polarization’s bounded 

charges. In many cases, the amount of the screening charges are slightly more than the 

bound charges, or is called the overscreened non-equilibrium charges. The coulomb 

repulsion act on this charge make it diffuse away or desorb from the surface until system 

enter a screened equilibrium state. This diffusion or desorption of overscreened charges 

slowly occurs due to the polarization trapping effect. We suggest that illumination of 

UV laser have some long-period influence on the polarization and change the balance

UV laser  𝜆 = 405	𝑛𝑚 
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between the surface-adsorbed screening charge and the bound charges. However, it 

might be the photo-induced depolarization that cause overscreening of surface-

adsorbed charges, which can be maintained for hours after the illumination (figure 

4.17).  

Furthermore, according to the radiated graph with a laser power density of 70, 

140, 250 , 400 , 500  mW/mm2 , respectively, it can be seen that as soon as the light is 

turned off, the Kerr rotation decreases rapidly then reveal remanence Kerr rotation. In 

contrast, reveals a gradual increase in the gradual change when irradiated sample with 

≥ 250 mW/cm2. Remanence Kerr rotation after turning off at 1000s delay time was plot 

versus power density of light show in figure 4.20 show linearly increases during light 

irradiation with power density 70-500 mW/mm2. That light has an end. Found that when 

adjusting, the light intensity increased gradually. If the light intensity is greater will 

result in a decrease in the curves. It is assumed that this is the result of leakage current. 

It has been reported that in the BFO, there is a leakage of charge, and it is reported that 

oxygen vacancy makes polarization much worse.
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Figure 4.18 Relaxation of Kerr rotation as a function of time (a), remanence Kerr 

rotation depending on laser power density (b).  

4.7 In-situ photoemission spectroscopy (PES) 

To understand the mechanisms of the light-sensitive behavior in 

BFO/SRO/STO heterostructure, the BFO's electronic structure was measured by 

ultraviolet imaging (UPS) spectroscopy. The in-situ PES measurements were 

performed in ultra-high vacuum (UHV) upon laser illumination with power density 250 

mW/mm2 at room temperature.
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Figure 4.19 The evolution of the valance band (VB) spectra of BFO mono-domain film 

measured from the initial surface to the exposed surface. The shifts in the 

binding energy of O2p valence electrons state while the C1s (inset) is 

located at the same energy.  

 Here, we discuss the corresponding changes in the oxygen valence band. Figure 

4.19 shows angle-integrated photoemission (AIPES) valence band spectra for different 

exposures to UV laser (𝜆 = 405	𝑛𝑚. ). At t = 0 (black line), the spectrum shows clear 

oxygen 2p (O2p) states mix with initial oxygen vacancy state between ~ 3-12 eV, As 

the exposure time increase, the spectral weight of O2p state decrease slightly and highest 

edge shifts to lower binding energy. Moreover, oxygen vacancy state edge significantly 

shifts to lower binding energy. This indicates an increase in valence band maximum to 

surface Fermi level. Together with the valence band shift we also observe a broad in-

gap state developing at binding energy of ~2 eV. We consider that this state is likely 

associated with double-oxygen-vacancy at the surface. Corresponding to the literature
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report that double-oxygen-vacancies cluster in solid can induce deep in-gap states 

located at 1.5~2.0 eV below the CBM (Li and Wei, 2021). 

The as-prepared BFO sample was measured (e.g., 0-minute irradiation, black 

spectrum in Figure 4.19). UPS spectrum show the O2p state with a binding energy of 

approximately 6-8 eV was in close position compared to other metal oxides imply that 

good electrical contact between the sample and the holder. The O2p state suddenly shift 

to lower binding energy in first doping condition (10 second of UV exposure) as 

illuminated by brown spectrum in figure 4.19. The UPS spectrum of 90s condition 

clearly show a significant shift of 0.4eV to lower binding energy (the purple spectrum 

in Figure 4.19). Moreover, an inter-gap peak appear at around 4eV and 2eV can be 

indicated to be the oxygen vacancy state (V0)(King et al., 2012; Masingboon et al., 

2013) and double oxygen vacancy state(V0++). Furthermore, after UV illumination (hv= 

3.06 eV), the C1s state was also measured. The result show no binding energy shift of 

C1s state (inset in figure4.19) confirming the peculiar character of BFO. We did the 

standard Gaussian fitting and extract the continuous shift of O2p state as a function of 

UV exposure time. We found that shifting reach the value as high as 243 meV at a 

maximun UV irradiation time as summarized in figure 4.20 

Anomalous shifts appear in the region of the valence band toward lower binding 

energy with increasing electron doping via illumination time which suggests a direct 

effect of negative electronic compression (NEC).  Possible that the coupling between 

Kerr rotation and BFO can occur together with NEC effect. Moreover, we can meet a 

small peak of double ionized oxygen vacancy state when we shine the light for long 

time.
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Figure 4.20 XPS spectra for valence band of the BFO and the Gaussian fitting, upon 

laser irradiation time is a) 0s, b) 10s, c) 20s, d) 30s, e) 60s, and f) 90s, 

respectively.

(a) (b) 

(c) (d) 

(e) (f) 
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 It has been report that the creation of oxygen vacancy states induced by light 

irradiation can control carrier densities on metal oxide surface (Meevasana et al., 2011). 

Ultraviolet photoemission spectroscopy (UPS) reveal a signature of negative electronic 

compressibility (NEC) of BFO (figure 4.19) upon light illumination, the experimentally 

observed change indicate that the NEC may plays a role, which imply that there is an 

interplay between NEC and Kerr rotation enhancement. These may be begun of a new 

synthetic route to fabricate the light-sensitive Kerr devices.  

  



 
 

 

CHAPTER V 

THE STUDY OF PHOTO-ENHANCED MAGNETISM IN 

NI/BI2TE3 

 

This chapter's contents report the study of ferromagnetic properties of Ni/Bi2Te3 

thin films, which were induced by laser with wavelength 405 nm. It all started with the 

preparation of nickel film on Bi2Te3 by the chemical electroless deposition technique. 

The experimental results on the study of photo-enhanced magnetism in Ni/Bi2Te3 are 

only reported in this chapter. The content in this chapter is divided into three sections: 

the first section describes the preparation of the Ni/Bi2Te3 sample. The second section 

reports the results of the samples characterization was done by various techniques to 

understand morphology, chemical composition, and microstructure using a scanning 

electron microscope (FESEM), energy dispersive X-ray (EDX). In the third section, in-

situ MOKE was set up and operated under dark and light laser irradiation. This section 

presents a concept providing a significant enhancement in coercivity upon laser 

illumination, and the results of the electronic structure during laser irradiation were 

measured by in-situ X-ray absorption near edge structure (XANES) and X-ray 

photoemission spectroscopy (XPS). 
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5.1 Electroless deposition of nickel 

Figure 5.1 shows the cyclic voltammogram (CV) of Bi2Te3 in a pure electrolyte 

solution of HCl(pH=3) + 20 mM NaCl (black curve) and in the electrolyte solution 

containing 40 mM NiCl2 (red curves) taken with a scan rate 30 mV s-1. In the pure 

electrolyte, the potential range at the anodic limit of CV measurements show bismuth 

dissolution reaction (BDR) at 0.15 V followed by the appearance of a pronounced 

cathodic peak around -0.15 V in the reverse potential scan. This cathodic peak indicates 

the redeposition of the dissolved Bi2Te3, which can be negligent. An exponential 

growth of the cathodic current appears at Ework = -0.65V showing a hydrogen evolution 

(HER). Because of we used a Pt counter electrode (Pham et al., 2007; Tsay et al., 2010). 

The small amount of Pt dissolved from the counter electrode may deposit at the working 

electrode, cause a farther inception of hydrogen evolution. After adding 40 mM NiCl2 

and setting the range of CV measurements at -0.2 V to -1.0 V, the shape of the CV 

(curve b) looks similarly to curve a. the BDR starts at 0.16 V and the HER starts farther 

at around -0.96 V. For the turning point at -0.7V (curve d), the strip-off CV curve 

indicate no significant Ni deposition. Further CV measurements (curves e–g) show that 

the P1 broad peak grows after extending the cathodic potential, indicate that P1 is a 

result of the dissolution of Ni.  

CV result show cathodic current at ∼−0.55 V vs Ag/AgCl and a broad peak 

(C1)  at ∼−0.8 to -0.9 V vs Ag/AgCl related to Ni nucleation and reduction.  The Ni2+ 

reduction potential was shift due to a nucleation barrier (Ivanova et al., 2007). The 

current increases extremely when the scan go to more negative potentials (>−0.9 V vs 

Ag/AgCl), corresponding to nickel deposition and simultaneously H2 gas evolution. 
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We can see the formation of H2 gas bubbles at the edges of the sample on the WE 

beyond −1.0 V vs Ag/AgCl.  It has been reported that adsorbed hydrogen molecules 

caused Ni-hydrogen alloys which deter the growth of nickel film. (Cui and Lee, 1995; 

Fleischmann and Saraby-Reintjes, 1984; Singh et al., 1990). To avoid Ni-hydrogen 

alloy formation and prevent the film's surface from being destroyed by H2 evolution, in 

sample preparation, it defines potential in electroless deposition must not higher than -

0.9V. In this experiment section, performed the electroless deposition of nickel with 

chronoamperometry mode at Vbias = -0.86V, and current of deposition was shown in 

figure 5.2 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Cyclic voltammogram of Bi2Te3 in 1 mM HCl (curve 1) and 1mM HCl/1 

mM NiCl2 (curve b to g) solutions, dE dt⁄ = 30	mV	s!".

Ni2+ + 2e- = Ni 

HER 
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Figure 5.2 Chronoamperometry of Ni electroless deposition on Bi2Te3 at Vbias = -  

 0.86V. 

5.2 Morphology characterization 

The morphology of the Ni film on Bi2Te3 substrate was characterized by 

scanning electron microscope (SEM)  as shown in Figure 5.3.  The Ni film with the 

deposition time equal 5s to 300s were deposited to estimate the growth rate of films. 
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Figure 5.3   SEM micrographs of surface morphologies of (a) Bi2Te3 substrate before 

Ni electrodeposition, (b)-(c) Ni/Bi2Te3 after Ni electrodeposition for 60s 

and 300s, (d) Ni/Cu after electrodeposition for 60s, and (e) Cross-

sectional SEM micrographs of electroplated Ni layers with 300s 

deposition time on (e) Bi2Te3, and (f) Cu substrate. 

 
As we know that surface roughening of the Bi2Te3 surface is a parameter 

affected to adhesion between an Ni layer and Bi2Te3 substrate. Therefore, it was set to

(c) 

200 nm 

(d) 

200 nm 

(e) 

1 µm 

575.5 nm 565.7 nm 558.2 nm 

(f) 
480.1 nm 463.1 nm 467.8 nm 468.9 nm 468.3 nm 

200 nm 

(a) 

200 nm 

(b) 

200 nm 



111 
 

be done regularly to peeling off Bi2Te3 to get virgin surface, as shown in figure 5.3(a), 

SEM image show the surface morphology of the cleaved Bi2Te3 substrates is very 

smooth after peeling. After electrodeposition of Ni, the Bi2Te3 surfaces are covered 

with a uniform Ni layer with a fine-grained nanostructure, as shown in figure 5.3(b) 

and (c). Similar SEM image are also observed for the electrodeposition of Ni on the 

copper (Cu) substrates, figure 5.3(d). The cross-section SEM image indicate the 

interfacial adhesion between the Ni layer and Bi2Te3 or Cu substrate looks strong, as 

show in Figure 5.3(e) and (f), respectively. 
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5.3 Chemical composition analysis by EDX 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.4 EDS analysis. Quantitative chemical composition analysis of as- prepared 

Ni/Bi2Te3 and Ni/Cu as shown in the SEM image. (a) The SEM image of 

as-prepared Ni/Bi2Te3 sample. (b) The SEM image of Ni/Cu sample. (c) 

The cross-section SEM image of Ni/Bi2Te3 sample. Table 1 EDS data 

recorded on the Ni/Bi2Te3 sample. Table 2 EDS data recorded on the Ni/Cu 

sample.

Table 1 

Spectrum Ni 
(at%) 

O 
(at%) 

C 
(at%) 

Ni/Bi2Te3 89.44% 1.28% 9.28% 
 

(a) 

Table 2 

Spectrum Ni 
(at%) 

O 
(at%) 

C 
(at%) 

Ni/Cu 78.47% 1.94% 19.59% 
 

(b) 

(c) Color of 
line 

spectrum 

element 

Yellow Ni 
Blue Te 

Green Bi 
Purple Pt 
Red C 
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The results obtained from the EDX analysis of each structure shown in SEM 

images are tabulated in the Table (Table 1 and Table 2) on the right-hand side of the 

SEM image. The Ni/O ratios of the Ni/Bi2Te3 sample are approximately 70/1, ascribed 

to the Ni metal film. In the Ni/Cu sample, the Ni/O ratios are approximately 40/1, which 

cannot be identified as the oxidation of nickel (Ni) to the nickel oxide (NiO) formation. 

Therefore, these results confirmed that the Ni metal was formed on a Bi2Te3 and Cu 

substrate and we consider the oxygen as the contamination. 

5.4 Magneto-optical Kerr effect measurement (MOKE) of 

Ni/Bi2Te3 

5.4.1 Light-induced changes in coercivity 

 

 

 

 

 

 

 

Figure 5.5 Magnetization versus applied magnetic fields as measured in the dark and 

light states of Ni/Bi2Te3 with deposition time 60s.
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The narrowing modifies the M-H hysteresis loop of the Ni film (figure 5.5), as 

revealed by the longitudinal magneto-optic Kerr effect (MOKE) magnetometer. The 

shape of the initial M(H) loop is modified after light exposure, with a change in 

coercivity of 57.89%, which remains stable over a long period. MOKE hysteresis loop 

measurements were performed at room temperature before and after excitation. This 

result show here, report the ferromagnetic hysteresis loop of heterostructure of 

Ni/Bi2Te3 which deposition time equal to 60s. After chemical preparation, magnetic 

characterization was performed immediately by MOKE magnetometer. Changes in 

coercivity with respect to light were observed, the coercivity of Ni/Bi2Te3 in dark state 

equal to 95G, and when the sample was irradiated with 405 nm ultraviolet laser in the 

light state, the coercivity is 40G. Moreover, saturate magnetization increased. The 

magnetic behavior was evaluated via measurements of the hysteresis loop obtained by 

MOKE at room temperature. A substantial decrease in coercivity was obtained for the 

light exposed sample (𝐻# = 40 ± 5𝐺) compared with the non-exposed sample (𝐻# =

95 ± 5𝐺) . To understand the microscopic mechanism that induce light-sensitive 

behavior of Ni/Bi2Te3, Magneto-Optical Kerr rotation show the longitudinal magneto-

optical Kerr effect (L-MOKE) hysteresis loops of the prepared sample upon UV 

illumination. It is evidently verified that a narrowed Kerr hysteresis loop is observed by 

increasing the power density of laser to 500 mW/mm2. Similarly, the saturation 

magnetization was enhanced simultaneously. It has been clarified that this effect is 

contribution of substrate to compare, not present of light-sensitive behavior on Ni/Cu 

sample.
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Figure 5.6 Magnetization versus applied magnetic fields as measured in the dark and 

light states of Ni/Cu with deposition time 60s. 

5.5 Ultraviolet photoemission spectroscopy (UPS) analysis of 

Ni/Bi2Te3 

UPS was used to understand the intrinsic mechanism that drive the light-

sensitive behavior at the surface of Ni/Bi2Te3. Because of the deposition time effect to 

the thickness and porosity of film, we selected the sample with 60s deposition time to 

investigate the mechanism behind the interface between Ni film and Bi2Te3 substrate., 

The Bi5d and Te4d spectra were recorded at 90 eV photon energy to get the elite surface 

sensitivity and spectral resolution. The XPS spectra of Bi5d, Te4d, O1s core levels with 

as-prepare (dark) and light condition were recorded to investigate the chemical bonding 

states. Consider the case of Bi spectrum shown in the Figure 5.7(a), the main Bi5d peak 

has the spin-orbit splitting and split into a 5d5/2 and 5d3/2 doublet located at 24.85 eV 

and 27.95 eV agreement with the literature data (Yashina et al., 2013). Another doublet
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peak of Bi is shifted towards higher BE values, indicating that the oxidation state of 

Bi− occur while preparing sample. The spectra show a reliable separated spin-orbit 

component of around 11.5 eV which is typical of the presence of Bi2+. We suggest that 

there is the mechanism of oxidation in aqueous solution as well as in liquid water in 

preparation process, the surface product formed at the beginning of the preparing 

process including an oxidized tellurium with a chemical shift of +1.3eV (corresponding 

to Te2+) (figure 5.7(b)) and a reduced Bi atoms with a chemical shift of -1.0 eV 

(corresponding to Bi+2) in oxidation of bismuth to bismuth oxide. Besides, all peaks 

are shifted towards lower BE values (0.1 eV) in the light condition, we suggest that 

electrical conductivity was small modify on the surface of the exposed sample. Figure 

5.7(c) show O1s peak, which implies that oxygen contaminating on the surface 

decrease, after sample was exposed to laser irradiation. moreover, the result (figure 

5.7(d)) show that Ni3p peak not change with respect to light illumination.
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Figure 5.7 UPS spectra of Ni/Bi2Te3 sample. (a), (b), (c) and (d) Bi5d, Te4d, O1s and 

Ni3p spectra, respectively.

(a) (b) 

(c) (d) 
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5.6       X-ray Absorption Spectroscopy (XAS) 

 Schematic representation of in situ soft X-ray experimental setup at room 

temperature and ambient condition shown in figure 5.8(a) and photograph of the built-

in UV laser setup is presented in figure 5.8(b). The X-rays impact the sample at an angle 

of 45°. The FY detectors were placed 90° out of the incoming X-rays. The XANES 

measurement was performed in fluorescence mode for Ni K-edge.  

 

 

 

 

 

 

Figure 5.8 In situ Ni L-edge fluorescence measurement setup (a) schematic and, (b) the 

photograph of measurement system setup. 

The oxidation states in the Ni/Bi2Te3 were tracked using in-situ X-ray 

Absorption Spectroscopy (XAS) in the presence and absence of UV laser irradiation. 

Figure 5.9 shows the resulting normalized Ni K-edge XANES spectra imply no sign of 

the edge positions changes. The position of the absorption edge contains information 

on the electronic structure of Ni film on Bi2Te3 substrate. During the exposure of laser, 

XANES spectra showed constant position edge, indicates the Ni oxidation state no 

change. 

(a) (b) Sample 
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Figure 5.9 In situ Ni K-edge fluorescence XANES spectra under dark and light 

illuminations. 

 Moreover, we reported the observation of three significant characteristics in the 

XANES results of Ni/Bi2Te3 consist of the pre-edge feature at ~8333 eV (peak A) 

corresponds to an transition of electron to empty eg states, the second characteristic was 

observed at ~8339 eV (peak B), which indicate a transition to the Ni 4sp band, and the 

third characteristic is at ~8349 eV (peak c) indicate a p-like symmetry state, which is 

typically sensitive to Ni d-orbital mixing with Te 4p bands (Chang et al., 2018; Huggins 

et al., 2011; Kisiel et al., 1999).

A 

B 

C 
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Figure 5.10 Differentiation of Ni K-edge XANES for pure Ni foil(black), Ni/Bi2Te3 

sample under UV laser illumination. 

 The result in figure 5.10, although there is much noise, but we present the 

analysis of derivation XANES enough to hint at the change. The reference paper 

(Chang et al., 2018) states that a Ni-dichalcogenide bond, therefore we implied that 

after being stimulated by light with a wavelength of 405 nm, Ni:Te, was formed in 

sample. The characteristic feature of graph is attributed to the 1s to 4p transition, which 

arise from chalcogen-based charge-transfer. In our work, we implied that our results 

indicate the presence of strong Ni-Te covalent bonds after exposed to laser. The result 

implied that Bi2Te3 which has a van der waal gap (~0.19 nm) between each QL (Wu et 

al., 2019) can contain the intercalated Ni atom, or Ni atom occupy the interstitial sites 

within QL. Because of Ni atom has an elemental radius (125 pm) smaller than the van 

der Waals gap, therefore it can move to occupy interstitial sites (Chang et al., 2018). 

Moreover, it was found that our result corresponds to literature result that a general 

electrochemical intercalation method can control concentration of zerovalent copper 

atoms into layered
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Bi2Se3, up to 57% copper atoms (Cu6.7Bi2Se3) with no destruction of the Bi2Se3 lattice 

( Zhang et al., 2 0 1 7 ) . And copper (Cu) which has elemental radius (140 pm) can 

intercalate into Bismuth telluride, Cu (Bludská et al., 2004; Shetty et al., 2020). 

 

 

 

 

 

 

 

Figure 5.11 FT EXAFS structures of Ni/Bi2Te3 electroless deposition at 60s under dark 

and light illumination. 

 This graph reports the results of EXAFS at Ni L-edge. The peak arises from the 

nearest Ni-Ni coordination show Ni-Ni far away from the primary nickel atom at a 

distance of 2.1A. as-prepared Ni / Bi2Te3 is at the same as the Ni foil. Later, the intensity 

of peak decreases when exposed to UV laser. 

 



CHAPTER VI 

  CONCLUSION 

 

6.1 Conclusion of the study of Bismuth Ferrite (BiFeO3) films 

In this work, the motivation behind the project was to set up a Longitudinal 

Magneto-optical Kerr effect (L-MOKE) measurement system for characterizing 

BiFeO3 films and studied the effect of laser enhance Kerr rotation. We have 

successfully installed the MOKE system and succeed to investigated the connection 

between Kerr effects and laser and magnetic field in BiFeO3/SrRuO3/SrTiO3 

heterostructure sample. Kerr rotation of BiFeO3 can be carried out repeatedly through 

switching the applied laser and external magnetic field. Therefore, we have successfully 

utilized vertical shift of Kerr rotation to construct the state of Kerr rotation. Our 

proposed procedure to build in Kerr state internal optical properties inside BiFeO3 and 

measure by Kerr rotation measurement. Based on the experimental results, we 

investigated the origin of laser-induced Kerr rotation, evidence to internal electric field 

due to oxygen vacancy distribution and ferroelectric polarization in BiFeO3  are the key 

contribution to effect Kerr rotation of reflected laser. 
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6.2 Conclusion of the  study of photo-enhanced magnetism in 

Ni/Bi2Te3 

 This part of thesis is to report the results of light response study of 405nm of a 

nickel film on bismuth telluride (Ni/Bi2Te3) prepared by an electroless chemical 

deposition method. The magnetic hysteresis loop was studied due to the relationship 

between the external magnetic field and the Kerr angle of rotation, which is 

proportional to the magnetism of the substance. The results showed that the light 

irradiation increased the saturation magnetization (Ms) value. Moreover, the coercivity 

(Hc) is significantly decreased. The results from XANES study of Ni charge state 

implied that while the laser beam irradiated to Ni/Bi2Te3 sample, It could be possible 

an electron movement between the nickel and the tellurium and form a weak bond (Ni: 

Te) which affects the ferromagnetic interaction. 
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1. I-V Characterization of BFO/SRO/STO 

 

 

 

 

 

Figure 1 The photo-response of the BiFeO3/SrRuO3/SrTiO3 film under laser 

illumination with an intensity of 600 mW/mm2(a) and experiment set up 

(b). 

Test structure in perpendicular geometry, based on asymmetric silver tip top 

electrodes and bottom SRO layer electrodes. Voltage characteristics of samples were 

measured under saturation laser illumination in both dark and light illumination (600 

mW/mm2) on time domain. The photo induced voltages equal to 1.35V, show that there 

is an internal electric field was generated inside along perpendicular direction of BFO 

film.
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Figure 2 Light and dark current as a function of applied field for BFO/SRO/STO in the 

range -5V to 5V (a) and the range 2.5V to 5V (b). 

Interestingly, dark-light IV characteristics were measured to investigate if a 

change in conductivity appeared under illumination. The resulting current of 

photoexcited carriers, driven by the intrinsic polarization, can be described by the 

following equation. 

𝐽 = #𝜎! + 𝜎"#&𝜉 

which is typical of photoferroelectrics materials.(Tabares-muñoz et al., 1984). 𝜎! and 

𝜎"# represent the dark and light components of the conductivity, respectively. Under 

illumination in light of wavelength equal to or larger than the band gap the 

photoconductivity will effectively turn on and a large current should be measured at all 

(b) (a) 
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applied fields. A laser with wavelength 405 nm and three different power density were 

chosen as an appropriate source to test for photoexcitation given that literature 

theoretical calculations and absorption/transmission spectra suggest that the band gap 

of BFO lies in the visible/near-visible range. Preliminary results indicated a jump in 

conductivity under illumination at negative nonzero applied fields. Noting that large 

leakage currents in BFO have typically been attributed to the presence of oxygen 

vacancies, corresponding to our UPS results. The presence of oxygen vacancies 

effectively introduces electrons into the lattice and increases the free-carrier 

concentration. Figure 4.21 shows dark and light IV characteristics of 400nm thick BFO 

on SRO/STO substrate. Figure 4.21(a) refer to dark and light IV curves taken on sample 

in upon of 70 and 600 mW/mm2 respectively. Figure 4.21 (b) shows no immediate 

change of IV curve in positive region of measurement, small current flow due to diode 

effect caused by Schottky barrier between the interface of BFO. After laser exposed 

onto the surface, the measurable current(~0.7 nA) implies that leakage current because 

of oxygen vacancy or photo-ferroelectric effect when exposed to light for a long time. 

(Chen et al., 2012).
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2. Raising time analysis of Kerr angle rotation in BFO/SRO/STO sample 

 

 

 

 

 

 

 

Figure 3 Raising time of Kerr rotation under laser illumination of 70, 90, 140, 200 

mW/mm2, respectively. 

We define the raising time of Kerr rotation is the time of Kerr angle increment 

to 80% of saturated value. By looking at the raising time of Kerr angle rotation, the 

result shows a value of 52 seconds when BFO exposed to a laser with an intensity of 

200 mW / mm2. It can be seen in figure 3 that the raising time is more than the response 

time of bulk photovoltaic effect (BPVE) in BFO which is equal to ~0.1 s (Alexe and 

Hesse, 2011; Iurchuk et al., 2016; Quattropani et al., 2018). But consistent with the our 

result of electric field induced Kerr rotation, implied that the gradually occurrence of 

internal electric field caused by laser induced oxygen vacancy (Suwanwong et al., 

2015). 
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