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Abstract 

This thesis covers two topics of latest research in the field of nanotechnology. One topic 

covers the development of nanomaterials for spintronic devices and the other one is about 

degradation of organic dye using various semiconductor photocatalysts. The aim of this thesis is 

to investigate and explore the physics behind TM on different applications in the field of spintronics 

and photocatalysis. The role of rare earth, Gadolinium (Gd) concentration on magnetization 

behavior is studied at length in rare earth doped transition-metal (RE:TM) thin films. RE:TM 

alloys of composition GdxCo100-x, GdxFe100-x and Gdx(Co50Fe50)100-x  (30 nm each) deposited on 

silicon substrates were prepared by magnetron sputtering, where x ranged from 4 to 13 atomic%. 

The magnetization, uniaxial anisotropy, coercivity and Kerr rotation were investigated as a 

function of composition. It was found that ferrimagnetism in Gd doped transition metals alloys 

is considerably influenced by varying concentration of Gd content. At the same time, the 

magnetic easy axis remains in the film plane whereas the coercivity is strongly reduced after Gd 

substitution in case of GdxFe100-x and Gdx(Co50Fe50)100-x thin films. Results reveal that RE:TM 

thin films with dilute Gd doping of up to 8% are promising building block in soft magnetic 

devices for spin-transfer-torque applications, where an enhanced damping is required. 

Second topic presents a comprehensive study on degradation of organic dye using metal 

sulfide nanoparticles. In this research, a series of metal sulfide nanoparticles, such as zinc sulfide 

(ZnS), cadmium sulfide (CdS)  and transition metal ions (Ni, Co, Fe) doped ZnS and CdS 

nanoparticles were developed through facile co-precipitation method using 2-mercaptoethanol as 

a surfactant for evaluation of their catalytic and photocatalytic activity potential. The synthesized 

nano powders were characterized using various analytical chemistry as well as image visualizing 

techniques like, X-ray diffraction (XRD), field emission spectroscopy (FESEM), energy 

dispersive spectroscopy (EDX), transmission electron microscopy (TEM), Raman spectroscopy, 

UV-Vis spectroscopy to elucidate the changes in structure and shape of nanomaterials. 

Photocatalytic activity experiments show that doped nanoparticles bleach out methylene blue 

effectively than undoped samples. This research also highlights effect of prepared nanoparticles 

in degradation of methylene blue by catalytic agent NaBH4. The research at its present stage of 

development appears to offer the best avenue to remove hazardous pollutants from water. Without 
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additional chemicals and energy input, this technique can be employed in large-scale water 

treatment technology, which will have a significant impact on the water purification industry.   
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Chapter 1 

1. Introduction  

This chapter introduces the theoretical background of nanomaterials, magnetism and 

photocatalysis, which are required to understand the present work. The discussion starts with 

basic concepts of nanotechnology and nanomaterials associated with classification of 

nanomaterials. In the following sections, origin of atomic magnetic moments is explained before 

considering the distribution of electrons in single and multiple atoms given by Hund’s rules.  

Subsequently, spin orbit coupling (SOC) or the spin-orbit interaction (SOI) is elaborated which 

is ascribed as a significant physical concept for behavior of ferromagnetic (FM) materials. The 

magnetic interactions in multiple atom systems can be clarified by the band theory, which assists 

to describe the more complex magnetic behavior in crystal systems. Exchange and crystal field 

interactions are induced by the electronic ordering in a system, which is explained by band theory. 

These interactions can work together to give the ultimate magnetic state of the material. 

Magnetism and magnetic phenomena are fascinating for fundamental research and 

applicable to numerous applications. Over the last three decades, magnetization dynamics at 

interfaces has been explored widely [1]. Since the preliminary points of Feynman’s [2] eminent 

talk in 1959, where he described a process in which researchers can control and manipulate 

individual atoms and molecules, considerable progress has been carried out in the understanding 

of nanotechnology. In mainstream charge-based electronics, the spin of the electron was 

unnoticed until recently. Spintronics (spin-based electronics or spin transport electronics) is a 

technology, where not only the electron charge but also the electron spin carries information, 

hence, spintronics opens possibilities for a new generation of devices [3]. In spintronics devices, 

ultra-thin magnetic films, comprising of only a few atomic monolayers have been employed and 

studied in low dimensional systems. Magnetic and electrical properties of interface atoms reveal 

different behavior in comparison of the bulk because of reducing the dimensionality of the system 

and breaking of symmetry at the interfaces. Consequently, comprehensive understanding of 

interfacial effects in magnetic materials is a noteworthy challenge. 
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Recently, an increasing number of developments in various technological applications in 

data storage technology from magnetic domain wall racetrack memory to magnetic sensors [4], 

and magnetic random access memory (MRAM) [5], presenting low power consumption, high 

write endurance, high read and write speeds, are now accomplishing the commercial 

market for non-volatile solid state devices. Research in this innovative area arise in the discovery 

of novel physical phenomena like giant magnetoresistance (GMR) [6,7] and tunnel 

magnetoresistance [8]. After the current developments in fast dynamic magnetization excitation 

in Co/Cu/Co systems [9, 10] and the spin transfer torque (STT) induced switching of 

magnetization [11–12], the interest in MRAM is enhanced substantially. The quest for materials 

and material combinations displaying a large SOT is actively investigated, with W, Ta, and Pt 

among the heavy metals (HM) that show large SOT [13]. The search for alternative magnetic 

materials has been extended from ferromagnets to ferrimagnets [14] and antiferromagnetic 

materials (AFM) [15] where the latter are advantageous for fast manipulation, no stray fields and 

low-power consumption. Ferrimagnetic materials are attractive as they combine some of the 

advantages of both ferro and antiferromagnetic materials. 

The second portion of research is based on one of the greatest humanity problems, 

produced by a continuous accretion of non-recyclable organic substances in environment. 

Organic compounds are released by synthetic dyes in various industries like food processing, 

leather, tanning, plastic, paints, glass, textile, cosmetic, and pharmaceutics; hence, causing 

environment pollution [16]. Dye residues make a class of glaring contaminants by imparting color 

to wastewater despite minor concentration level. Considering this, catalytic reduction of these 

dyes is vital because they are understood now to be toxic to humans by various routes such as 

ingestion and can cause cancer and other hazardous problems. Removal of dyes from wastewater 

is quite destructive, inefficient, expensive, and leave secondary waste products instead of 

disposing of from pollutants [17]. In order to recycle water, different legislative constraints 

seemed as an actual requirement [18]. Development of new treatment procedures is essential 

which will have a significant impact on the water purification industry. Currently, photocatalytic 

features of inorganic semiconductors displayed remarkable interest of  researchers [19]. The 

heterogeneous photocatalysis is proved to be an excellent method that explore innovative 

advantageous potentials in the photodegradation of various organic substances presented in 

industrial wastewater.  
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Nano materials degrade pollutants efficiently by encapsulating them without the 

possibility of returning into the filtered medium. In this research, metal sulfide nano powders are 

prepared by simple and cost-effective technique. The optimization of photodegradation process 

signifies a high research subject area associated to preparation and analysis of new materials with 

specific properties, like, crystallinity, crystallite size, surface area, etc. 

1.1 Nanotechnology 

Nanotechnology is a cumulative definition associated to every technology and science 

which functions at a nanoscale and associates to scientific principles and novel properties that 

can be explored when operating in nanoscale range. Nanotechnology is used over a wide range 

of fields like biotechnologies, information technologies, medicine, energy production and 

storage, material technologies, security and environmental applications.  

The field of nanotechnology is growing rapidly since the past two decades due to 

accessibility of novel methods and tools for preparation, characterization, and manipulation of 

nanomaterials [20]. In future, nanotechnology is supposed to cause massive impacts on society 

[21, 22]. Though, it is significant to realize that nanotechnology as such is not an industry, rather 

an empowering technology that, combined with other technologies and has a potential to 

influence other industries. Advanced research and development programs of nanotechnology 

have been taking place around the globe, but Japan, USA and Western Europe are in leading 

roles. 

1.2  Appeal of Nanomaterials 

Generally, nanoparticles (NPs) play a central role in various industrial processes and 

natural phenomena. 60% of the products manufactured by chemical companies like, Dow, 

Dupont, or ICI are either made up of NPs or involve significant particle technology in their 

manufacturing processes. Moreover, materials science and engineering are vital to energy 

utilization (turbine combustion, fossil fuel combustion, fly ash), environment (greenhouse effect, 

climate change air pollution) and medicine (allergies, virus, medicine delivery and bacteria 

transport) [23]. 

Nanomaterials are present naturally in volcanoes and forest fires. Carbon black is the most 

common example of engineered NPs which is being used for decades in various applications like, 
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coatings, printing inks, paper, toners, building products, tires and plastics [24]. NPs exhibit 

different electrical, optical, mechanical and magnetic properties than bulk materials owing to 

quantum confinement and the surface area to volume ratio also increases at nano scale [24]. This 

increase in relative surface area makes NPs stimulating for usage in industries, since high surface 

area is a very important factor for effectual catalysis and in structures like, electrodes. Hence, 

performance of products like batteries is also improved, but resource utilization in catalytical 

procedures is reduced and hereafter, amount of waste is decreased. 

Recently, NPs comprise of inclusive range of materials, ceramics is the most common 

which can be divided into metal oxide ceramics, like titanium, aluminum, zinc, and silicate NPs 

[24]. During the past two decades, research on semiconductor nanocrystals stimulated great 

interest owing to their remarkable properties and plausible applications in various areas such as, 

solar cells, display panels, photo catalysis etc [25-27]. Now a days, research on semiconductor 

nanostructures is carried out to discover optical properties in optical sensitization and 

photocatalysis [28,29]. Several researchers explored that nanostructures show remarkable 

photocatalytic activities in comparison of bulk counterparts caused to increase surface to volume 

ratio with improved redox potential [30]. 

1.3  Classification of Nanomaterials 

  Hundreds of new nanomaterials have been found in past two decades; hence, it is 

significant to classify them. Nano materials consists of building units of a nanoscale or submicron 

size at least in one direction and revealing size effects. Gleiter reported the first classification 

perception of nanomaterials in 1995 [35] and Skorokhod explained further in 2000 [36]. Though, 

Gleiter and Skorokhod idea was not considered completely on account of 0D, 1D, 2D, and 3D 

nanomaterials. Hence, Pokropivny and Skorokhod [37] presented a revised classification idea for 

nanomaterials, which comprised of 0D, 1D, 2D and 3D nanomaterials. Based on the Pokropivny 

et al scheme, nano structured materials (NSMS) can be classified as following. 

1.3.1 0D Nano structured materials 

  The foremost feature that differentiates several kinds of NSMS is their dimensionality. In 

field of 0D NSMS, substantial progress has been carried out since past 10 years. To fabricate 0D 

NSMS, several chemical and physical approaches have been developed with well-controlled 
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dimensions [38]. 0D nanomaterials have been prepared by numerous researchers recently [39–

41]. In 0D NSMS, all three dimensions are within nanometer range and have diameter less than 

100nm. Fig. 1.1 depicts micrographs of various kinds of 0D NSMs. Furthermore, 0D 

nanomaterials, like quantum dots have been studied in solar cells [42], light emitting diodes [43], 

single-electron transistors [44], and lasers [45]. 

 

 

Figure 1.1: Micrographs of 0D Nanomaterials, (a) Quantum dots[39], (b) nanoparticles arrays, (c) core–shell 

nanoparticles [46].  

1.3.2  1D Nano structured materials  

Research on 1D NSMs have stimulated great interest during last decade owing to their 

applicability in research and exhibit extensive range of plausible applications. Normally, 1D 

nanomaterials are excellent systems for discovering wide range of innovative phenomena at 

nanoscale range and exploring dimensionality and size dependence of functional properties. 1D 

thin films (1–100 nm) or monolayer are extensively used in photovoltaics offering, several 

technological applications. After the pioneering work by Iijima, the field of 1D nanomaterials 

like nanotubes has gained a noteworthy attention [47]. 1D nanomaterials have a deep impact in 

nanodevices, alternative energy resources, nanoelectronics, national security and nanocomposite 

materials [48]. Fig. 1.2 illustrates SEM micrographs of various 1D NSMs. 



 

6 
 

 

Figure 1.2:  Micrographs of 1D Nanomaterials, (a) Nanowires, (b) nanorods [49], (c) nanotubes [50], (d) nanobelts [51], 

(e) nanoribbons, [52] and (f) hierarchical nanostructures [53] 

1.3.3 2D Nanostructured materials 

Two dimensional nanomaterials exhibit two dimensions outside of the nanometer scale. 

In materials research, preparation of 2D nanomaterials have become a central area recently due 

to their various low dimensional characteristics in contrast of their bulk counterparts. Recently, 

significant research attention is being implemented on synthesis of 2D nano materials [54,55]. 

Furthermore, 2D nano materials are exciting for primary perceptive of mechanism of NSMs 

growth, as well as for probing and designing innovative applications in nanocontainers, 

nanoreactors, sensors and photocatalysis [56].  Fig.1.3 reveals the 2D NSMs, like junctions, 

branched structures, nanoplates, nanoprisms, nanosheets, nanodisks and nanowalls [57-60]. 
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Figure 1.3:  Micrographs of 2D Nanomaterials, (a) Junctions (continuous islands), (b) branched structures [46], (c) 

nanoplates [57], (e) nanosheets [58], (E) nanowalls [59], and (f) nanodisks [60]. 

1.3.4 3D Nanostructured materials  

3D NSMs have gained significant interest because of large surface area and other 

remarkable properties originating from quantum confinement. It is noteworthy that behaviors of 

NSMs is dependent on shapes, morphologies, sizes and dimensionality. Thus, it is interesting to 

fabricate 3D nano materials with a controlled morphology and structure [61-64]. Fig. 1.4 depicts 

3D NMSs, like nanoballs, nanocoils, nanopillers, nanocones, and nanoflowers [65-68]. 
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Figure 1.4: Micrographs of 3D Nanomaterials, (a) Nanoballs (dendritic structures) [66], (b) nanocoils [46], (c) 

nanocones, (d) nanopillers [67], and (e) nanoflowers [68]. 

1.4 Magnetism 

Magnetism refers to physical phenomena originating from force produced by magnets 

that generate fields which attract or repel surrounding objects. Magnetic field is the region 

in space that is signified by the imaginary lines of magnetic force. Magnetic fields are generated 

either by magnetized materials called magnets or by passing of current via metals.  Metals like 

cobalt, iron, nickel, and their alloys are strongly attracted by magnetic fields [69]. 

1.4.1 History of Magnetism 

In the 20th century, scientists have begun to understand phenomena of magnetism, and 

design technologies based on this phenomenon but history of magnetism dates back to earlier 

than 600 B.C. The ancient Greeks were the first ones who which used the magnetite mineral 

called lodestone and termed this mineral, a magnet owing to its ability of attracting other pieces 

of loadstone. 

https://science.jrank.org/pages/6316/Space.html
https://science.jrank.org/pages/2310/Electric-Current.html
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William Gilbert (1540-1603) was the first scientist who explore the phenomenon of 

magnetism analytically by scientific methods. In the eighteenth-century Frenchman Charles 

Coulomb (1736-1806), initiated quantitative studies of magnetic phenomena. He presented the 

inverse square law of force. Later, Danish physicist Hans Christian Oersted (1777-1851) first 

proposed a relation between magnetism and electricity. The Englishman Michael Faraday (1791-

1869) and Frenchman Andre Marie Ampere (1775-1836) continued further study on magnetism 

and performed experiments; associating the effects of magnetic and electric fields on one another. 

The quest of understanding magnetism phenomenon continued in later era. Scotsman. James 

Clerk Maxwell (1831-1879) suggested the theoretical foundation to physics of electromagnetism 

and discovered that electricity and magnetism signify diverse features of the same fundamental 

force field. In the nineteenth century, Pakistani scientist Abdus Salam (1926-96) and American 

Steven Weinberg (1933) extended this idea and formulated that electromagnetism is one part of 

the electroweak force. After this, Pierre Curie (1859-1906), Marie Curie (1867-1934), and Pierre 

Weiss (1865-1940) initiated the modern understanding of magnetic phenomena in condensed 

matter. They studied the influence of temperature on magnetic materials and proposed that 

magnetism suddenly vanished above a certain temperature in certain materials as iron [70]. 

1.4.2 Origin of Magnetism 

In an atom, magnetism originates from two kinds of motions of electrons (spin and orbital 

motion). Each electron behaves as a tiny magnet as the spin and orbital motions impart a magnetic 

moment on each electron independently. In transition metals (TM), magnetic moment is 

associated to spin of electrons. Conversely, in rare earth metals (RE), both spin and orbital motion 

contribute to magnetic moment. Samarium, europium, neodymium, and cerium are examples of 

some magnetic RE elements [70]. According to law of electromagnetism, magnetic field is 

produced by passing of an electric current which is in accordance to earth's geomagnetic field. 

Comparable to magnetic field in a conventional magnet, the generated geomagnetic field will be 

dipolar in nature. The principle of compass needle employed by the earliest mariners comprises 

the alignment of a magnetized needle along Earth's magnetic axis exhibiting imaginary south pole 

of needle pointing towards the magnetic north pole of the Earth [71].  

https://science.jrank.org/pages/5217/Physics.html
https://science.jrank.org/pages/6748/Temperature.html
https://science.jrank.org/pages/2374/Electron.html
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1.5 Classification of magnetism 

All kinds of materials and substances exhibit magnetic properties but generally the word 

“magnetic materials” is used only for FM materials. Based on magnetic properties, materials can 

be divided into following categories; 

1. Diamagnetism 

2. Para-magnetism  

3. Ferromagnetism  

It is again subdivided into  

a) Antiferromagnetism  

b) Ferrimagnetism 

1.5.1 Diamagnetism 

Diamagnetism means feeble magnetism, which occurs in materials exhibiting no atomic 

magnetic moments. Relative susceptibility of diamagnetic material is small and negative, 

typically 105. By applying external magnetic field in diamagnetic materials, orbiting electrons in 

material are unbalanced, hence, generates small magnetic dipoles inside atoms. This action 

generates a negative magnetic effect termed as diamagnetism [72]. The induced magnetic 

moment is small, and direction of magnetization (M) is contrary applied field (H) direction. 

Magnetic moments which are generated by applied magnetic field are shown in Fig. 1.5.  

 

Figure 1.5: Schematic representation of the atomic spins and M vs H curves for diamagnetism [73]. 
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1.5.2 Paramagnetism 

Materials which contain a small positive magnetic susceptibility after applying magnetic 

field are called paramagnetic and the effect is known as paramagnetism. Paramagnetism 

represents feeble magnetism which shows positive susceptibility of the order of 10-5 to 10-10. 

Paramagnetic materials comprise magnetic atoms or ions that are widely separated so that they 

display no appreciable interaction with one another [72]. It is slightly stronger than the 

diamagnetic materials. By applying external magnetic field in paramagnetic materials (PM), the 

dipoles arrange themselves in the direction of applied field which results in a positive 

magnetization. The spin structure in paramagnets is illustrated in Fig 1.6. 

 

                   Figure 1.6: Schematic representation of the atomic spins and M vs H curves for paramagnetism [73]. 

1.5.3 Ferromagnetism 

Ferromagnetism is a kind of magnetism which is associated to strong interaction of a 

material to the permanent magnet. Spontaneous magnetization is generated by parallel alignment 

of spins and responsible for origin of this strong magnetism [72]. Ferromagnetic materials like, 

Ni, Fe and Co exhibit permanent magnetic moments even in absence of an external magnetic 

field. Ferromagnetic materials comprise of small regions termed as magnetic domains. All of the 

atomic dipoles in each domain are coupled together in a preferred direction. The spin structure in 

FM is illustrated in Fig. 1.7  
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Figure 1.7: Schematic representation of the atomic spins and M vs H curves for ferromagnetism [73]. 

These materials are characterized by saturation magnetization. Above Curie temperature, FM lose 

their permanent magnetic moments and behave as paramagnetic materials. It has two sub classes: 

a) Antiferromagnetism 

b) Ferrimagnetism 

1.5.3.1 Antiferromagnetism 

In antiferromagnetism, neighboring spins are aligned antiparallel to one another, hence, 

their magnetic moments cancel. Thus, AFM generates no spontaneous magnetization and reveals 

only weak magnetization. The relative magnetic susceptibility of antiferromagnetic materials 

ranges from 10-5 to 10-2, the same as for paramagnets. AFM exhibit ordered spin structure relative 

to PM as depicted in Fig. 1.8. 

 

 

 

Figure 1.8: Schematic representation of the atomic spins and M vs H curves for antiferromagnetism [73]. 

When an external magnetic field is applied parallel to spin axis, the spins which are 

parallel and antiparallel to the field experience almost no torque and so keep their ordered spin 
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arrangement. In this case, susceptibility is smaller than for a normal PM. Moreover, such spin 

ordering disappears completely above some critical temperature, called Neel temperature. Hence, 

temperature dependence of susceptibility is comparable to PM as shown in Fig. 1.9.  This is the 

characteristic feature of AFM and Neel point is denoted by ƟN [72].  

 

 

Figure 1.9: Temperature dependence of magnetic susceptibility of antiferromagnetic materials [72]. 

 The dipoles are line up in AFM but in opposite direction, resulting in zero magnetization. 

Parallel alignment of spins is attributed to exchange interaction which is sensitive to interatomic 

spacing and atomic position. Above Neel temperature, anti-ferro-magnets become paramagnets. 

e.g. MnCl2, CoO, NiO, Cr, Mn.  

1.5.3.2 Ferrimagnetism 

The term ferrimagnetism is associated to spontaneous magnetization which results 

because of antiparallel alignment of unequal spins [72]. In a magnetic field, dipoles of one of the 

cations are line up with field while the dipoles of other cations are not line up with field. 

Consequently, material exhibit net magnetization. Ferrimagnetic materials behave like a FM 

below Neel temperature and PM above Neel Temperature. Currently, almost every newly 

designed item of electronic equipment contains some ferrimagnetic material: transformers, 

loudspeakers, antenna rods, deflection yokes, recording heads, sensors. e.g. Fe3O4, NiFe2O4, 

CoFe2O4 and PbFe12O19. Ferrimagnetic spin structure is shown in Fig.1.10. 
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Figure 1.10: Schematic representation of the atomic spins and M vs H curves for ferrimagnetism [73]. 

Magnetic field strength, H is represented by vector field which has a direction and a 

magnitude. Flux density is the number of magnetic flux lines which passes through the unit area 

perpendicular to magnetic field and denoted by B. The relation between H and B can be written 

as  

                                                     B=μ0H                                         (1.1) 

Here, μ0 is permeability which is the unit of magnetizability. The value of μ in air is usually about 

1, except special case. Generally, H is defined by the unit Oe or A/m. 

Table 1.1 depicts classification of magnetic materials with their relative susceptibilities. 

Table 1.1: Classification of magnetic materials with their relative susceptibilities. 

          Material     Magnetic Susceptibility (ᵡ)      Examples 

Diamagnetic Small, Negative Graphite, organic materials and 

metals like Bi. 

Paramagnetic Small, Positive Alkali and transition metals (Ti, Ca, 

Al and alloys of Cu). 

Ferromagnetic Large, function of H Ni, Co, Fe and Gd 

Antiferromagnetic Small, constant Salts of transition elements (Co3O4, 

MnO)  

Ferrimagnetic Large, function of H Chromites and Ferrites 
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1.6 Origin of Atomic Magnetic Moment  

In an atom, magnetism observed in bulk matter arises from two kinds of motion of 

electrons. Orbital magnetic dipole moment is generated by the orbital motion of electron around 

nucleus and spin magnetic moment is produced by rotation of electrons around their own axis 

known as spin. 

In an atom, the atomic magnetic moment (µ) is linked with total angular momentum (J) 

by Landè g-factor (g0) or the gyromagnetic ratio (γ) [73]. The total angular momentum results 

due to sum of the spin (S) and orbital (L) angular momentum, Fig. 1.11 displays the relationship 

between magnetic moments, and spin and orbital motion of an electron in simple schematic atom 

configuration where total angular moment for both L and S and is given by 

                                                 S = Ʃ ms                                (1.2) 

and  

                                          L = Ʃ ml                                                   (1.3) 

The origin of the total angular momentum results due to interaction between the intrinsic 

orbital moment (ml) and spin moment (ms) of each electronic level. Atoms with partially filled 

shells have a higher magnetic moment. For metallic FM, Ni and Co exhibit the highest magnetic 

moment while Fe has less magnetic moment [75–77]. 

The atomic magnetic moment is the cause of magnetic properties and it is 

the significant key of many magnetic behaviors. Various magnetic properties of materials are 

linked to electronic distribution that are found by using Hund’s rules, which are elaborated in the 

following section [75-78]. 
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Figure 1.11: Illustration of (a) Orbital motion of electron results in orbital magnetic moment, associated with angular 

momentum L (b) Spin of the electron about its own axis give rise to spin magnetic moment, associated with angular 

momentum, S  (c) the total magnetic momentum J [79]. 

1.7 Hund’s Rule  

In an atom, the distribution of electrons obey empirical rules called Hund’s rules that aim 

to explain the energy properties of atoms as well as chemical and physical interactions between 

them. The rules allow arrangement of electrons owing to their spin and angular momentum and 

SOI strength. The three Hund’s rules give us idea of arrangement of electrons in main and sub 

shells of an atom that attain a minimum energy configuration. Pauli’s exclusion principle and 

application of Hund’s rules consecutively describe FM properties, interactions and various 

magnetic moment within materials, even though they have similar numbers of electrons [76, 80].  

In the first Hund’s rule, the total atomic spin S from Eq. 1.2 is maximized, which will 

lessen the spin-spin exchange energy. In the second Hund’s rule, the total orbital momentum L is 

maximized without disrupting the first rule. Finally, if the shell is more than half full then J = 

ǀL+Sǀ and if the shell is less than half full J = ǀL-Sǀ [76, 80]. The application of these rules is 

represented in Fig. 1.12, which shows the arrangement of the electrons in an atom in ground state. 
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Figure 1.12: Electron distribution according to Hund’s rules [79]. 

1.8 Spin Orbit Interactions 

SOI is a well-known phenomenon which is associated with the magnetic moment of the 

spinning electron on its axis with respect to its orbital angular momentum. The magnitude of SOI 

is a function of the atomic number Z4 [80]. The current generated as a result of circulatory motion 

of a larger nucleus around the electron is much stronger for a larger nuclear charge. This implies 

that SOI increases by increasing atomic number. Recently, SOI in FM multilayers has become a 

significant field of research in spintronics owing to plausible technological applications.  

The SOI formula was first derived from the relativistic principle with respect to 

interaction energy, Erel, between an electron in an atom having positively charged nucleus [81]. 

The interaction energy between electron spin moment, µe and magnetic flux density, B can be 

written as: 

                                                 Erel = -µe.B                                     (1.4)     

The ratio of electron spin moment, µe in Bohr magneton units, µB to angular momentum is g0 

[81]. The resultant equation for SOI is expressed as: 

                                                 Erel = g0μBћ 

𝑍𝑒

8𝛱ɛ0𝑚𝑐2𝑟3 l.s           (1.5) 



 

18 
 

It is clear from equation 1.5 that interaction between s and l depends on s and l quantum 

numbers. The Landè g-factor, g0, is associated to gyromagnetic ratio (γ = g0|e|/2mc) and both are 

interrelated to µ and J. Both terms have been used interchangeably, but with different descriptions 

like the “magneto mechanical g-factor” is attributed to dynamic relation [82-84] or “spectroscopic 

g-factor” arises due to separation of energy eigen value under excitation [82-85]. When the total 

magnetic momentum is equal to total spin momentum, magneto mechanical and spectroscopic g-

factor should have the same value, only where L=0. This phenomenon appears when orbital 

angular momentum is quenched by crystal field. 

In solid state systems, SOI along with structural asymmetry lead to more 

exciting phenomena like Rashba and Dresselhaus SOI, where resultant SOI is the sum of these 

different sources. Due to lack of crystal inversion symmetry, SOI is termed as Dresselhaus SOI. 

This kind of SOI is observed mostly in III-V semiconductors, as GaAs. They exhibit zinc-blende 

structure where the lattice does not possess inversion symmetry. In a heterostructure, SOI due to 

lack of structural inversion symmetry is termed as Rashba SOI. This effect enables to control the 

spin states of electrons via electric field apart from magnetic fields. In FM heterostructures, the 

Rashba SOI has become thought-provoking topic owing to the technological applications, where 

the spin Hall effect with the Rashba SOI can switch magnetization by a charge current [86]. 

1.9 Exchange Interaction and Exchange Energy  

The exchange interaction arises owing to Pauli exclusion principle, which describes 

quantum mechanical interactions between neighboring spins, and Coulomb repulsion between 

charges [87]. According to Pauli exclusion principle, some electrons occupy ground state energy 

while other electrons reside in higher energy states. The system exchange energy will also 

increase with this occupation of a higher state of energy.  The exchange energy, Eex of a magnetic 

system is the summation of the spin over all pairs of magnetic moments in the system. This energy 

depends on the exchange interaction, which is a very short-range effect. The exchange interaction 

is confined to nearest neighboring moments, which suggests that the summation is only over 

nearest neighboring atoms. The exchange energy, Eex with adjacent spins Si and Sj nearest 

neighbors is given by: 

                                               Eex = -2JexSi.Sj                                              (1.6) 
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The term, Jex denotes the exchange interaction. The angle (φ) between the spins changes the 

energy, therefore Eq. 1.6 can be written as  

                                                       Eex = -2Jex ∑ 𝑠𝑖 . 𝑠𝑗𝑖𝑗  cos ϕ                   (1.7) 

A positive value of exchange integral is essential for ferromagnetism [88]. 

The value of exchange interaction as a function of interatomic distance between any two 

neighboring atoms is depicted in Fig. 1.13. This is known as Bethe–Slater curve and reveals the 

ratio r=rnd, where r, interatomic distance and rnd, the radius of its nd shell, is significant for spin 

alignment. 

 

 

Figure 1.13: Schematic illustration of the Bethe-Slater curve, n here represent the number of the d shell in various 

metals which is either 3, 4 or 5 [79]. 

1.10 Band Theory of Magnetism 

Band theory or collective electron theory is used extensively to describe physical 

properties in metals, semiconductors and insulators. E.C. Stoner and J.C. Slater first derived this 

theory between 1933-1936 [89-91] to explain materials properties and behaviors beside 

magnetism, as elasticity, cohesiveness, thermal and electrical conductivity. One of the aims of 

the band theory is the origin of the non-integer effective Bohr magneton µB values of TM 
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ferromagnets. The effective number of Bohr magnetons (neff), varies according to the type of 

material and can be found as: 

                                neff = 
𝑀𝑆(0)

𝑛µ𝐵
                          (1.8) 

Where MS(0) is the saturation magnetization at T= 0K, and n is the number of atoms per unit 

volume. 

  According to the Pauli exclusion principle, any two electrons in an atom can have the same 

energy level; “shell”, sub-level and spin (spin-up ↑ or spin-down ↓). Some energy levels can have 

more than two electrons like 3p shell, which depict that they split into more sub-levels in order 

to obey Pauli exclusion principle. The applications of Pauli exclusion principle arise when 3p 

shell is filled and reaching to heavier elements. Heavy TM have electrons that expand up to 3d 

and 4s shells and these two levels overlap with each other. Due to wide splitting and overlapping 

of sub-levels of atoms, complexity of Pauli exclusion principle enhances during formation of 

solids. 

Fig. 1.14 (a) illustrates the overlapping of 3d and 4s orbit levels and (b) the Fermi level 

for various metals consistent with their occupation states in each shell. The final distance between 

any approaching atoms will describe overlapping in energy levels. This effect is more apparent 

with 3d and 4s orbit levels as the lower energy levels like 1s and 2s are nearer to the nucleus; 

hence, the distance needs to be reduced more. For instance, in 1 mg of Iron, 1019 energy levels 

will be generated, which create bands rather than separate atomic levels during solid state 

formation.  
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Figure 1.14: A schematic illustration of splitting of electron energy levels (b) Density of levels in the 3d and 4s 

bands [79, 92]. 

By generating several sub energy levels, it is noteworthy to define a density of levels N(E) 

as a band, which is continuous energy band of allowed levels. This term elaborates the density of 

states between two different energy levels and regarded as a function of the energy itself, which 

clarifies the term density of levels, N(E)dE, instead of number of levels. Between each level in 

the energy band, the separation of the energy is reciprocal of density of levels 1/N(E) [93]. 

For describing the available states at Fermi level, the concept of 3d and 4s level 

overlapping is a significant factor. This may show contributions of both 3d and 4s electrons to 

the physical properties generally. For magnetic features of FM transition metals, only the 3d 

levels are responsible [94]. However, 4s levels have broader spherical shape but 3d levels are 

advantageous as they reach nearer to Fermi energy level. This phenomenon enlightens the strong 

magnetic behavior in FM elements which have higher number of electrons in their 3d shells [90]. 

Fig. 1.14 (b) also illustrates the various density of states for TM and the contribution of 3d and 

4s shells in different non-magnetic (NM) and FM metals. Valence electrons partially occupy each 

of 3d and 4s bands because of overlapping between these bands.  

For lighter TM like Mn, weak exchange interaction is playing a vital role. Although band 

energy of these metals is larger, but ferromagnetism is not observed as these metals do not meet 
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the Stoner criterion. The presence of ferromagnetism is explained by the Stoner criterion; I N(EF) 

> 1 where ‘I’ is the exchange parameter and ‘N(EF)’ is density of states at Fermi energy [90]. Fig. 

1.15 shows Fermi energy level in various materials and compares the density of electrons 

occupancy consistent with their magnetic tendency. 

 

Figure 1.15: Schematic view to depict the electronic band structure and density level of states 

for (a) anti-ferromagnetic transition metals, (b) non-magnetic transition metals, (c) weak 

ferromagnetic transition metals and (d) shows 3d band splitting in spin-up and spin down states in ferromagnet with 

exchange energy effect [79].  

Magnetic properties of 3d elements 

In 3d metals like Ni, Fe and Co, the ferromagnetism is due to the dependence of exchange 

energy of these elements on particular arrangement of the electrons and their spin in 3d 

band [99, 100]. Although these elements have 4s electrons, magnetic properties arise from high 

density of states in 3d band which has a maximum occupancy of 10 electrons per 

atom and can be spin-split [95]. Possible electron excitations in this band with little kinetic 
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energy increase can cause spin imbalance and a net magnetic moment per atom due to large 

density of states at the Fermi energy. The 4s electron band only contains up to two electrons per 

atom and hence does not affect the magnetic properties [96]. This explains why Cu and Zn as 

3d elements do not have a magnetic moment because of completely filled 3d band which does 

not allow flexibility in electronic arrangement. Nevertheless, the Fe, Co, Ni counterparts exhibit 

ferromagnetism because the 3d sub-bands shift with respect to each other due to the presence of 

exchange interaction creating a spin imbalance as shown in figure 2.6c. FM ordering 

arises when gain in exchange energy is larger than increase in kinetic energy. FM materials 

exhibit finite magnetization in thermodynamic equilibrium.   

1.11 Magnetocrystalline Anisotropy 

  Each magnetic material has a specific crystallographic orientation along which 

magnetization preferentially aligns. In FM, atomic moments tend to favor magnetization 

alignment along preferred crystallographic axes. The lowest energy orientation of magnetization 

is known as the easy axis in contrast to certain directions where large applied magnetic field is 

required to rotate the magnetization i.e. the hard axis. This phenomenon is independent of grain 

size and shape of the material. The energy state of FM depends on the alignment of the 

magnetization along certain crystallographic axis, termed as magnetocrystalline anisotropy [97]. 

In a single crystal, this energy is required to switch the magnetization from easy to hard axis thus, 

overcoming the SOI. 

The magnetocrystalline anisotropy results from coupling the electron spins through 

their orbits to the lattice [98]. FM crystals may have easy, medium and hard axes, 

which are explained by the coupling between the spin and the orbital magnetic moment to lattice. 

The direction of the magnetisation is investigated by anisotropy, but the exchange 

interaction also plays a significant role in alignment of magnetic moments regardless of 

their direction.  

This anisotropy can be observed in FM like Ni, Co and Fe along the easy and hard axes 

with applied field [105]. For instance, fig. 1.17 reveals the easy, medium and hard axes, for body 

centered cubic (BCC) Fe, face centered cubic (FCC) Ni and the hexagonal closed pack structure 

(HCP) Co. It is obvious, when the external field is applied on ˂100˃   axes Fe reaches the 
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magnetization saturation easier, compared to ˂111˃ directions. ˂111˃ directions in Fe 

corresponds to hard axes of magnetization and ˂100˃ directions in iron are associated to easy 

axes and the. Conversely, Ni saturates easily when the external magnetic field is applied on the 

˂111˃ directions and ˂100˃ directions signifies hard axes of magnetization. For cubic crystals 

like Fe and Ni, magnetocrystalline anisotropy energy, Emc can be expressed as 

                         Emc = K1(α1
2α2

2 + α3
2α3

2 + α1
2α1

2) + K2(α1
2α2

2α3
2)                    (1.9) 

where, K1 and K2 are first and second order magnetocrystalline anisotropy constants for any given 

material and α1,2,3 are the direction cosines corresponding to cube edges. For Fe, it has been found 

that values of K1 and K2 are 4.8 ×104 J/m3 and -1.0 ×104 J/m3 respectively. The measured values 

of K1 and K2 for Ni are -4.5 ×103 J/m3 and -2.5 ×103 J/m3 respectively [99]. 

The c-axis is easy axis of magnetisation in hexagonal crystals as shown in Fig. 1.17 (c). It 

is very tough to rotate magnetisation away from c-axis. Magnetocrystalline anisotropy energy 

needed to rotate the magnetic moments in hcp Co from easy axis of magnetisation to hard axis is 

greater than the one required in the case Ni and Fe [97]. For uniaxial hcp Co crystals, the 

magnetocrystalline anisotropy energy is expressed as  

                                Emc = K1 sin2 θ + K2 sin4 θ                   (1.10) 

Where K1 = 4.5×105 J/m3 and K2 = 1.5×105 J/m3 [97] are first and second order 

uniaxial anisotropy constants in hcp Co, and θ is the angle between easy axis and magnetization. 
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Figure 1.16: Magnetization curve along different crystallographic axes for single crystal  of (a) bcc Fe, (b) fcc Ni 

and (c) hcp Co where the easy, medium and the hard axis showing the preferential alignment due to 

magnetocrystalline anisotropy[79].  

1.12 Crystal Structure Changing in Ferromagnetic-Nonmagnetic Thin-Films 

The elemental ferromagnets Ni, Co and Fe have HCP, FCC and BCC crystal structure 

respectively as shown in Fig. 1.17. Each crystal structure generates a different value for total 

anisotropy. Though, some elements can have different crystal phase when they are combined with 

other elements or thicknesses or special conditions e.g. crystal structure of Co changes to FCC 

when it is sputtered as very thin layer (sub 3nm) on FCC structure like Pt [100]. Therefore, 

substrate type, alloying, doping or changing the thickness of the FM material can all modify the 

crystal structure of the elements. 

By changing thickness of thin-film, modification in crystal structure appear in two ways. 

Firstly, for ultrathin films having thickness of a few Angstroms, the material can be forced to 

follow the crystal structure of underlayer. Secondly, for several monolayers, this effect will 

be weakened and allows the FM material to retain its own crystal structure. 
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1.13 Magnetostatic Shape Anisotropy 

Magnetostatic energy is the energy linked to magnetic field produced from a magnetic 

body itself. This energy is accredited to interaction between the magnetic dipoles and associated 

stray field. It is proportional to the integral over the volume of the material as 

                                Ems =      
𝜇0

2
 ∫HS

2Dv                             (1.11) 

where Hs is the stray field and dV is a volume element of the material. Typically, magnetic dipole-

dipole interactions are smaller than strong exchange interaction. The magnetostatic energy 

density can be expressed as: 

                                           ɛms = 
𝜇0

2
 HS..Ms                                                        (1.12) 

The value of magnetostatic energy density is minimum when magnetic surface charge and the 

stray field are lowest. Hs tends to oppose the direction of Ms and magnitude of Hs depends on 

the size and shape of sample [101]. 

Magnetostatic or Shape anisotropy also influences the magnetization on sample in every 

direction. The importance of this effect can be observed well by considering a sample having 

non-spherical shape and can dominate when there is only very weak magnetocrystalline 

anisotropy. The free poles on different surfaces of a sample can cause this effect by the stray 

fields, which instigate from these free poles. In non-uniform sample, direction of easiest 

magnetization is along their longest axis due to the magnetostatic energy. The longest axis can 

be regarded as the magnetostatic easy axis of a sample. This difference can be calculated by using 

the permanent magneto-static energy (Ems). Ems is associated to demagnetization field Hd at zero 

applied field and to magnetization M, along a given geometrical axes 

                                                 Ems = 
1

2
  Hd M                          (1.13) 

where Hd = NdM, equation 1.13 can be expressed as: 

                                                  Ems = 
1

2
 NdM

2                                     (1.14) 
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where Nd is the demagnetizing coefficient along a given axis, which is inversely related to Hd.  

Fig. 1.18 represents two dimensional thin-film structures, axis perpendicular to thin-film provides 

a high demagnetization factor, N┴ ≈ 1, in comparison to the in-plane axis with N║≈ 0. 

 

Figure 1.17: Schematic diagram of demagnetization field depicting thin-film magnetization along the X, Y and Z 

direction [79]. 

 

 For in-plane magnetization, the lower demagnetization field has a lower magnetostatic energy 

and ground state configuration. Eq. 1.14 can be expressed as the difference between the 

demagnetizing coefficient for any giving axis ∆N: 

                                               Ems = 
1

2
 ∆N M2                                 (1.15) 

Experimentally ∆N associates to ratio of the ┴ and the ║ axes; for instance, c/a for 

Co. Eq. 1.15 is analogous to magnetocrystalline anisotropy and exhibit angular dependence also. 

Hence, Eq. 1.10 can be same as below but with only K1 

                                                     Ems   = Ks sin2θ                 (1.16) 

Where Ks is the shape anisotropy constant. N║ to the long axis remains very small whereas N┴ 

can be varied for both orthogonal axes [79]. 
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1.14 Spin orbit torque 

Spin dependent transport in a NM/FM bilayer with a current applied in the plane of sample 

can produce a current induced spin torque due to SOC in the NM layer. SOT results due to spin 

accumulation governed by energy dissipation because of spin flip scattering and precession of 

spin within length scale of spin diffusion length. Effective field due to SOT is presented by [102] 

                                                 Jexσs = a(σs × M) + bσs                 (1.17) 

where Jex is the exchange coupling, σs is spin accumulation and M is the magnetisation. 

a and b parameters depend on the FM thickness and spin-mixing conductance.  

In 1935, the simple magnetisation dynamics model (LL model) was formulated by Landau and 

Lifshitz, expressed by equation, 

                                                   
𝑑𝑀

𝑑𝑇
  = γM × Heff                                        (1.18) 

where M is the magnetisation, γ the gyromagnetic ratio, γ = 2.8 × π × gMHz/Oe and Heff is the 

effective field that governs the equilibrium orientation of magnetisation. Heff comprises of  

applied magnetic field, H0, and effective internal fields like demagnetisation and anisotropic 

fields. This model depicts that M is linked to total angular momentum that is subjected to torque 

resulting in precessional motion. Though, the equation is used for an undamped system which 

makes it unreliable with experimental results. Gilbert came up with a more robust model in 1955 

which comprises a simple depiction of the damping in the system like magnetisation returns to 

equilibrium location by loss of energy to the lattice [103]. Equation 1.18 was modified to the 

Landau-Lifshitz-Gilbert equation expressed as        

                                   
𝑑𝑀

𝑑𝑇
 =  γM × Heff  - 

𝛼

𝑀𝑠
 M× (M × Heff )                     (1.19) 

where M × Heff signifies the torque field that produces the precession of M around the effective 

field, α is the Gilbert precessional damping constant, which governs the diminishing rotation of 

the M towards Heff without reducing the torque field and M × (M × Heff) depicts the relaxation of 

magnetization owing to damping [104, 105] without the magnetization dynamics because of SOT. 

Hence, by putting equation 1.17 into equation 1.19 we have  
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𝑑𝑀

𝑑𝑇
= γM × (Heff + Jex σs) – 

𝛼

𝑀𝑠
  M × (M × Heff)            (1.20) 

which defines the magnetization dynamics considering the SOT contribution as an effective field 

depicted by Jexσs. Field-like torque and a damping-like torque are two consequences of SOT 

effect. The field-like torque is related to the Rashba-Edelstein effect and it links to a finite 

imaginary component of the spin-mixing conductance, Gi [106, 107]. The damping-like torque 

is linked to spin Hall effect and proportional to the real component of the spin-mixing 

conductance, Gr, having symmetry close to the exchange mediated term [108]. From Equation 

1.20, the field-like spin torque is τFL = bM × σs and the damping-like spin torque is τDL = aM × 

σs × M. These contributions are accredited to exchange interaction between the s and d electrons. 

It is noteworthy that these torques can switch magnetization, which increases the possibility of 

applications in magnetic storage devices. 

1.15 Polarised Light Interaction with Ferromagnetic Materials 

In spintronics, the interaction of light with a FM material either from surface reflection or 

by transmission is a significant phenomenon. This phenomenon provides an investigative tool to 

review FM systems. The magneto-optical Kerr effect (MOKE) depends on changing of 

polarisation state of reflected beam from a FM. It is based on group of phenomena associated to 

the optical magnetization anisotropy at the surface of FM materials [109]. MOKE is a renowned 

phenomenon and delivers the capability to evaluate magnetization in a quantitative way [110]. In 

1854, Michael Faraday first discovered the effect of magnetization on light, as a rotation in the 

polarisation axis of light when it passes through a piece of glass which was positioned in a 

magnetic field. In 1877, John Kerr observed similar effect [111] on reflection of the light beam 

from a polished metallic pole of an electromagnet. It has been discovered that the angle of rotation 

is a function of thickness of sample and magnetic field strength.  

The fundamental mechanisms of MOKE is the interaction of electric field of light 

with Lorentz force inside the FM material. When incident light beam interacts with a ferrimagnet 

or ferromagnet, a large change in the light polarisation will be indicated [112]. The reason behind 

this polarization is that such materials are magnetically ordered even without applied external 

field. For other cases, like when an external field is applied on a medium, same effect will happen. 
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Generally, for both cases the magnetic effect will arise as the optical anisotropy changes. The 

role of the applied magnetic field is to split energy levels of material which is termed as the 

Zeeman effect [109]. MOKE effect comprises of three key geometries: Polar, longitudinal and 

transverse. The difference between these geometries is associated to the sample, the applied field 

and direction of light propagation. Each geometry has a diverse effect on the reflective light 

polarisation status, though, all of them are linked to Cotton-Mouton or Voigt effect and Faraday 

effect [110, 111]. 

1.16 Introduction to Spintronics 

Spintronics is "spin based electronics". It is based on utilizing the electron’s spin and 

electronic charge also. Electronic spin can occur in two ways i.e. spin-up and spin down which 

is clockwise and anti-clockwise respectively. The energy of electronic spin can be detected by 

the presence of weak magnetic energy. Spintronics will in future allow us to accomplish more 

“work” than just simple electronics with ease. There are many possible usages where spintronics 

principle can be applied. One of the most common is spintronics usage in magnetic random-

access memory (MRAM). MRAM working principle is based on spintronics and it offers fast, 

miniature and non-volatile memory. It is also expected that spintronics will soon replace the 

printed circuit boards with spintronics ones. For beginners, a device based on spintronics does 

not need electricity to retain its “spin”. For instance, memory modules in electronics will be non-

volatile ones like flash. Spintronics based devices will be more susceptible to work in high 

temperature environments and radiations. In principle, these devices will be portable, faster and 

dynamic than electronics ones [113].  

1.16.1 The advent of spintronics 

Even though “spin” plays an essential role in elucidating the multiplicity of atomic 

spectra, this is not its significant role. In middle of 20th century, it was comprehended that spin 

plays an important role in magnetism. Every theoretical model assumed to describe the physical 

origin of magnetism invoked “spin” in some or the other. This comprised the Heisenberg model, 

the Bloch model, the Stoner model and every other innovative model. Though magnetism remains 

the domain of spin, in the late 20th century, it was realized that spin, alone or in conjugation with 

charge, can be harnessed to process information, particularly digital information encoded with 
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binary bits 0 and 1. This is the central theme in the field of spintronics today. Of course, 

spintronics is much more than just information rendition and includes the more traditional areas 

of magneto electronics that deals with magnetic or magneto resistive effects for storing and 

sensing information. Primary success in this area comprise the advancements of read heads for 

sensing immensely dense magnetic storage media (these read heads are now routinely used in 

laptop computers and entertainment systems like Apple iPods), non-volatile MRAM, positioning 

control devices in robotics and correlated systems and high current monitoring devices for power 

systems, etc. Most of these advancements were initiated by study of how spin polarized electric 

currents can be injected into FM/PM multilayers which, in the 1980s had led to significant 

discovery of giant magnetoresistance. 

The applications of spintronics in information technology, particularly for computing and 

signal processing is a comparatively novel field. Initial effects in this area were associated to 

development of spin-based analogs of conventional signal processing devices like transistors 

[113].  

1.16.2 Spintronics devices based on ferrimagnetic materials 

Spintronics devices make use of electron spin for a specific purpose. This principle can 

be applied in creating high-density storage devices. Such storage devices have been proposed 

using magnetic solitons such as, nanoscale domain walls.  In such a device, the solitons behave 

as bits which are employed to encode information. They would be moved by means of racetrack, 

a device used for moving skyrmions or domain walls along structures like nanowires via current 

pulses that are spin polarized. But to date, the advancement of such a commercial device has been 

foiled by a problem. However, bits are too big which make this idea worthless since it is difficult 

to move them fast. In this new effort, researchers are interested to use ferrimagnets instead of 

FM in such devices. Researchers suggest that smaller bits can be created by using ferrimagnets 

as they allow faster domain wall dynamics to arise. Hereafter, there would be no change in net 

angular momentum would be mandatory to reorient magnetic moments. This could result in the 

creation of new consumer products in comparatively short period of time [114]. 

https://phys.org/tags/domain+walls/
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1.17 Background on water purification  

Water is one of the most valuable enablers of life on our planet. 3.2 million people die 

worldwide per annum due to unclean water, insufficient hygiene and poor sanitation [115]. 

Lifestyles of human beings and animals are directly affected by the quality of water. World‘s 1.4 

billion cubic kilometers of water covered a widespread diversity of forms and locations. Nearly 

97% of this water is salt water in oceans. The total freshwater reservoirs in the world are assessed 

at around 35 million cubic kilometers. Generally, freshwater is preserved in permanent snow 

cover, glaciers or deep groundwater and unreachable to human beings [116]. 

1.18 Billion suffer without improved water and sanitation services  

Recently, water pollution appeared to be the widely discussed issue due to the lack of 

managing wastewater and insufficient underground water reservoirs, which certifies an 

unmaintainable life. Though, lesser amounts of water sewages produce hazardous health effects 

in human beings and other ecologies. Thus, for the essential wastewater management, industrial 

discharge of wastewater includes suitable sewage treatment plants. Wastewater treatment 

technologies have proposed several efficient approaches, but inexpensive and efficient technique 

is a primary means to access safe water [117]. 

Inadequate approach to clean water and sanitation is one of the most persistent problems 

around the globe. Consequently, around 1.1 billion people lack access to purified water, 2.6 

billion have little or no scarcity, and millions of people die per annum [118]. In developing 

countries, the contaminated water is the main cause of death [119, 120]. Water resources affect 

food production and energy, industrial output, and quality of environment in both developing and 

industrialized countries [116, 121]. For human use, more than 80% of all water is utilized by 

energy, agriculture and livestock. Moreover, demand for clean water is supposed to increase with 

increasing growth of population [122]. Water is the main requirement in leading industries like 

food and agriculture [123]. By 2020, water usage is supposed to increase by 40 percent, and the 

amount of water needed for food production to fulfill requirements of the rising population will 

increase by 17 percent [116]. Water scarcity happens globally and water problems are supposed 

to get worse in near future (Fig 1.19) [121,124]. 



 

33 
 

 

                            Figure 1.18: Areas of physical and economic water scarcity[125]. 

1.19 Wastewater Treatment Methods 

Treatment of wastewater and recycling is a fundamental element and researchers are 

implementing appropriate cost-effective technologies. Various biological, physical and chemical 

processes have been employed to purify wastewater [117]. Removal of color from dyestuff and 

textile manufacturing wastewater is foremost environmental aspect. Variety of conventional 

treatment methods have been carried out in several industrial wastewaters like pulp and paper, 

chemical, pharmaceutical, biological, food, dye processing, and textile wastes [117, 122-124].    

Conventional biological treatment procedures are not effective due to obstinate nature of 

synthetic dyes and high saltness of wastewater comprising dyes [117, 126]. Ozonation and 

chlorination are also relatively incapable because of their high operating costs [126, 127]. For 

removal of dye impurities, traditional physical methods like ultrafiltration, ion exchange on 

synthetic adsorbent resins and adsorption on activated carbon have been employed [117, 126]. 

These approaches are fruitful only in transferring organic compounds from water to another 

phase, consequently generating secondary pollutants which involves more treatment of solid 

wastes and regeneration of the adsorbent, hence, this process become expensive. 

1.20 Discovery of Photocatalysis 

In 1972, phenomenon of a photocatalytic splitting of water was explored by Fujishima 

and Honda under ultraviolet (UV) light on titanium dioxide (TiO2) electrode [128]. This 
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discovery was the foundation of innovative era in heterogeneous photocatalysis. Though, 

electrochemists didn’t accept this discovery at first, since at that juncture, they didn’t consider 

wave nature of light and believe that oxygen could not be produced at such a low voltage, since 

water electrolysis occur at 1.5–2 V or even higher. Thereafter, comprehensive research was done 

by researchers to understand the foremost procedures and increasing the photocatalytic efficiency 

of TiO2. Such kind of studies are normally associated to energy storage and energy renewal 

processes [128, 129].  

1.21 Photocatalysis Definition 

Photocatalysis is the combination of photochemistry and catalysis. In photocatalysis, light 

and catalysts are used together to support or speed up reaction. Photocatalytic process is classified 

into two types: homo and heterogeneous processes. Homogeneous photocatalysis is normally 

used with metal complexes as catalysts (TM complexes as copper, chromium, iron etc). In such 

processes, higher oxidation state of metal ion complexes produced hydroxyl radicals (OH·) under 

the thermal and photon condition. Later, these OH· react with organic matter which cause 

removal of toxic matters. On the contrary, heterogeneous photocatalytic process is employed for 

the degradation of several organic pollutants in wastewater and it is a technically gifted method 

[119-131]. This method has numerous advantages over other competing procedures [128, 130]. 

Semiconducting materials (TiO2, CeO2, ZnO and SnO2) act as heterogeneous photocatalysts, due 

to their promising combination of electronic structures which is characterized by charge transport 

characteristics, light absorption properties, excited states lifetime, filled valence band (VB) and 

an empty conduction band (CB) [131-133]. An outstanding semiconductor photocatalyst should 

be (i) biologically and chemically inert, (ii) photoactive, (iii) able to utilize visible and/or near-

UV light, (iv) inexpensive, (v) photostable and (vi) nontoxic. Semiconductor photocatalysis 

exhibit numerous applications in environmental systems [131-134]. The photocatalyst is a 

remarkable process which can be used for several purposes such as purification of air, 

antibacterial activity, degradation of numerous organic pollutants in wastewater etc. In field of 

wastewater treatment, photocatalysis is getting more attention to attain whole mineralization of 

the contaminants under mild conditions of temperature and pressure. Photocatalytic processes are 

beneficial when near-UV light or sunlight can be used as a source of illumination.  Hence, the 

term “photocatalyst” can be ascribed as photon assisted production of catalytically active species.  
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1.22 Photocatalytic Mechanism 

Photocatalytic reaction is dependent on photon energy or wavelength and catalyst. 

Generally, semiconductors behave as sensitizers for light stimulated redox process because of 

their electronic structure, hence used as a catalyst. This electronic structure is characterized by a 

filled VB and empty CB [132,135]. Fig 1.20 depicts photocatalytic mechanism using ZnS 

nanoparticles. 

 

Figure 1.19: Photocatalytic degradation of organic pollutants using ZnS nanoparticles. 

    The important steps in semiconductor photocatalysis are given below [129-132, 135]: 

1. When photons strike on surface of semiconductor and if the energy of incident photon is 

comparable or more than the bandgap energy of the semiconductor, VB electrons (e-) are excited 

and move to CB of semiconductor. 

2. In VB of semiconductor, holes (h+) would be left. OH· are produced when h+ in VB oxidize donor 

molecules and react with water molecules.  

3. Superoxide ions are generated when CB electrons react with dissolved oxygen species. These e- 

produce redox reactions.  
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These h+ and e- could undergo consecutive oxidation and reduction reactions with any species, 

which may be adsorbed on the semiconductor surface to provide required products. 

1.22.1 Description of Oxidation Mechanism 

The surface of photocatalyst comprises water, which is ascribed as “absorbed water.” 

The absorbed water is oxidized by h+ generated in VB owing to shift of e- to CB due to 

illumination of photons, hence, OH
∙
 are formed. Subsequently, these OH

∙ 
react with organic 

matter present in synthetic dyes. If oxygen is present during this process, the intermediate radicals 

along with the oxygen molecules present in the organic compounds can experience radical chain 

reactions and absorb oxygen also. The organic matter decomposes in such case finally becoming 

water and carbon dioxide [132]. Under such conditions, organic compounds can react with h+, 

contributing in oxidative decomposition. Fig 1.21 shows schematic illustration of oxidation 

processes. 

 

Figure 1.20: Schematic illustration of oxidation process[139]. 

1.22.2  Description of Reduction Mechanism 

Fig. 1.22 shows the mechanism of reduction process. In air, reduction of oxygen arises as 

a pairing reaction [130,131]. Reduction of oxygen occur as an alternative to formation of 
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hydrogen because of reducible ability of oxygen. CB electrons react with dissolved oxygen 

species to produce superoxide anions. In the oxidative reaction, these superoxide anions attach to 

intermediate products, hence, producing peroxide or changing to hydrogen peroxide and then to 

water. Reduction is expected to occur in organic matter easily relative to water. Thus, higher 

content of organic matter aids to increase the number of h+, hereafter, decreasing the carrier 

recombination and enhancing photocatalytic activity [130, 131, 134].   

 

Figure 1.21: Schematic illustration of reduction process[133]. 

1.23 Advantages of Photocatalysis 

Photocatalysis has numerous advantages, most important ones are given below [133, 134]: 

i. In various wastewater brooks, photocatalysis can be used in the destruction of a wide range 

of harmful pollutants. 

ii. Photocatalysis provides a significant replacement for energy intensive traditional treatment 

approaches (ultrafiltration, coagulation by chemical agents, reverse osmosis, ion exchange 

on synthetic adsorbent resins) by pollution-free and renewable solar energy.  

iii. Reaction time for photocatalysis is modest, reaction conditions are mild, and lesser 

chemical input is mandatory. 

iv. Contrary to traditional treatment procedures which transfer pollutants from one phase to 

another, harmless products are formed in photocatalysis 
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v. Nominal production of secondary waste. 

vi. Photocatalysis can be useful to hydrogen creation, aqueous treatments, gaseous phase and 

for solid phase treatments. 

1.24 Limitations of Photocatalysis 

Limitations of photocatalysis are described below [129-131]: 

i. Suppression of charge carrier recombination. 

ii. Interfacial charge transfer 

iii. Improve the charge separation 

For improving the efficacy of the photocatalytic process, above factors are vital. 

1.25 Semiconductor Photocatalyst and Its Challenges 

Researchers have focused attention during the last three decades on reactions that occur 

on illuminated surface of semiconductor catalysts (Fig. 1.23), which exhibit bandgap energy of 

1.1– 3.8 eV [132]. Based on the earlier reports, the mechanism of photocatalytic reaction of 

semiconductors is generally described by the following equations [133, 136]: 

Semiconductor + Light Energy            Semiconductor (ecb
¯

 + hvb
+ )        (1.21) 

Dye + Semiconductor (hvb
+)              Oxidation Process                         (1.22) 

Semiconductor (hvb
+) + H2O               Semiconductor + H+ + OH·                (1.23) 

Semiconductor (hvb
+) + OH¯                       Semiconductor + OH·                           (1.24) 

Dye + Semiconductor (ecb)              Reduction Process                          (1.25) 

Semiconductor (ecb
¯ ) + O2                          Semiconductor + O ̇ ¯                 (1.26) 

                                 O ̇ ¯ + H+                        HO2̇                                        (1.27) 

                              HO2 ̇ + HO2 ̇                H2O2 + O2                                               (1.28) 

                               H2O2 + O ̇ ¯             OH· + OH¯ + O2                                (1.29) 

                              Dye + OH·                      Degradation Products             (1.30) 
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Continuous efforts are being carried out to utilize solar energy for environmental 

protection, energy production and water purification. Sunlight provide about 5–7% UV light, 

46% visible light, and 47% infrared radiation [137]. Thus, there are some semiconductor 

materials like ZnO, CdS, TiO2 which are unable to utilize solar photocatalysis [131]. Several 

technical approaches are being designed to utilize lower energy photon as well [131, 134]. 

Currently, researchers are focusing on attaining higher degradation efficacy by using these 

materials, especially using sunlight. 

 

Figure 1.22: Bandgaps and redox potentials by using the normal hydrogen electrode (NHE) as a reference for 

numerous semiconductors[133]. 

1.26   Metal Ion Dopants 

Photocatalytic performance of a semiconductor can be increased by doping of appropriate 

material into a catalyst.  Stimulated research is carried out to study the effect of dopants on the 

properties and the potential applications of semiconductor nanocrystals [138].  Because of 

extensive usage of dopants or intentional impurities to control the behavior of materials in recent 

technologies, researchers have explored; how dopants can affect semiconductor crystallites or 

nanocrystals that are a few nanometers in scale but exhibit outstanding size-specific electronic 

and optical behavior [139]. Energy can be transferred efficiently from absorbed photons to dopant 
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impurity atoms, hence, rapidly localizing the excitation and inhibiting unwanted reactions on the 

surface of nanocrystal [140]. Substitution of ZnS with other TM like manganese, nickel, iron and 

copper can have advantageous effect on the photocatalytic activity (PCA) of photocatalysts [141]. 

Consequently, such doped ZnS semiconductor materials exhibit extensive range of applications 

in light emitting displays, electroluminescence devices, optical sensors and phosphors [142]. 

Kanade et al. investigated that synthetic approach for addition of TM ions in semiconductor 

nanomaterials would be advantageous for improvement of photovoltaic devices and visible light 

photocatalysis [143]. Continuous researches are carried out to prepare sulfide nanomaterials with 

controlled shapes, sizes, and phase purity by numerous chemical techniques [144-146]. Effect of 

dopants in CdS nanostructures has attracted significant attention because it is an appropriate 

method to modify ts physical properties. Currently, spectroscopic investigations of TM and RE 

doped CdS nanostructures have inspired to synthesize novel and effectual multicolor phosphr 

materials [147].  

1.27 Dye Sensitization  

Various dyes like acid red 44, congo red, eosin-Y, methylene blue (MB), rhodamine B, 

and rhodamine 6G, 8-hydroxyquinoline have been employed to sensitize semiconductor NPs 

[130, 148,149]. Dye molecules are excited under visible light illumination and contribute in 

promoting electrons. Hereafter, these excited electrons move to CB of semiconductor material. 

These reactions generate number of electrons and holes which are responsible for effective 

decomposition of organic contaminants using oxidation and reduction processes [130]. 

1.28 Thesis Outline 

The thesis is estranged into seven chapters. In the first chapter, the introduction to 

nanomaterials, classification, origin of magnetic moment is represented along with theory of 

magnetism. Overview and mechanism of photocatalysis are deliberated deeply.  

Chapter 2 is representing the brief review of literature for rare earth-transition metals alloys along 

with the deposition techniques utilized to deposit thin films. Literature review of nano powders 

for photocatalysis is elaborated in following part.  

The detail experimental setup and various characterization techniques are discussed in chapter 3. 

This is followed by the background of the material deposition with a focus on the main deposition 
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system. Synthesis of nano powders is also stated in chapter 3, with description of catalytic and 

photocatalytic processes. Furthermore, the basic principles of the characterization tools are also 

described.  

The results of research work in this thesis starts in chapter 4. This chapter discusses the role of 

low Gd concentrations on magnetization behavior in RE:TM metal thin films. The structure of 

the films is studied by x-ray diffraction and x- ray reflectivity analysis. Magnetic properties were 

studied by Magneto Optic Kerr effect setup.  

Chapter 5 is one of the published works, representing a detailed study of role of capping agent on 

catalytic and photocatalytic properties of ZnS nanoparticles. We study the effect of 2-

merceptoethanol capped ZnS nanoparticles on photodegradation of MB dye.  

Chapter 6 is also one of the published works and provides a detailed study of effect of transition 

metals dopants ZnS and CdS nanoparticles on photocatalytic activity of methylene blue. Various 

characterization techniques such as UV-visible spectrophotometry, FESEM, TEM, x-ray 

diffraction, Raman spectroscopy, FTIR analysis have been carried out to elucidate the changes in 

structure, absorption and shape of nanomaterials.  

The final chapter 7 is the conclusion of the thesis, which summarizes the key results obtained 

from this work with the main conclusion. The results of this thesis may have a noteworthy 

influence on the cutting-edge technologies such as spintronic devices and dye degradation 

applications. Also, it introduces the possible future work based on the findings of this thesis.  
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Chapter 2  

2 Review of Ferrimagnetism and Photocatalysis Research History 

2.1 Ferrimagnetism Research History 

The properties of magnetic thin films and multilayers were first reported many years ago 

[1]. Shortly thereafter, innovative phenomena have been explored in these artificially made 

material systems. These phenomena could have tremendous applications in numerous fields 

comprising magnetic storage devices [2], magnetic field sensors [3], solid-state magnetic 

memories [4], magnetic logic or hybrid complementary metal oxide semiconductor [5,6] and 

biotechnology [7,8]. Among the outstanding phenomena and devices explored and established 

over the years, the following phenomena exhibit considerable attention: the observation of 

perpendicular magnetic anisotropy in magnetic thin films and enhanced MOKE rotation [9,10], 

the phenomenon of exchange bias at FM/AFM interfaces [11,12], giant magnetoresistance [13], 

and the first observations of SOT-induced magnetization switching owing to Rashba effect. [14].  

Over the last three decades, magnetization dynamics at interfaces is being explored widely 

[15-17].  Recently, SOT has attained a huge interest in that context [18]. Significant amounts of 

researches have revealed that SOT generated by in-plane current and strong SOC can reorient the 

magnetization precisely in HM/FM/oxide multilayers [19,20]. In such hetero structures, the 

origin of SOT is still under debate regardless of extensive studies [21]. Recent research on STT 

has demonstrated that direct interaction between electron spins and magnetization can provide 

magnetization control that is more energy effectual relative to Ampere field [22]. In fact, 

considerable current researches reveal that SOT arises from the SOI can also deploy the 

magnetization in systems as efficiently as a HM/magnetic bilayer [23,24].  

Initial interest in formation of RE-TM thin films was developed by Orehotsky and 

Schroeder using co-evaporation of the elemental constituents [25]. Later, Chaudhari et al and 

Rhyne et al. [26,27] made a study on synthesis of amorphous RE-TM thin films using sputter 

deposition. These materials show magnetic properties of possible scientific interest and 

technological utilities [28]. In RE-TM thin films, the presence of a uniaxial magnetic anisotropy 
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is the most general feature. The orientation and strength of this anisotropy is dependent on alloy-

preparation procedure, temperature and composition [29]. Heiman et al. investigated that 

magnetic anisotropy is a common aspect of RE-TM alloys despite preparation method. Since the 

magnetic and magneto-optical applications of RE-TM alloys need the presence of a magnetically 

bistable material, an efficient research of the origin of this anisotropy is significant to the 

production and control of material [30]. Hence, this topic has attained significant attention in past, 

and still an exciting field for researchers. 

                   Numerous researches have been carried out in past to understand field-free SOT-

induced magnetization switching of materials with perpendicular magnetic anisotropy in a bilayer 

system, either using Co/Ni multilayers or thin CoFe and CoFeB layers with interfacial 

perpendicular magnetic anisotropy (PMA). All stacks are FM exhibiting large value of Ms. Yang 

Chen et al [31] demonstrated SOT switching in a multilayer stack of CoFeB/Gd/CoFeB. This 

stack displays low Ms (370 + 20 emu/cm3) and a good PMA, where CoFeB and Gd layers are 

antiferromagnetically exchange-coupled with each other. 

 Roschewsky et al [18] made a study on SOT switching of ferrimagnetic Gdx(Fe90Co10)100-

x thin films for TM rich and RE rich configurations. The SOT driven magnetization switching 

follows the same sense in TM-rich and RE-rich films regarding total magnetization but switching 

is reversed regarding TM magnetization. This specifies that the sign of the SOT driven magnetic 

switching follows the total magnetization. Effective field generated in RE-rich sample is observed 

to be two times larger like TM-rich sample, even larger than the effective fields observed in 

Ta/CoFeB films. These results suggest vital understanding into the physics of spin angular 

momentum transfer in materials exhibiting antiferromagnetically coupled sublattices. 

Mangin et al [32] reported a study of the in-plane anisotropy in the gadolinium iron 

amorphous system synthesized by co-evaporation. This RE-TM system is very specific as Gd 

does not produce strong magnetocrystalline anisotropy in comparison of other RE metals like 

dysprosium or terbium. The unusual behavior of Gd is attributed to S character of this ion. The 

researchers made a study on the role of diverse parameters like the incidence angle of deposition, 

the nature of substrate, its temperature during deposition, and thickness of deposited layer. 

Excellent results were attained using glass substrate for deposition, maintained at 90 K during 
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process of deposition. At room temperature, the anisotropy appeared to be less well defined and 

PMA component appears by increasing the thickness of the layer. 

Current-induced SOT have been widely studied in FM and AFM, while ferrimagnets have 

been less studied. Mishra et al [34] reported the presence of enhanced SOT arises due to negative 

exchange interaction in ferrimagnets. As CoGd reaches its compensation point, the switching 

efficiency and effective field increase significantly and generate nine times larger SOT relative 

to non-compensated one. Results obtained from macro spin modeling also confirm effectual SOT 

in a ferrimagnet. Their results proposed that ferrimagnets near compensation can be an innovative 

direction for SOT applications owing to their easy current-induced switching and high thermal 

stability supported by negative exchange interaction. 

Y.Fu et al [35] studied the effects of diluted Gd doping in films of Ni83 Fe17 alloy. The 

researchers investigated that the films are amorphized gradually as Gd content rises and Ms 

decreases almost linearly. When Gd content is around 5.7%, the film structure changes from 

polycrystalline to amorphous. Magnetization is reduced almost linearly with increasing Gd 

content, however high hysteresis squareness along the in-plane easy-axis, low Hc of about less 

than 10 Oe and the high maximum permeability of around 1000 are all maintained. 

Bergeard et al [36] investigated correlation between magnetism, structure and electronic 

properties in CoxGd1-x thin amorphous films. The thickness averaged properties of as grown thin 

films were consistent with those of in-depth homogeneous amorphous alloys. However, 

photoemission measurements and X-ray magnetic circular dichroism on prepared thin films have 

revealed signatures consistent with Gd surfactant effect and lateral gradient composition. 

Migration of Gd atoms to the surface followed by an oxidation down to 8 A˚ has been observed. 

Furthermore, results demonstrated high sensitivity of magnetic properties of ferrimagnetic alloys 

to their local concentration and structure. Researchers also demonstrated that MOKE 

measurements do not reflect the complexity of alloys morphology. 

Kim et al [37] described SOT efficiencies and magnetic properties of Pt/GdFeCo/MgO 

multilayers by varying thicknesses of GdFeCo and MgO layers. Their study signified that 

ferrimagnetism in the GdFeCo alloy is affected by both thicknesses due to diffusion of Gd atoms 

toward the MgO layer. By making comparison with conventional Pt/FM /MgO structures, the 

Pt/GdFeCo/MgO shows a lower efficiency of SOTs linked with ferrimagnetic order and a similar 
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magnitude of magnetic damping. Moreover, results also showed that the HM/ferrimagnet system 

is relatively different from HM/FM systems regarding relaxation processes, magnetic dynamical 

modes and spin angular momentum transfer. 

Sun et al [38] studied the effects of diluted Gd doping in Fe50Co50 alloy films. The grown 

films were amorphized gradually by increasing Gd content. Numerous properties of the doped 

thin films have been attained by theoretical fitting of the measured out-of-plane angular 

dependent ferromagnetic resonance field. The g factor and PMA were found to increase with 

increasing concentration of Gd.  whereas Ms decreased consistently. For Fe50Co50 films, the high 

values of PMA and Ms lead to the near zero field resonance along with incomplete angular 

dependence of the resonance curve for thin films with Gd content less than 12%. For films with 

12% and 14% Gd, the appropriate decrease in magnetization of films lead to full resonance curves 

and their angular dependence. The Gilbert damping has been enhanced with the doping of Gd 

content whereas preserving the basic soft magnetic properties, which might be remarkable for the 

advancement of fast spintronic devices. 

2.2 Photocatalysis Research History 

Recently, water pollution turns out to be one of the most common problems affecting 

people around the globe due to reduction of underground resources of water and the lack of 

managing wastewater.  Water wastes produce hazardous health effects in humans and marine 

life. Hence, appropriate sewage treatment plants are essential for the wastewater management 

[39-41]. Wastewater treatment technologies arise with several efficient approaches, but 

economical and less time-consuming approach is primary means to access safe water [40]. 

Extensive researches on numerous technologies are carried out to solve this problem. Advanced 

oxidation process is one of the most favorable alternative technologies to accomplish 

environmental clean-up process [42]. Advanced oxidation process development comprises the 

use of ozonation, Fenton process, and/or photocatalyst for pollutants and pathogens removal [43-

45].  

Photocatalytic features of inorganic semiconductors have displayed considerable interest 

and attraction of  researchers recently [46]. Dye residues released from various industries give 

color to the wastewater and make a class of glaring grave pollutants. Now a days, research on 
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catalytic reduction of these dyes is considered since mostly dyes are injurious when inhaled orally 

and cause health threats. Removal of organic pollutants from wastewater has been carried out 

using variety of chemical techniques as coagulation, adsorption, electrolysis, precipitation, 

photodegradation and membrane-based methods [47]. Though, removal of dyes from wastewater 

using above mentioned techniques is inefficient, expensive, destructive and leave secondary 

waste products rather eliminate pollutants [48]. Hence, new approaches to solve wastewater 

discharge should be explored and adopted [49]. 

Various research groups investigated number of methods to tackle dye contaminated 

wastewater using different kinds of NPs. It will be difficult to comprehend all; yet, a review of 

some of recent photocatalytic studies done by various NPs is addressed. Rajabi et al [50] 

investigated effect of TM ions (Mn2+, Co2+, Ni2+ ions) doping on PCA of ZnS quantum dots 

(QDs). In their research, the PCA of synthesized ZnS QDs was studied to remove methyl violet 

dye, as a model molecule. The obtained results reveal that doped QDS display positive 

photocatalytic enhancement over pristine NPs by efficiently bleached out dye. Their results 

suggested that degradation of cationic dye using pure and doped QDs can be attributed as an 

efficient, novel and green process for the removal of environmental contaminants.  

Shamsipur et al [51] made a study on PCA of ZnS QDs for removal of methyl violet and 

studied the effect of ferric ion doping. The researchers studied photocatalytic degradation of 

methyl violet dye using pristine and doped ZnS QDs. The results demonstrated the enhancement 

in efficiency of methyl violet degradation was observed with addition of Fe3+ ions in ZnS QDs. 

Furthermore, by increasing the initial concentration of methyl violet, the kinetic rate constants of 

decolorization were decreased. A comparison between efficiency of the as prepared QDs like 

initial dye concentration, amount of nanophotocatalysts, maximum degradation, and particularly 

removal time of dye with nanocatalysts of the previously reported studies [52–57], clearly 

demonstrated that, as prepared ZnS QDs (pure and doped) can be regarded as excellent 

nanocatalysts. 

Junaid et al [58] explained photocatalytic degradation of MB in wastewater by Fe-doped 

CdS nanoparticles. Pure and Fe NPs were prepared by wet chemical co-precipitation technique. 

Prepared NPs were employed as the photocatalyst for degradation of dye in visible light and 

catalyst in the presence of reducing agent NaBH4. Pure CdS degrade dye faster relative to doped 
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samples. On the contrary, doped CdS displayed higher catalytic degradation. Their results 

demonstrated that synthesized NPs provide efficient catalytic activity. 

Chauhan et al [59] studied optical, structural and photocatalytic studies of iron doped ZnS 

NPs. Pure and doped ZnS NPs were prepared by chemical precipitation route. Increase in bandgap 

of doped samples is observed relative to pure ZnS sample. Fe ions lengthens the charge carrier 

recombination at their optimal concentration (3 mol%) thus, increasing the photocatalytic 

efficiency. Recombination of trapped carrier dominates the interfacial charge transfer at higher 

concentration; hence, decrease in photocatalytic activity of Zn1-xFexS NPs is observed.  Results 

showed that doped ZnS bleaches MB quickly than pure sample upon its irradiation to visible 

light.  For photocatalytic applications, the optimal Fe/Zn ratio was appeared to be 3 mol%. 

Kaur et al [60] reported synthesis, characterization and photocatalytic studies of capped 

ZnS nanomaterials. PCA of prepared NPs was carried out using Ponceau S and crystal violet dyes 

as model pollutants. Reusability studies of NPs was made to confirm its appropriateness as 

recycled catalyst in photocatalysis. Their results revealed photocatalytic enhancement of reused 

catalyst. Likewise, it was also concluded from reusability studies that PCA is enhanced by UV 

irradiation and hereafter organic pollutants are degraded efficiently. Their research demonstrates 

the importance of selecting the degradation parameter. These parameters can be optimized to 

attain high degradation rate, which is essential for any practical applications of photocatalytic 

activity processes. 

Ertis et al [61] made a study on synthesis and characterization of metals doped CdS 

catalysts. Optical diffuse reflectance spectra of metals doped CdS NPs displayed a blue shift in 

the visible range relative to bulk CdS. Results demonstrate an increase in band gap by adding 

metals which depicts that wavelength corresponding to band gap is decreased. By using various 

metals with CdS catalysts, a promising research for photocatalytic degradation of MB is 

demonstrated. Particularly, doping of Co with CdS displayed larger band gap value in comparison 

of other doped metals. This research shows that PCA of catalysts is dependent on metals doping 

on CdS. Co doped CdS showed highest photodegradation efficiency with a percentage of 87%. 
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Chapter 3  

3 Experimental Techniques 

In this chapter, technical details regarding fabrication of magnetic samples and nano 

photocatalysts are presented. The first section focusses on synthesis approaches and procedures, 

followed by sample preparation steps which covers the steps before actual deposition, including 

cutting and cleaning the substrates for magnetic materials deposition, with shapes depending on 

the measurement practicality, deposition process and material deposition conditions. Synthesis 

techniques are presented in general and UHV deposition technique is explained elaboratively 

since the only method used to prepare all thin films samples. Operating conditions of deposition 

system are elaborated with the aim to show quality of thin-films and thickness precision of the 

sample investigated. Following part of first section outlines materials and synthesis scheme of 

nanopowders. The second sections reviews characterization techniques used in this research work 

for description of thin films and nanopowders. 

3.1 Synthesis Approaches at the Nanoscale 

Current research on NSMs is interdisciplinary due to various methods for synthesis and 

characterization techniques. Nanomaterials synthesis exhibit a huge role for advanced scientific 

applications and involves in fabrication of nanostructures through assemblies of atoms or 

molecules into appropriate size, shape and environment. [1]. Researchers are mostly focused on 

nanoscale synthesis and applying nanomaterials for innovative practices [2]. The most common 

and broad categories for nanomaterials synthesis are top-down and bottom-up approach [3]. 

3.1.1 Top Down Approaches 

"Top-down" approaches are those in which mass material is separated until it is down to 

nanoscale (Fig 3.1). Top-down strategies includes ion implantation, high energy milling, 

lithography, sputtering, laser ablation and vapor deposition. 
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3.1.2 Bottom Up Approaches 

Bottom up approaches are fabricated and handled from nuclear or sub-atomic scale to the 

nanoscale (Fig 3.1). It includes a significant comprehension of the individual atomic structures, 

their dynamic behavior and assemblies, and a wide-going multidisciplinary approach [3, 4].  

Bottom up approaches refers to building of nano materials from atomic scale. Bottom up 

approaches comprises sol-gel method, electrical deposition, co-precipitation, cluster assembly, 

atomic layer deposition and chemical vapor deposition [3]. Scientists adopt mutual top-down and 

bottom up approach in developing new strategies to synthesize NSMs [3].  

 

Figure 3.1: Schematic comparison of top-down and bottom-up approaches[3]. 

3.2 Synthesis Procedures of Nanostructured Materials 

From both fundamental science and technological applications perspectives, NSMs have 

attracted lots of interest as their electronic, physical, magnetic and chemical properties reveal 

unique properties in comparison of bulk counterparts. Several procedures are being designed to 

prepare nano materials with controlled shape, size, dimensionality and structure. For synthesizing 

and fabricating nanomaterials, there are number of physical and chemical techniques. Brief 

depiction of techniques used in this research is given below. 
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3.2.1  Physical Methods  

Physical methods provide an eco-friendly approach to prepare surface clean 

nanomaterials. Thin-film deposition is commonly used physical method for thin films 

preparation. Thin-film deposition can be classified into two different methods of growth, which 

can be examined during deposition of metallic thin-films. The first method comprises vapor phase 

deposition, which covers thermal evaporation, sputtering and molecular beam epitaxy. Whereas 

the second method is liquid-based deposition, which covers Langmuir-Blodgett films and 

electrochemical deposition. In this research work, sputtering is the main technique, used to 

fabricates all thin films. In this technique, highly energetic ions are bombarded on a target 

material to eject atoms from its surface; hereafter, these atoms are deposited on the surface of a 

substrate. In 1852, W. R. Grove [5] first discovered this technique and widely used in thin-film 

fabrication [6]. Recently, there are various physical techniques utilized for the preparation of 

NSMs. In this thesis, sputtering technique is used for preparation of thin films which is elaborated 

in detail below. 

3.2.1.1 Sputtering Technique  

Sputtering is the main technique, used in all thin film fabrication in this thesis. In this 

technique, a focused beam of Ar or He gas is employed which is then accelerated and to bombard 

on a target material to eject atoms from its surface [7]. These ejected atoms are deposited on the 

surface of a substrate. Sputtering allows the usage of wide range of materials with the capability 

of alloying, multilayer and co-sputtering. Currently, various kind of sputtering system, like, ion 

implantation, ion beam, high power impulse magnetron and gas flow sputtering used for 

fabrication of nanomaterials.  

Fig 3.2 depicts a schematic drawing of magnetron sputtering, where the atoms from the target 

are sputtered by the argon gas plasma generated by a bias DC voltage and target signifies the 

cathode. The ejected atoms travel from the target and coat all surfaces comprising the substrate 

placed above the target. The atoms start to move on the surface of substrate and a thin-film layer 

is formed due to bonding between the atoms themselves and the substrate material. The 

temperature of targets is raised due to bombarding process; hence, cooling system is mandatory 

to avoid damaging of target by milling. 
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Figure 3.2: Schematic depiction of deposition technique where the sputtered atoms are ejected from cathode (target 

material) and to the anode (substrate)[8]. 

In a basic sputtering process, high energy ions derived from an electric discharge in a gas 

are directed towards cathode to emit atoms from surface of material.  These emitted atoms move 

freely towards substrate with little impedance to their movement [6]. Mostly, argon (Ar) gas is 

used in generation of energetic ions due to its large mass, inability to react with other materials 

and large availability and referred as the working gas [9]. When Ar gas is introduced into 

deposition chamber, it is ionized and bombarded at target. By bombarding the target, it causes 

atomic collisions by imparting momentum to atoms in target.  During collision, some atoms in 

the target got enough energy to be ejected (Fig 3.3).  
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Figure 3.3: Schematic illustration of sputter deposition technique where the sputtered atoms ejected from the 

material target (cathode) to the substrate (anode). 

Secondary electrons are also produced in this process, which assist in maintaining the 

plasma. Afterwards, the ejected atoms condense on the substrate as adatoms by transferring their 

energy to the substrate surface and letting them to remain on the substrate surface [6].  

In 1936, Penning discovered magnetron sputtering [10]. The magnetron utilizes the 

principle of applying a specifically shaped magnetic field to a diode sputtering target. According 

to this principle, the surface of cathode is engrossed in a magnetic field. Fig 3.4 reveals a 

schematic depiction of sputtering magnetron, where the atoms from the target (cathode) are 

sputtered by the Ar gas plasma generated by a bias DC.  

 

Figure 3.4: Schematic representation of DC magnetron sputtering. 
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In DC magnetron process, the target is mounted on a ring of permanent magnets 

generating a magnetic field parallel to target surface. The electric field acts perpendicular to the 

magnetic field direction simultaneously. Around the target, Lorentz force confines the electrons 

in an orbit. The confined electrons produce further ionization via collisions; hence, increasing the 

ionization efficiency which causes a dense plasma close to the target [5,6]. Fig 3.5 depicts 

schematic illustration of RF magnetron sputtering. 

 

Figure 3.5: Schematic illustration of RF magnetron sputtering. 

At higher frequency (usually 13.6 MHz) [10], when the RF power is applied to the target, 

it passes through target and generate a DC potential by capacitive coupling. In the fluctuating 

field, the electron and ion mobilities are different [6]. As the system is capacitively coupled, there 

is no net charge transfer, hence the electrons are negatively biased. DC negative voltage is 

generated on the target surface to compensate for this bias and surface ion bombardment is 

continued.  The ejected atoms move from the target and coat all exposed surface of substrate 

located above the target. Hence, a thin-film layer is formed due to bonding between atoms 

themselves and the substrate material.  Although, the bombarding process raises the temperature 

of targets, therefore cooling system is mandatory to prevent damaging the target by milling. 
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3.2.2 Chemical Methods 

Chemical methods have substantial role in preparation of nanomaterials and particles; giving 

enhanced properties due to structuring at nanoscale. Chemical methods are flexible in flexibility 

in designing and fabricating novel materials and provide mixing at the molecular level [11]. 

Conversely, chemical methods normally comprise toxic reagents also [12] and these methods are 

time consuming because of inevitable introduction of byproducts. Chemical methods employed 

for the preparation of nanomaterials in this thesis is co-precipitation method, which is described 

in more detail below. 

3.2.2.1 Co-precipitation Technique 

Co-precipitation is an excellent choice where high purity of nanoparticles and stoichiometric 

control is desired. Coprecipitation can generate a great variation in particle size distributions with 

average size ranging from submicron to several tens of micros if suitable conditions are not 

considered. Sometimes milling of calcinated powder is necessary to obtain the desired particles 

size and shape but it results in decreased purity. Generally, calcination temperatures 

for coprecipitation are lower than mixed oxide techniques, and the final product is more easily 

milled to attain finer particle sizes. Contrary to mixed oxide methods, formation of coprecipitated 

powder is usually more tedious due to slow precipitation and sometimes synthesis time is also 

increased because of rigorous washing steps [13]. 

Coprecipitation methods are employed to separate and capture trace elements from dilute 

solutions. Steps involves in synthesis on ZnS NPs using coprecipitation technique are shown in 

Fig 3.6. 
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Figure 3.6: Steps involved in the synthesis of ZnS nanoparticles. 

3.3 Steps Involved in Thin Films Fabrication 

3.3.1 Substrate Preparation 

Cutting and cleaning of high-quality flat substrates is the first phase in sample preparation 

steps, which is based on a silicon wafers. Single crystal silicon wafers with 6 inches diameter, as 

substrate is used for all the samples. Moreover, these wafers are topped with approximately 100 

nm of silicon dioxide (SiO2). SiO2 layer behaves as an electrical insulator to avoid electrical 

conduction via silicon substrate. Diamond cutter was used to make strips and chips. For the 

record, back of the strips/chips was labelled using the same diamond cutter. The dimensions of 

these shapes are associated to measurements, for which the samples were prepared. After cutting 

the wafer into chips/strips, next step is cleaning, where strips/chips were soaked in acetone. 

Beaker containing acetone was placed in an ultrasonic bath for about 150 seconds to clean 

chips/strips. Same procedure was repeated with 2-isopropanol (IPA) to remove acetone from the 

chips/strips, where beaker was also placed in the ultrasonic bath for the same time.  Nitrogen gas 

gun was used to remove the remaining IPA before it evaporates. Cleaning and cutting processes 

are accomplished in fume hood under lab working conditions. 

Shape of the sample plays a significant role in results accuracy. Some measurements 

exhibit same sample shape, where it may be either a rectangle strip or a square chip or 

approximate dot. Magnetic shape anisotropy effect is influenced by shape even when it is very 

small. For example, x-rays sample require a wide clean surface. Conversely for MOKE, a 
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relatively small clean surface is adequate. Hence, it is noteworthy practice to control the shape of 

the samples to carry out different measurements. Fig 3.7 (a) and (b) reveals the used masks with 

holes, squares and cross to allow the flux of atoms to be deposited on the exposed silicon areas 

only. Later, all the cut, cleaned and labeled samples are attached one the back of the mask before 

putting in the deposition system. 

 

Figure 3.7:  Illustration of masks with different shapes used in making samples. 

3.3.2 The Deposition System and Thin-film Growth Conditions 

The sputtering system used in this research work to prepare thin films samples is Mantis 

Qprep500 sputtering system [14]. This system provides UHV base pressure for thin-film growth, 

with deposition capability of non-conducting materials by RF power source and metals by DC 

power source. The vacuum system comprises of two parts; load-lock and deposition main 

chamber, separated by a gate valve whereas both can attain vacuum pressure ≈ 10-9 Torr or better. 

The load-lock chamber is linked to a rotary pump and comparatively small but, efficient turbo 

molecular pump. As part of the load-lock, carrier cell can store up to five different samples for 

transfer into the main chamber without affecting the vacuum pressure of the system. In order to 

isolate the main chamber environment, a gate valve is present between the load-lock and the 

deposition chamber, while new samples are loaded or taken out. Fig. 3.8 shows the Mantis 

Qprep500 sputtering system in Durham university, with main features indicated. To attain the 

right pressure within a reasonable time, the main chamber is connected to two turbo pumps and 

one rotary pump. Main chamber can hold five different material targets, each is connected to 
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cooling water lines, gas and DC/RF power supply connections. Moreover, main chamber is also 

associated to gas analyser to monitor the chamber environment and to observe contamination.  

 

Figure 3.8: Illustration of side view of Mantis Qprep500 sputtering system in Durham University lab with the main 

parts indicated. 

The substrate stage is positioned in the roof of the main chamber with a rotating capability 

during deposition in order to ensure film uniformity and avoid induced anisotropy from stray 

magnetic field from the magnetron source [15]. A quartz crystal microbalance (QCM) is fixed 

and positionally engineered to evaluate the growth rate in (Å/Sec) unit. The samples can be 

moved under working conditions from the load-lock chamber to the main chamber via transfer 

arm which is mounted on the rotating substrate stage. In the last step, the system is linked to a 

controlling computer to synchronize the deposition time, where it opens and closes all the shutters 

to attain a precise deposition time by estimating the growth rate. A wide range of ferrimagnetic 
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thin films have been prepared in this research work. The deposition conditions of the prepared 

thin films are controlled and monitored constantly.  

Before starting deposition, base pressure should be 10-9 Torr at room temperature (RT) 

and gas flow of 18 sccm, (standard cubic centimeters per minute) is mandatory.  The sample is 

transferred into the main chamber for deposition when load lock pressure is about10-7
 Torr. 

During deposition process, pressure is in order of about 10-3 Torr. The voltage, current and power 

parameters are kept in range to stabilize the sputtering rate, hence fix the growth rate. The growth 

rate is associated to DC/RF power supply and varied by using different target materials. Examples 

of the deposition conditions can be observed in Table 3.1, 3.2 and 3.3, which illustrates the growth 

parameters of prepared ferrimagnetic thin films samples. 

  During the deposition, all the film thicknesses have been confirmed by the QCM  

and the precision of the QCM was calibrated by X-ray reflectivity measurements (XRR). The 

calibration of the QCM comprises the execution of XRR on prepared samples with 

supposed thickness via growth rate of QCM and measured deposition time. From XRR analysis, 

the assumed thickness is compared with the extracted thickness. By estimating differences 

between both thicknesses, a correction factor is included in the QCM tooling parameter within 

the depositions controlling program. 
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Table 3.1: Deposition conditions, showing the system parameters of the tri-layer thin films fabrication; 5nm buffer 

Ta, 30 nm [Gd10 Fe90] and 1 nm capping Ta. 

File No.: 319                Sample Name: F1         User: Asma          Date: 03-10-18 

Sample Structure (A°): Ta50/ Gd10 Fe90 300/Ta 1     Temperature = 20°C 

         Base Pressure (Torr): 2.2 × 10-7 Growth Pressure (Torr): 1.1 × 10-3 

Target & 

Cusp 

Gas 

flow                    

rate 

(sccm) 

   I 

(mA) 

 V 

 

(V) 

Power 

(Watts) 

Deposition 

Rate used 

(A°/S) 

 

Deposition 

Rate 

measured 

(A°/S) 

 

Deposition 

Time (S) 

Thickness 

(A°) 

Ta  

1 

18 RF 122 75 0.15 0.15 333 50 

Fe90Gd10 

4,3 

80 193 

14 

350 

245 

67 

3 

0.45 

0.05 

0.45 

0.05 

600 300 

Ta  

1 

18 RF 122 75 0.15 0.15 66 10 

 

Table 3.2: Deposition conditions, showing the system parameters of the tri-layer thin films fabrication; 5nm buffer 

Ta, 30 nm [Gd10 (Co50Fe50)90] and 1 nm capping Ta. 

File No.: 323      Sample Name: G1         User: Asma          Date: 04-10-18 

Sample Structure (A°): Ta50/ Gd10 (Co50 Fe50)90 

300/Ta 1 

    Temperature = 20°C 

         Base Pressure (Torr): 2.13 × 10-7 Growth Pressure (Torr): 1.16 × 10-3 

 Target 

& Cusp 

Gas 

flow                    

rate 

(sccm) 

   I  

  

(mA) 

 V 

    

(V) 

Power 

(Watts) 

Deposition 

Rate used 

(A°/S) 

 

Deposition 

Rate 

measured 

(A°/S) 

 

Deposition 

Time (S) 

Thickness 

(A°) 

Ta 

 1 

18  RF 117 75 0.15 0.15 333 50 

(Co50Fe50)90                  

Gd10 

   4,3 

80 180 

 12 

335 

240 

60 

3 

0.36 

0.04 

0.36 

0.04 

750 300 
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Table 3.2: Continued 

Target 

& Cusp 

Gas 

flow                    

rate 

(sccm) 

   I  

  

(mA) 

V 

     

(V) 

Power 

(Watts) 

Deposition 

Rate used 

(A°/S) 

 

Deposition 

Rate 

measured 

(A°/S) 

 

Deposition 

Time (S) 

Thickness 

     (A°) 

Ta 

  1 

18 RF 122 75 0.15 0.15 66 10 

 

Table 3.3: Deposition conditions, showing the system parameters of the tri-layer thin films fabrication; 5nm buffer 

Ta, 30 nm [Gd10 Co90] and 1 nm capping Ta. 

File No.: 277    Sample Name: S1         User: Asma          Date: 07-08-18 

Sample Structure (A°): Ta50/ Gd10Co90 300/Ta 10     Temperature = 20°C 

         Base Pressure (Torr): 2.13 × 10-7 Growth Pressure (Torr): 1.16 × 10-3 

 Target 

& Cusp 

Gas 

flow                    

rate 

(sccm) 

   I  

  

(mA) 

 V 

    (V) 

Power 

(Watts) 

Deposition 

Rate used 

(A°/S) 

 

Deposition 

Rate 

measured 

(A°/S) 

 

Deposition 

Time (S) 

Thickness 

(A°) 

Ta  

5 

18 RF 184 75 0.17 0.17 357 50 

Co90Gd10 

    3,4 

80 180 

12 

290 

247 

52.18 

3.24 

0.36 

0.04 

0.36 

0.04 

750 300 

Ta 

 1 

18 RF 186 75 0.17 0.17 58.8 10 
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3.4 Synthesis of Nanoparticles 

3.4.1 Materials 

Various materials are used for synthesis of nanoparticles in this research work. Brief 

description of used materials is given below. 

3.4.1.1 2-Mercaptoethanol 

2-Mercaptoethanol, also known as β-mercaptoethanol is the chemical compound with 

formula HOCH2CH2SH. It is a hybrid of 1,2-ethanedithiol, ethylene glycol, HOCH2CH2OH, and 

HSCH2CH2SH. βME or ME, normally abbreviated and being used to reduce disulfide bonds. 

Since the hydroxyl group lowers the volatility and confers solubility in water, it is widely used. 

2-Mercaptoethanol exhibit unpleasant smell owing to its diminished vapor pressure. 2-

Mercaptoethanol may be synthesized by action of hydrogen sulfide or ethylene oxide [16].  

 

 

During synthesis of NPs, 2-Mercaptoethanol is used a capping agent. Functionalization of 

nanostructures surface via chemical agent can change morphology, particle size, toxicity, 

photocatalytic activities, mechanical stability as well as optical properties [17].  

3.4.1.2 Methylene Blue 

MB is extensively used as a redox indicator in aquaculture industry and analytical 

chemistry as an anti-malarial as well as chemotherapeutic agent. It is used in the analysis of minor 

levels of sulfide ions in marine sample. Degradation of MB in the presence of NPs and NaBH4 

signifies reduction of MB to leucomethylene blue as depicted in Eq. 3.4.  In present research, 

catalysis and photocatalysis studies are carried out using MB.    
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3.4.1.3 Cadmium Sulfide 

Semiconductor photocatalysts are ideal in dye degradation owing to sustained and 

primarily applied research in environmental remediation. CdS act as an excellent photocatalyst 

owing to ideal electronic band position, optimal band gap, thermal and chemical stability on 

account of quantum confinement [18,19]. CdS exhibit absorbance in visible region and its CB is 

more negative than reduction potential of H+/H2 [20].  Moreover, CdS exhibit direct intermediate 

bandgap with exceptional chemical and thermal stability and strong optical absorption [21]. 

  Normally, CdS reveals two types of crystal structures; zinc blend type and wurtzite type 

as depicted in Fig. 3.9 [22]. Cubic structure is kinetically controlled in comparison of hexagonal 

phase, which is thermodynamically controlled (stable). 

 

Figure 3.9: Crystal structure of CdS (a) Cubic zinc blend (b) Hexagonal Wurtzite [23]. 

3.4.1.4 Zinc Sulfide 
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Among several II–VI compound semiconductors, ZnS has attained remarkable attention 

owing to its environmental safety nature, high chemical stability and non-toxicity [24]. Because 

of large exciton binding energy of ZnS and a wide band gap (3.68 eV), it proves an excellent host 

for doping [25]. Moreover, ZnS act as promising photocatalyst, owing to its high energy 

conversion efficiency, comparatively negative redox potential of its CB, and splitting for H2 

evolution and carbon dioxide reduction [26-29]. Because of rapid formation of e- - h+ pairs due 

to photoexcitation, sulfide nanostructures are considered as excellent photocatalyst [30]. At room 

conditions, ZnS crystallizes in the zinc-blende or wurtzite crystal structures (Fig 3.10) and exhibit 

a band gap of 3.68 eV or 3.77 eV [31, 32]. The hexagonal form is termed as the mineral wurtzite, 

though it can be produced synthetically.  

 

Figure 3.10: Crystal structure of ZnS (a) zinc-blend (b) wurtzite [33]. 

3.4.2 Synthesis of Nanoparticles 

Chemical precipitation technique was adopted to prepare pure and doped metal sulfides 

NPs using 2-mercaptoethanol as a capping agent. 0.1 M solutions of ZnCl2 and Na2S were 

prepared separately under vigorous stirring in 50 ml deionized water (DIW) for 30 minutes. Later, 

Na2S solution was mixed dropwise in ZnCl2 solution. Afterwards, 2.5 ml of 2-mercaptoethanol 

solution was mixed slowly to above solution under vigorous stirring at 65 °C. White precipitates 

of ZnS appeared during drop wise mixing of Na2S. These precipitates were washed with DIW, 

filtered and dried at 80°C for 24 hours to obtain nascent ZnS NPs. For doping, Ni2+ and Co2+ 

(5%) were mixed in ZnCl2 solution using above-mentioned procedure (Fig.3.11). Same procedure 

was carried out to prepare CdS NPs. 
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Figure 3.11:  Schematic representation of Ni doped ZnS preparation. 

3.4.3 Catalysis 

The catalytic activity of prepared NPs was evaluated in terms of degradation of dye in 

NaBH4 solution. MB is an organic dye, shows blue color in oxidized form and is colorless when 

reduced. 1mM dye solution was diluted in DIW. Later, 0.1M NaBH4 solution and 400μl NPS 

solution were mixed to prepare dye solution to observe the catalytic reduction of MB. The 

progression of reaction was monitored and absorption spectra were measured at regular intervals. 

Degradation of dye in the presence of NaBH4 and NPs solution indicates reduction of dye as 

shown in Fig 3.12. Though, NaBH4 being reducing agent, unable to reduce dye efficiently due to 

its substantial redox-potential variation [34, 35]. 
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Figure 3.12: Schematic representation of catalytic process. 

3.4.4 Photo-Catalytic Activity Process 

PCA of synthesized NPs was carried out by decolorization of dye in aqueous solution 

using mercury lamp (400 W) as a light source. Firstly, 5 mg/500 ml solution of dye was kept in 

dark for 30 minutes to attain enough physical absorption. Later, 30 mg NPs were mixed to 30 ml 

dye solution and irradiated in photocatalytic reactor under continuous stirring. From reaction 

mixture, 2 ml of solution was taken out at systematic intervals to evaluate MB concentration 

using UV–vis spectrophotometer. An experimental setup of photocatalytic activity process is 

shown in Fig 3.13. 

 

Figure 3.13: Experimental setup of photocatalysis. 

Photodegradation efficiency of NPs can be calculated as 

                                                         %D = 100 × [(A0 – At ) / A0]                   (3.5) 

Where A0 and At are values of absorbance at time 0 and t [36]. 
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3.5 Methods of Investigation: Physical Basis and Practical                             

Implementation 

3.5.1 X-Ray Scattering 

Crystallography of a material can be investigated by interaction of x-ray photons [37]. It 

is significant to explore crystalline characteristics and structural properties of material, which 

provide deep analysis of atomic arrangement and inter-atomic spacing. To determine material 

crystallography and thickness, x-rays are used in this work extensively. The incident x-rays obey 

the scattering phenomena, through which x-ray beams are scattered by electron cloud of an atoms 

as they excite electrons to oscillate when they absorb incident photons. Relation between the 

incident and the reflected x-ray waves can be simplified as: 

                                                       Q = k – kʹ                     (3.6) 

From Eq. 3.6, it can be concluded that the difference between initial and final momenta is 

associated to difference of wavevectors k and kʹ with Q, scattering vector [37]. 

3.5.1.1 X-Ray Reflectivity: Refraction and Reflection 

Several absorptions and scattering events will take place for a medium containing various 

atoms. The incident x-ray photons will reflect and refract as they travel through medium with 

diverse electron densities. Refraction in thin films can be caused either due to different materials 

or attributed to propagation of x-rays through the surface from surrounding air. The incident x-

ray photons will interact with the atoms of each layer and these atoms radiate spherical wave 

fronts which propagate in all directions. Thus, atoms can be described as a source of these waves. 

Resonance will occur when waves frequency (ω) of the incident x-ray photons corresponds with 

electronic transitions. The refractive index (n) increases with ω in this process, consequently the 

excitation and the spontaneous emission will repeat rapidly. The refractive index decreases above 

the resonance frequency and fewer electronic transitions take place. In case of x-rays, the 

frequencies are very high and result in small n for x-rays propagating into a material with wave 

vector k and speed v. Hence, the refractive index of the material will be 

                                           n = 
𝑐

𝑣
                                 (3.7) 
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The refractive index is associated to dispersion coefficient δ, the scattering property, 

which relates to the electron density of the material ρ, and wave vector of incident beam k. 

Another factor is absorption coefficient β, which is responsible for the attenuation of the 

propagating photon beam. X-ray beam suffer from attenuation in its intensity and amplitude when 

it travels through the material. The refractive index equation can be explained as: 

                                              n = 1- δ + iβ                          (3.8) 

The values of δ and β are very small, in the order 10-6 and 10-8 respectively. Therefore, 

the value of n will be in the order of 10-5. Fig. 3.14 depicts the geometry of specular x-ray 

scattering for a layer with refractive index as explained.  Eq. 3.7 and 3.8 suggest that n is very 

small and consequently v in the material is bigger than the speed of light, c, which is not possible 

unless v is representing the phase velocity rather group velocity [37, 38].  

 

Figure 3.14: Schematic illustration of the x-ray scattering from medium, showing refraction and reflection with 

respect to the refractive index[9]. 

The reflectivity profile of a thin film is manipulated by a clear appearance of periodic 

oscillations and critical edge as shown in Fig. 3.15. The oscillations were first observed by 

Kiessig in 1931 and termed as Kiessig fringes. Kiessig found these fringes as experimental 

observations for x-ray intensity owing to reflection from thin films. The maximum or the peak of 

these fringes arises due to in-phase interference of reflected x-ray beams from top and bottom of 

the layer interfaces. The dips or the minimum are attributed to out-of-phase interference [39]. The 

oscillation amplitude and critical edge give information about density of thin films. Moreover, 

amplitude of oscillation decreases rapidly with increasing interface roughness [41]. 
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Figure 3.25: Specular X-ray reflectivity curve for 6nm Co layer with Ir overlayer on Si/SiO2 substrate[40]. 

Fig 3.16 shows reflectivity of Au film on Si substrate. Observed x-ray scatterings are sum 

of individual electron scatterings. The intensity of XRR is measured from elemental species and 

filling rate of space. Thicker films have shorter period of oscillations as the period of oscillations 

depends on the film thickness. The reflectivity profile displays oscillations caused by x-ray 

interference. Interference arises between x-rays reflected from Au film surface and interface 

between Au film and silicon substrate [41].  
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Figure 3.16: X-ray reflectivity curve of Au film on Si substrate[41]. 

Fig 3.17 (a) displays XRR curves for Silicon substrates with two different values of 

surface roughness. The results reveal that decay in intensity of x-ray reflectivity is dependent on 

the surface roughness. On the other hand, Fig 3.17 (b) illustrates measurement results for two 

types of substrates with different values of interface roughness.  It is clear from fig 3.23 that 

amplitude of oscillation decreases rapidly with increasing interface roughness [41] 

 

Figure 3.17: X-ray reflectivity curves for Silicon substrates with two different values of surface roughness (a). x-

ray reflectivity curves for Silicon substrate differences with interface roughness (Film thickness is 20nm) (b) [41]. 

3.5.1.2 Experimental setup for grazing incident x-ray reflectivity 

Bede D1 x-ray reflectometer with a Cu-Kα x-ray source is used for XRR measurements 

[42]. The schematic illustration of setup of specular XRR is shown in Fig 3.18 Ejected electrons 

from filament are accelerated towards water cooled Cu target to produce Bremsstrahlung 

radiations and Cu-Kα, Cu-Kβ emissions with 40kV power supply. The beam passes via primary 

slit which removes the Bremsstrahlung radiations. Cu-Kα emission is selectively isolated from 

Cu-Kβ emission through silicon crystal. As emerging Cu-Kα beam passes through the secondary 

slit in the form of incident beam, its lateral offset of 2.8mm is trimmed to a spot size of 0.5 mm.  

This reduction of the spot size allows a larger portion of the sample to be irradiated with a parallel 

incident beam. The incident beam strikes on the sample mounted on a six-axis diffractometer.  
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Figure 3.18: Schematic illustration of setup for Specular x-ray reflectivity. 

Before hitting the detector, the reflected beam passes via detector 

slit which removes the forward diffuse scatter beam. The intensity of reflected beam is measured 

on detector at an angle of 2θ to the incident plane.  θ-2θ scans were done to acquire the specular 

reflectivity profile and the corresponding intensity at the detector was measured. Best fitting 

simulation can be calculated by means of suitable codes to interpret the structure of thin-films 

and multilayers [43]. The experimental setup of Bede D1 x-ray reflectometer in Durham 

University is shown in Fig. 3.19. 

 

Figure 3.19: Experimental setup of Bede D1 X-ray reflectometer. 
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3.5.2 X-Ray Diffraction 

XRD is a significant tool to study crystal structure of material. An incident wave 

interacting with an atom in a crystal lattice will behave as an x-ray spherical wave source 

when wavelength of x-ray beam corresponds to electron transition wavelength. Bragg has 

described this phenomenon mathematically [44]. Fig. 3.20 displays the Bragg condition 

for the constructive interference of scattering of x-ray photons from atoms separated by d, 

having relation between the incident and reflected angles and the path difference [45]. 

 

Figure 3.20: Schematic illustration of Bragg’s law of diffraction, the condition of the constructive interface between 

the incident and the reflective x-ray beams[8]. 

When x-ray beams diffract from different planes in the lattice, phenomenon of 

constructive interference arises for a path difference 

                                                    nλ = 2dhkl sinƟ                         (3.9) 

Where λ is the wavelength of the incident x-ray beam, dhkl is the inter-planar spacing, n is a 

positive integer and θ is the angle between the incident beam and the relevant 

lattice planes. hkl are the Miller indices, which are interrelated to the reciprocal lattice 

parameters [46]. In cubic materials, they are associated with the inter-planar spacing 

given by: 

                                             dhkl = 
𝑎0

√ℎ2+𝑘2+𝑙2
                      (3.10) 
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In order to satisfy Bragg’s law, the difference between path lengths of two beams should 

be equal to nλ.  

3.5.2.1 Experimental setup for x-ray diffraction 

XRD measurements were carried out using a Rigaku Smart Lab diffractometer. This 

system consists of a specially designed fully automated cross beam optics (CBO) with a 9kW 

rotating anode source that produces Cu-Kα radiation having wavelength 1.54 A˚ and has a high 

resolution θ goniometer and a detector. In XRD experimental setup, the combined functionalities 

of primary slits and the channel cut crystal in the XRR setup are substituted with the CBO, which 

is a patterned X-ray optical system that provides a selectable parallel and focused X-ray beam. 

The experimental setup of XRD machine is shown in Fig 3.21.  

 

 

Figure 3.21: Experimental setup of x-ray diffraction. 

 

3.5.3 UV-visible Spectrophotometry  

It is the simplest technique to analyze band structure of materials. Optical absorption 

spectra were evaluated via UV–Vis spectrophotometer (Genesys 10S) in Solar Cells Application 
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Laboratory, GC University Lahore. UV Spectra confirms absorption range, size, optical 

properties and band gap of NPs [47].  

UV–Vis spectrophotometer is processed by passing a light beam into specimen and 

measuring wavelength of light reaching a detector. Normally, light of a definite energy and 

wavelength is irradiated on the sample that absorbs some of the energy from incident beam. 

Afterwards, transmitted energy light coming from sample is studied by photo detector, which 

records the absorbance of sample. The spectrum is acquired against the 

wavelength (250 nm-1000 nm) following Beer-Lambart Law.  Fig 3.22 shows Beer-Lambart law, 

where light of intensity (Io) is fallen at a material and light of intensity (I) is transmitted. Hence, 

I/Io denotes transmittance (T) and I/Io*100 is termed as transmission rate ‘T%’. The value log 

(1/T) = log (Io/I) is known as absorbance (A). 

                                      T = I/Io = 10−kcl                                                                    (3.11) 

                                      A = log (1/T) = log(Io/I) = −k.c.l                     (3.12)     

Where ‘k’ is proportionality constant and ‘l’ is path length of light (measured in cm) via cuvette. 

 

Figure 3.22: Beer-Lambart Rule. 

The band gap energy of NPs was set from absorption spectrum using Tauc equation, 

αhυ = αo(hυ-Eg)
n                                      (3.13) 

Where αo is constant, ‘hυ’ is photon energy, n is the transition value (1/2 for indirect and 

2 for direct bandgap) and ‘Eg’ is optical band gap of the NPs, respectively [20] 
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3.5.3.1 Experimental Set Up 

UV-Vis Spectrophotometers comprises of numerous components: Light Sources, 

monochromator, samples holder, detector, read out and signal processor. Deuterium arc lamp is 

mostly used as light source for ultraviolet region. Generally, detector is a photodiode that is 

accompanied with monochromators and filter light to allow only single wavelength light to reach 

detector. Fig. 3.23 shows symbolic diagram of spectrophotometer. 

 

Figure 3.23: Schematic diagram of UV−Vis Spectrophotometer. 

Monochromator is used as a source of light where light is divided into two equal intensity 

beams through a half mirror tool before reaching to sample. The containers should be transparent 

to radiation which will move through them for both sample and reference solution. In UV-Vis 

region, fused silica or quartz cuvettes are recommended for spectroscopy. Detector come after 

the sample chamber and evaluate light intensity transmitted via cuvettes and forward this 

information to a meter that records the value and show on computer screen. Finally, the intensities 

of these light beams are measured using electronic detectors. Fig. 3.24 displays experimental 

UV−Vis spectrophotometer.  
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Figure 3.24: UV-Vis Spectrophotometer. 

3.5.4 Scanning Electron Microscope 

Scanning electron microscopy (SEM) is a technique used for analyzing material’s surface 

morphology including shape, porosity, size, intermetallic distribution, material homogeneity and 

roughness. Electron microscopes use beam of electrons for imaging, like conventional light 

microscopes use visible light. High energy electrons beam is produced through electron gun, 

organized by magnetic lenses, concentrated at specimen surface and scanned over the surface of 

a specimen. Electronic image in SEM results due to beam probe lightening up the sample one 

point at a time in a raster like pattern and using the electrons that are ejected from near-surface 

area of a sample. Resolution of SEM is higher relative to light microscope. 

3.5.4.1 Experimental Setup 

SEM takes focused beam of electrons to produce a high-resolution micrograph of sample. 

These micrographs have 3D appearance, which is beneficial for surface analysis of sample. 

Schematic illustration of SEM is displayed in Fig 3.25.  Electrons are generated at upper part of 

the column, move downside and pass via combination of lenses and apertures to fabricate a 

focused beam of electrons that strikes the sample surface. In the chamber area, specimen is 

mounted on stage.  Both the column and chamber are shifted by combination of pumps until the 

microscope is drawn to work at low vacuums. The level of vacuum is dependent on microscope 

design. 
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Figure 3.25: Schematic illustration of SEM. 

Scan coils are located on top of objective lens and monitor the position of electron beam 

on sample. Beam is scanned over surface of specimen and provides details about a specific area 

on the specimen to be studied. Experimental setup of SEM is illustrated in the Fig 3.26.  

 

Figure 3.26: Experimental Setup of Scanning Electron Microscope. 
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3.5.5 Energy Dispersive Analysis of X-rays (EDAX)  

EDAX is an investigative technique employed to analyze the chemical composition and 

elemental analysis of synthesized material. Its working principle comprises on investigating the 

sample via association between electromagnetic radiation and matter, by examining emitted X-

rays by matter. 

When sample is triggered by high energy electron beam, electrons are ejected from atoms 

exhibiting the sample's surface. Electrons from higher state filled the vacancies of proceeding 

electron and an X-ray comes out to balance the energy difference between the two electrons states 

as depicted in Fig 3.27. The energy of X-ray is typically atomic structure of the element from 

which they were released, and the difference in energy among two shells, thus elemental 

composition of the sample is measured [48].  

 

Figure 3.27: Principle of EDAX. 

3.5.5.1 Experimental Set Up 

EDAX arrangements are generally establish on electron microprobes and scanning 

electron microscopes. To generate and focus a beam of electrons, SEM is equipped with cathode  

and magnetic lenses. When incident X-ray falls on detector, a charging pulse is generated which 

corresponds to the energy of X-ray. The charged pulse is transformed to voltage pulse via charge 

sensitive pre-amplifier. Hereafter, signal move forward to a multi-channel analyzer where the 

pulses are classified by voltage. Energy of each incident x-ray is forward to computer for analysis 
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and additional evaluation of data [49]. Peak position with relevant energy provides details of the 

qualitative arrangement of the sample. Fig. 3.28 illustrates experimentally arranged EDAX 

attached to an SEM. 

 

Figure 3.28: Experimental set up of Energy dispersive analysis of X-rays. 

3.5.6 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is an important technique of material science. In 

this technique, a beam of high energy electrons is transmitted by an ultra-thin sample and the association 

among electrons and atoms can be employed to notice inner details of materials such as grain 

boundaries and dislocations. High resolution of TEM can measure the quality, size, shape and 

density of quantum well, wire and dot. The working principles of TEM is analogous to light 

microscope; the only difference is usage of electrons rather than light. TEM micrographs can 

illustrate specifics of inner structure - in some specimen as tiny as single atom [50]. 

3.5.6.1 Experimental Set Up  
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Electron beam from electron gun is concentrated into a tiny, thin and coherent beam by 

condenser lens. The beam is constrained by condenser aperture, which eliminate electrons of high 

angle. Hereafter, beam hits specimen and most of its portion is transmitted. Thus, transmitted part 

is occupied by an objective lens to an image on phosphor screen. After this, image is enlarged all 

the way by passing down to the column via intermediate and projector lenses. Image hits the 

phosphor screen and light is produced, hence permitting the user to visualize the image. 

Schematic depiction of TEM is depicted in Fig. 3.29. 

 

Figure 3.29: Schematic illustration of TEM. 

TEM provide two modes of specimen investigation; Image mode and diffraction mode. 

In TEM, a single crystal generates spot pattern on the screen while polycrystals generates a 

powder or ring pattern. Hence, microstructures are observed by using image mode, while the 

crystalline structure is analyzed from diffraction mode [51]. Experimental setup of TEM is shown 

in Fig 3.30. 
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Figure 3.30: Experimental setup of TEM. 

In selected area diffraction pattern (SAED), the sample is irradiated with a 

parallel electron beam. A particular area of the sample is selected by an SAED aperture that is in 

an image plane conjugate with the sample in the electron optic system of the TEM. The inserted 

SAED aperture generates a virtual aperture in the sample plane, creating a selected area that is 

about 0.4 m or greater, in diameter. 

3.5.7 Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) spectroscopy is a significant technique 

used to identify chemical bonds by infrared radiations that is absorbed by material [52]. 

Absorption bands obtained from FTIR analysis are used to observe the presence of impurities and 

confirms the identity of a pristine compound.  

3.5.7.1 Experimental Set Up 

Fig 3.31 represents the schematic illustration of basic elements of an FTIR. The infrared 

source releases a broad band of various wavelengths of infrared radiation. Electromagnetic 

radiation interacting with a substance could be absorbed, reflected, transmitted, scattered, or have 

photoluminescence that gives noteworthy details on energy level transitions of that substance and 

molecular structure [53].  
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Figure 3.31: Schematic diagram of FTIR Spectroscopy. 

On entering IR radiation, the interferometer executes an optical inverse Fourier transform. 

The modulated IR beam undergo the gas sample where it is absorbed by several molecules to 

different scales at varied wavelengths. Ultimately, detector identifies the intensity of IR beam. 

Thereafter, identified signal is digitized and Fourier transformed by computer to obtain IR 

spectrum of the sample. Fig. 3.32 illustrates the experimental set up of FTIR spectrometer. 

 

Figure 3.32: Experimental setup of FTIR spectrophotometer. 
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3.5.8 Raman Spectroscopy 

Raman spectroscopy is a simple technique to verify the structure of nanoparticles and 

presence of lattice defects in solids [54] within material and for further confirmation of phase 

formation [55]. Raman spectroscopy lies on inelastic scattering of monochromatic light by 

interacting with sample.  

3.5.8.2 Experimental Setup 

Generally, Raman system comprises of four main parts: laser source, sample irradiation 

system and light collection optics, spectrometer and detector. Fig. 3.33 shows symbolic 

illustration of Raman spectrometer.  Sample is irradiated using laser source. Light coming from 

irradiated spot pass through spectrometer to attain Raman spectrum of sample. Signal of 

spontaneous Raman scattering is extremely weak as incident photons endure elastic Rayleigh 

scattering. Thus, particular measures are carried out to discriminate it from the typically Rayleigh 

scattering.  

 

Figure 3.33: Schematic diagram of Raman spectrometer. 

Charge Coupled Device (CCD) detectors have supported the use of Raman spectroscopy. 

Researchers take data with more precision. The CCD contain array of detectors that focus on the 

range of wavelengths at a time. Performance and Sensitivity of present-time CCD detectors are 

speedily up-grading [56-58]. Fig. 3.34 depicts experimental set up of Raman Spectrometer. 
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Figure 3.34: Experimental set up of Raman spectrometer. 

3.5.9 Magneto-Optical Kerr effect 

Light polarisation is a vectorial property of the electromagnetic wave where its electrical 

component interacts with electron motion in the material. Polariser is one of the vital sources for 

light polarization which transmits waves with electric field component aligned 

parallel to the polarisation axis of the polarizer. When polarised light interacts with magnetic 

material, rotation of the plane of polarisation arises from incident beam. Faraday observed this 

rotation in 1845 when polarised light was transmitted through magnetic material [59]. In 1877, 

Kerr also observed an analogue of this rotation from the reflected beam of polarised light from a 

magnetic material [60]. This effect is known as the magneto-optical Kerr effect (MOKE). 

MOKE is proportional to the magnetization of the material and suitable for probing magnetic 

reversibility of materials within a skin depth of about 10 - 20nm [61].  

3.5.9.1 MOKE Geometries 

MOKE can be used to detect three geometries, longitudinal, polar and transverse (Fig. 

3.33). Regarding these geometries, the difference in Kerr effect is attributed to the orientation of 

magnetization vector with respect to sample surface and direction of interacting light [62]. Hence, 

transverse and longitudinal geometries are sensitive to in-plane magnetization of material 

whereas polar geometries are sensitive to out-of-plane magnetization. In longitudinal geometry, 

vector of magnetization M, is parallel to both the sample surface and plane of incidence, as 

depicted in Fig. 3.35 (a). In this geometry, the major drawback is the possibility to have a polar 

component in the reflected beam depending on angle of incidence and magnetic anisotropy within 

the sample [63].  In Durham University, the angle of incidence of the longitudinal MOKE setup 

is adjusted at 45◦.  
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In polar geometry, M of the applied field is parallel to the plane of incidence and 

perpendicular to the sample surface as shown in Fig. 3.35 (b). Polar and longitudinal geometries 

reveal almost similar effects having difference in plane of incident beam, i-e., the maximum effect 

can be observed when the incident light is normal to the sample surface.  Experimentally it has 

been proved that polar effect produces higher magnitude than longitudinal effect [63] 

In transverse MOKE geometry, M vector is perpendicular to the plane of incident light 

and parallel to the plane of the sample (Fig 3.35 c).  In order to detect this effect, the incident 

light should be P-polarised. 

 

 

Figure 3.35: Schematic illustration of the MOKE geometries showing the magnetization, M and wave propagation 

direction, k (a) Longitudinal geometry (b) Transverse geometry (c) Polar geometry[38]. 

3.5.9.2 Longitudinal Magneto-Optical Kerr Effect 

MOKE effect is related to interaction of incident light with orbital motion of electrons in the 

material and Zeeman splitting effect. The equation which defines the magneto-optic interaction 

of material with the incident light relates the polarization P with the dielectric displacement (D), 

through the electric field [64], by 
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                                                P = χE, and D = ϵE                    (3.14) 

The Kerr effect can also be explained microscopically as a result of SOI. An electron in a 

material with magnetic moment µ moving with velocity v is effected by the electric field 

component, E of the incident beam. The electron experiences a magnetic field B ∼ v × E, 

associated with spin orbit interaction µ. (v × E) because of interaction between magnetisation 

and electric field of incident beam [65]. The relationship between electric field from incident 

beam and current density due to electron motion can be expressed in terms of Ohm’s law, 

                                                   J = σ · E                              (3.15) 

where σ is the conductivity tensor and related to dielectric tensor ϵ by the equation [66] 

                                              ϵ = 1 + σ 4πi/ω                        (3.16) 

This interpretation links macroscopic consideration to microscopic point of view.  

The quantum mechanical explanation of this effect is attributed to optical transition 

of electrons from initial state to final state which should be in the ferromagnetic materials in the 

same range of incident beam wavevector [67]. This phenomenon allows the transition between 

states where difference in absorption will lead to Kerr effect. The current research work is focused 

on the longitudinal MOKE geometry, with in-plane magnetization. 

3.5.9.3 Longitudinal MOKE Experimental Setup 

Longitudinal MOKE is a technique that is used to analyze all the samples in this research 

work. Gd doped TM (Co, Fe, Co50Fe50) thin films with buffer and capping layers of Ta show 

different magnetic behavior. In the longitudinal MOKE geometry, source of light is a diode laser 

having wavelength 658 nm. The laser beam passes through a beam expander and polarization of 

light was adjusted using a Glan-Taylor polarising prism with an extinction ratio of 10-5 before 

focusing on a specific spot size of 5 µm at an angle of 45° on the sample. Fig 3.36 depicts 

schematic representation of the MOKE magnetometer system geometry. 
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Figure 3.36: Schematic Illustration of the longitudinal MOKE magnetometry 

system. 

The sample was mounted on a motorized stage for X, Y and θ movements to repeat 

magnetic measurements at different positions on the sample and at different angles. Typically, 

magnetic fields were swept at 23 Hz with an adjustable amplitude up to 400 Oe. The magnetic 

fields were produced in-plane of the sample through a small electromagnet powered by Kepco 

BOP 20-5M dipolar amplifier, driven by a function generator. Figure 3.37 represents the 

experimental setup of MOKE magnetometry in Wolfson Nanotechnology laboratory, Durham 

University, England. 
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                           Figure 3.37: Experimental Setup of MOKE Magnetometry.  

The figure 3.37 depicts the optical components along with the necessary components. To 

reduce the laser intensity, attenuator is mounted between the expander and the polarizing prism 

during focusing the laser spot and locating on the sample using camera. The final polarized 

focused spot is projected onto the sample in the form of ellipse spot. The relative direction and 

positions of incident plane, sample and applied magnetic field generate longitudinal Kerr 

geometry. The position of the objective lens was adjusted till the focused spot had a necessarily 

high central intensity. By reflecting from a magnetic sample surface, incident laser beam emerged 

elliptically polarized rather linearly. A mirror is placed to provide the path for reflected beam 

towards detector. In order to restore polarization linearity of the reflected beam, the beam passes 

through a quarter-wave retardation plate. The final step before detection is a Glan-Taylor 

polarizing analyzer where it can be optimized to attain the best extinction of the laser signal. 

Extinction is accomplished by rotating both analyzer and quarter-wave plate respectively. 

Moreover, the analyzer is rotated by an appropriate angle away from extinction to take 

measurements. Thus, polarization changes are detected with positive and negative variations of 

magnetization. To detect intensity of laser, silicon photodiode is used.  With a source of white 

light, a CCD camera is used with in/out mirror to reflect the beam towards the camera, observe 
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the focusing of laser spot and location on the sample surface. The longitudinal Kerr rotation cause 

a change of light intensity detected at diode. Digital oscilloscope, which is automated and 

controlled by computer is also attached with MOKE setup to synchronize the whole process. 

Obtained data shows the change of Kerr voltage as a function of magnetic field and saved as text 

file. 
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Chapter 4 

4 The role of low Gd concentrations on magnetization behavior in rare 

earth:transition metal thin-films 

Results and Discussion 

In this chapter, film stacks of Ta (5nm)/ Gd-TM (30nm)/Ta(1nm) were deposited on 

thermally oxidized Si substrates using magnetron sputtering with a base pressure of 10-8 Torr. A 

series of GdxCo100-x, GdxFe100-x, Gdx(Co50Fe50)100-x thin films with a Gd concentration x up to 

13% (at %) is prepared. CoGd is a RE:TM ferrimagnet in which magnetic moments of Co and 

Gd are coupled antiferromagnetically [1, 2]. Hence, depending on their relative compositions, the 

magnetization of CoGd can be tuned to be dominated either by Gd or Co. The choice of Fe was 

mainly owing to its high Curie temperature and relatively strong spin polarization, and Fe-based 

alloys are considered as the most extensively used FM materials in room-temperature (RT) 

spintronics [3]. Gd was selected due to collinear alignment of its moments at RT and its high 

Curie temperature [1]. This RE:TM system is unique since Gd does not produce strong 

magnetocrystalline anisotropy contrary to other RE metals like dysprosium or terbium. This 

exclusive behavior of Gd is associated to S character of this ion (L = 0) [4].  

4.1 Sample description and analysis 

In this study, variety of Gd doped TM thin films have been fabricated by co-sputtering 

two to three targets in a multi-target UHV sputtering system with a deposition pressure of 10-3 

torr. Thin films were deposited on a thermally oxidized Si substrate with a 100 nm SiO2 layer. 

Using a quartz crystal monitor in-situ during deposition, the thickness of magnetic layer was kept 

at 30 nm and confirmed with XRR. The thickness of buffer Tantalum (Ta) layer was maintained 

at 5 nm, deposited on oxidized Si substrate at RT. On the top, 1 nm Ta was deposited as a capping 

layer to avoid oxidation. The concentration of Gd was varied as x = 4, 6, 8, 11 and 13 in at% 

respectively. Structural analysis of prepared films was carried out using XRR and XRD 

techniques. The variation in composition was examined across a number of samples using EDX. 
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The coercive field (Hc) of prepared samples were measured with MOKE analysis. All 

measurements were performed at RT. 

4.2 Preparation of Substrate 

The quality of a substrate surface is significant in relation to the excellent quality of  

thin films. The preparation of substrates before loading them into load lock chamber of magnetron 

sputtering system is an important step. In this research work, all thin-films were deposited on 

single crystal silicon wafers, topped with ∼ 100 nm thick amorphous thermally-grown oxide 

layer. These silicon wafers were diced with a diamond tipper scribe, into square chips of 

approximately 5 mm×5 mm. For proper film adhesion, the cleanliness of the substrate is vital. 

After cutting silicon wafers, each piece of wafer was washed with acetone for five minutes to 

remove dust and grease. Prior to film deposition, each piece of wafer was also washed in IPA for 

few minutes to remove any traces of the acetone. Each cleaning process was performed using 

ultrasonic agitation in fume hood. In the end of cleaning process, each wafer was dried using dry 

nitrogen gas, which is applied at a glancing angle. Schematic illustration of Gd doped TM thin 

films structure is outlined in Fig 4.1. 

 

Figure 4.1: Schematic illustration of thin film structure 

4.3 Analysis by x-ray reflectivity 

XRR simulations were carried out with GenX software, which uses the Parratt recursive 

formalism [5].  The simulation model comprises of the individual deposited layers, SiO2 isolation 

layer and Si substrate layer. During sputter deposition, thickness of each layer was initialized to 
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a nominal thickness value estimated from the quartz crystal monitor. In the simulation model, a 

number of free structural parameters are vital to attain an acceptable fit. Within a range of 10 % 

of the nominal values, the sample parameters were allowed to differ. Depending on the closeness 

of the optimum value to the limits, the limit of the ranges of each parameter were later adjusted. 

Structural information like roughness at the interface σ, and layer thickness t, were extracted from 

the best fit simulations of the distribution and shape of the Kiessig fringes. The Kiessig fringes 

are the best depictions of the scattered x-rays from interference between the refracted waves at 

the interfaces.  

Grazing incidence XRR measurements of GdCo thin films are performed at RT to 

calculate layer thicknesses and interface roughness. The structures comprise of 

Si/SiO2/Ta(5nm)/GdxCo100-x (30nm)/Ta(1nm) with Gd concentration ranging from 4 to 13% (at 

%), as shown in Fig 4.2.  All reflectivity simulations were done by starting with the nominal 

structure of the as-deposited thin-films, along with thermally grown oxidized layer on the silicon 

substrate. A thin oxide layer with a thickness ranging to a few nanometers was added onto the Ta 

capping layer (TaOx) to improve the quality of XRR data fitting. Number of free structural 

parameters are mandatory to attain an acceptable fit in the simulation model. 
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Figure 4.2: Best fit simulation of XRR measurement for trilayered samples Ta(5nm)/GdCo(30nm)/Ta(1nm) grown 

on Si/SiO2 substrate using GenX simulation. The numbers in brackets are the nominal thicknesses of the samples. 

It is clear from Fig 4.2 that the periodicity of each fringe is proportional to the thickness 

of the sample. There are two periods in the plots, the smaller oscillation which represents the 

thicker GdCo layer and the larger oscillation represents the Ta layer. Periodicity of GdCo layer 

fringes increases at Gd13Co87 due to increase in Gd concentration inferring a change in alloy 

composition. Apparently, similar XRR profile is obtained in all samples due to same thickness 

(30nm). To obtain a good fit, an oxide layer was added in the model at the top of the sample stack 

to simulate the surface oxidation and any oxidation caused roughness. Within the least possible 

value, the oxide layer was included within the error limits with roughness. This infers that the 

surface layer of oxide blends with the roughness within the error limit, which can be just a surface 
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contamination or a true chemical oxidation of Ta. Moreover, the density of the oxide layer is 

significantly less in comparison of the density of capped material. Generally, the interface 

roughness is comparatively high in all sample series, which is attributed to the growth pressure 

as higher argon pressure is required to co-sputter two targets and high power is another factor for 

this increase in roughness. 

Fig 4.3 depicts XRR measurements of GdxFe100-x thin-films. It is clear from all reflectivity 

simulations that periodicity of each fringe is proportional to the thickness of sample. There are 

two periods in the plots, the smaller oscillation which represents the thicker GdFe layer and the 

larger oscillation represents Ta layer. Looking at Fig 4.3, the intensity and periodicity of fringes 

between the angles 1 and 1.5 degrees gradually increases as Gd concentration increases from 8 

to 13% inferring a change in alloy composition. At 6% Gd, only two shallow fringes are observed 

and increase to four strong oscillations at 13% Gd. Periodicity of fringes increases by varying 

alloy composition. FeGd XRR profile shows a similar trend as that of CoGd as the density and 

atomic weight are quite similar in both cases. In the reflectivity profiles, the observed multi-

periodic Kiessig fringes are attributed to the interference from x-rays reflecting off interfaces 

within the sample structure. For each layer the thickness and interfacial roughness parameters 

were obtained from the best-fitting simulations of XRR for the GdFe and Ta overlayered thin-

films with various concentration of ferrimagnetic alloys. 
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Figure 4.3: XRR best fitting simulations for Si/SiO2/Ta(5nm)/GdFe(30nm)/Ta(1nm). 

XRR profile of 30nm Gdx(Co50Fe50)100-x thin-films deposited on Si/SiO2 substrate is 

presented in Fig 4.4. All reflectivity measurements were interpreted by fitting the measured 

specular reflectivity data. The structure of the layer stacks was 

Si/SiO2/Ta(5nm)/Gdx(Co50Fe50)100-x (30nm)/Ta(1nm). XRR scans were performed by scanning 

θ - 2θ from 0◦ to 4◦. Fig 4.4 illustrate that periodicity of fringes increases by varying composition 

of alloys. The decay in the reflectivity is determined by the roughness of the interfaces. Similar 

to the previously reported literature, amplitude of oscillation decreases with increasing interface 

roughness [6]. Here, the reflectivity dies off sharply for Gd11(Co50Fe50)90 thin-film due to 

interface roughness which is indicated by black circle region.  A thermally oxidized SiO2 layer 

on the Si substrate was also added to give a better description of the measured data. This 
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procedure improved fitting quality of the XRR data and gave a lower figure of merit which 

provides an estimate of the goodness of the simulation fit [5]. 

 

 

 

Figure 4.4: XRR best fitting simulations for Si/SiO2/Ta(5nm)/GdCoFe(30nm)/Ta(1nm). 

The structural length density (SLD) profile using 3-Layers model is illustrated in Fig. 4.5 

for all the structures grown on Si/SiO2. Since same thickness is used in all ferrimagnetic thin 

films thus, same SLD profile is obtained. The corresponding schematics of the sample structure 

with three thin-slabs (Ta:Gd-TM:Ta) is given at top. SLD profile displays noteworthy consistency 

between the upper and buffer Ta in all trilayered samples which specifies that the interfaces are 
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symmetric. After ferrimagnetic layer, no upper Ta is observed which clearly reveals that capping 

Ta is oxidized and labelled as Ta2O5. Evidence of intermixing is indecisive since the x-ray 

scattering length in XRR changes monotonically and the difference between intermixing and 

roughness are indistinguishable in specular reflectivity.  

 

Figure 4.5: Extracted structural scattering length profile from the best fit simulation of XRR measurement. 

4.4 Analysis by x-ray diffraction 

The XRR fits are not sufficient to provide structural information of the samples at atomic 

scale, rather gives an average property. Further structural investigations were carried out using 

XRD. The addition of RE elements to TM changes the microstructure from the TM crystalline 

state to an amorphous alloy structure. The transition occurs over a small doping range with a 

reduction of the crystallite size until no crystalline signature is detected. Mapping of this 

transition in the literature is limited and the doping level for the onset of the amorphous state 

appears sensitive to the elements involved and may also depend on the details of the deposition 

conditions. For Gd 4%, all XRD curves reveal definite pattern of crystallinity (Fig 4.6). A gradual 
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structural transformation of samples from polycrystalline to amorphous state arises with 

increment of Gd contents [7, 8]. 

A detailed XRD study of GdFe has shown a transitional microstructure at 13% and a full 

amorphous state for 16% Gd [9], while for GdCo, an amorphous state was noted for all Gd 

concentrations down to 5 atomic percent [9].  Fig 4.6 (a,b) shows XRD patterns for GdFe, a 

crystalline peak is present with 4% Gd, but there is no evidence of crystallinity for 13%. This 

behavior may be attributed to a lattice expansion, arise due to large difference in the radii of Fe 

and Gd, after dissolving the Gd atoms into the Fe lattice. Similar to the previous work by Mimura 

et al, [10], the decreasing trend of particle size also provides the probability of the Gd atoms 

substituted into the Fe lattice by replacing Fe atoms. Hence, breaking of Fe grains occurs which 

causes decrease in grain size. For Gdx (Co50Fe50)100-x samples, the diffraction patterns also depict 

that samples become completely amorphous at Gd 13%. 

 

 

Figure 4.6: XRD profile showing the crystalline state of the films as labeled. 
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4.5 Magneto-optical analysis by longitudinal MOKE 

The Longitudinal MOKE magnetometry measurements were conducted with a laser beam 

of spot size 7 µm and wavelength 658 nm. Magnetic hysteresis loops measured with longitudinal 

MOKE are shown in Fig 4.7 for different atomic concentrations of Gd, up to 13 %, in Co, Fe and 

Co50Fe50 thin films. For all the investigated films, in-plane remanence was close to 100%, 

signifying that the magnetization is in-plane. 

With in-plane applied magnetic field, dependence of HC on Gd concentration is illustrated 

in Fig 4.7 (a-c). For GdCo alloys, the coercivity is almost constant up to 8%, then the coercivity 

almost doubles in one step and remains at this level up to 13 at% Gd doping, the highest doping 

studied here (Fig 4.7 a). Since saturating the sample magnetization perpendicularly to the film 

plane entails a much larger magnetic field (around 9 kOe), hence, results reveal an in-plane 

magnetic anisotropy [11]. With increasing Gd concentration, the coercive field for GdCo series 

increases and goes to maximum at ∼11 % with a maximum filed of about 26 Oe. This agrees well 

with the previous study on GdCo thin films where the behavior was associated to pair ordering 

in the system [9]. 

 

Figure 4.7: MOKE Hystersis loops of 30 nm Ta/GdxTM100-x/Ta thin films (a-c) 
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Fig 4.7 (b) shows in plane Hystersis loop of Gd doped Fe thin films. The loop squarness 

along the inplane easy axis remains high by increasing Gd inclusion up to 13%. It is noteworthy 

that magnetic moment of Fe decreases when alloyed with RE metals due to crystal field effect 

[12]. Previous studies on GdFe thin films reveal that magnetic moment of Fe in GdFe2 is assessed 

to be around 1.85µB (by Mossbauer studies), while the magnetic moment of free Fe is 2.2µB 

[13]. Hence, in comparison to the as-prepared films, the nucleation of free Fe makes the saturation 

magnetization (Ms) of the processed films higher. Therefore, Ms and effective anisotropy (Keff) 

are related as: 

                                                   Keff = Ku – 1/2 µo Ms
2                          (4.1) 

where Ku denotes uniaxial anisotropy and µo is the magnetic permeability in free space. Equation 

4.1 clearly depicts that effective perpendicular anisotropy is lowered due to increase in Ms value. 

In addition, apart from controlled monolayer growth, Fe displays only in-plane anisotropy [12]. 

MOKE results depict that magnetic easy axis remains in the film plane by Gd substitution up to 

13%, though coercivity is strongly reduced. Beyond this the coercivity is very low and changes 

little with higher Gd content. This behavior of the coercivity depicts that Gd doping actually 

improves the soft magnetism of the Fe film rather deterioration [8]. In GdFe thin films, value 

of HC is much lower than the value of Fe and approaching to NiFe, which is the most extensively 

used material in STT applications [14].  

Fig 4.7 (c) shows the hysteresis loops of as-deposited Gdx(Co50Fe50)100-x films for several 

compositions. With increasing Gd content, the coercivity shows a nearly monotonous reduction 

[8]. The in-plane hysteresis loops in the longitudinal mode exhibit very small anisotropy with 

increasing Gd concentration, hence indicating reasonably hard magnetic properties at low doping 

regime. The TM interaction aligns the magnetic moments ferromagnetically among Fe and Co 

ions, which are coupled with the magnetic moments of Gd antiferromagnetically.  Hence, the net 

magnetic moment results because of difference between the magnetic moments of CoFe and Gd. 

HC is maximum for CoFeGd thin films with lower concentration of Gd and drops by increasing 

Gd substitution. This can be attributed to FM exchange of FeCo sublattices which dominates the 

magnetic behavior at low Gd concentration. As FeCo content decreases and Gd content increases, 

antiferromagnetic coupling increases relative to FM exchange, and magnetic compensation arises 
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[15]. With increasing Gd concentration beyond 8%, GdCoFe thin films exhibit very small 

anisotropy, hence, signifying reasonably soft magnetic properties at low doping regime [7]. 

Figure 4.8 depicts the in-plane coercivity as a function of Gd concentration in GdCo and 

GdFe binary alloys and the GdCo50Fe50 ternary alloys. As a function of Gd content, the magnetic 

reversal behavior was strongly dependent on TM. In the as-deposited state, it was found that Hc 

varied as a function of composition. 

 

Figure 4.8: Dependence of coercivity on the Gd concentration. 

It is clear from Fig 4.8 that Hc is increased slightly but later abruptly above 8% Gd 

concentration for GdCo series.  Conversely, Hc displays strong reduction when x increases to 8% 

in the GdFe series. Afterwards, it remains almost constant up to x = 13%. This behavior is in 

accordance with the previous researches on GdFe thin films where the reduction of Hc was 

associated to decrease in grain size after Gd doping, along with which the inter-grain exchange-

coupling interaction increases; hence, weakens the effective anisotropy field [8,16]. Considering 

the microstructure, the reduction of Hc observed for the GdFe series may be attributed to an initial 

reduction of the BCC crystallite size and the transition to an amorphous structure. Once this 

structure is established, the magnetization behaviour may vary little, hence the uniform low 

coercivity established beyond 10% Gd doping. For the GdCo system, the change in coercivity 
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shows a small step between 8 and 11% Gd and is effectively constant beyond 11%, this step 

change may be associated with the transition from the HCP Co crystal structure to the amorphous 

alloy state, although elsewhere the amorphous state was noted in e-beam evaporated GdCo at 5% 

Gd [9]. With increasing Gd doping the antiferromagnetic alignment of the RE and TM moments 

reduces the net magnetization, this will consequently reduce the out-of-plane demagnetizing field 

and hence reduce the out-of-plane saturation field. For GdCo50Fe50, Hc shows reduction with 

increase in Gd content, following the GdFe trend which specifies some dominance of Fe in the 

interaction with Gd. This monotonous reduction of coercive force with increasing Gd content can 

be referred to the formation of amorphous behavior after Gd substitution as confirmed by XRD 

results [7].  Results suggest that coercivity drops rapidly up to 8% Gd and varies little with higher 

Gd doping. This may be linked to microstructural changes with Gd doping as this GdCo50Fe50 

alloy composition has an initial BCC crystal structure in common with Fe. 

MOKE measurements at successive angles to in-plane magnetic field of 45◦ were carried 

out to determine the magneto crystalline anisotropy of Gd doped TM thin films. The sample was 

rotated in steps of different angles. Fig 4.9 shows the value of coercivity as a function of relative 

sample rotation angle. Results suggest that easy axis lies parallel to the in-plane direction. An 

isotropic in-plane behavior and no significant angular dependence of the coercivity was observed, 

as summarized in Fig 4.9. 

 

Figure 4.9: Coercivity as a function of the sample rotation angle, measured with MOKE. (a) GdCo (b) GdFe (c) 

GdCoFe. 
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Conclusion 

In this chapter, influence of RE concentration on the magnetization reversal behavior of 

Gd:Co, Gd:Fe and Gd:CoFe alloys was studied in order to understand the role of RE in the regime 

of low doping. XRD, XRR and MOKE analysis were obtained to determine the structural and 

magnetic properties of RE-TM alloys. The alloys are highly disordered, amorphous and exhibit in-

plane uniaxial anisotropy. Results shows that grown films are amorphized gradually by increasing 

Gd content whereas magnetic reversal behavior as a function of Gd content is strongly dependent 

on the transition metal. The behavior of the coercivity shows that Gd inclusion does not deteriorate 

but actually improves the soft magnetism of the amorphous thin films. Results reveal that RE:TM 

thin films with dilute Gd doping of up to 8% are promising building block in soft magnetic devices. 
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  Chapter 5 

5  Catalytic and Photocatalytic degradation of organic dye using    

capped and uncapped ZnS nanostructures 

 

Results and Discussion 

In this chapter, effect of capping agent, 2-mercaptoethanol on morphological, structural, 

optical, thermal, catalytic and photocatalytic properties of ZnS nanostructures was studied using 

chemical precipitation method. Catalytic and photocatalytic degradation of MB was explored 

using uncapped and capped ZnS. The prepared samples of different capped molar concentration 

namely ZnS (A), ZnS (B) and ZnS (C) correspond to 0 ml, 2.5 ml and 5 ml stoichiometric ratio. 

 XRD analysis of synthesized ZnS sample (A-C) are illustrated in Fig. 5.1. XRD patterns of 

as-prepared NPs confirm the cubic structure of the ZnS NPs, well matched with JCPDS (Card 

no: 01-080-0020) [1]. Peak broadening confirms the formation of nanocrystals of uncapped 

sample [2]. Analysis of capped samples show sharp peaks relative to control sample (ZnS), 

exhibiting rhombohedral phase of ZnS and well matched with JCPDS, card no. 01-089-2200 and 

01-089-2179). Moreover, few small peaks were observed in capped samples which may be 

associated to surface capping of particles [3]. Crystalline size of the synthesized ZnS particles 

was calculated using Scherer equation [4]. The average crystallite size values of samples by 

Debye–Scherer equation are 4.2, 49, 29.6 nm respectively. It is observed that increasing amount 

of 2-Merceptoethanol, increases the crystallite size of ZnS NPs. 
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Figure 5.1: XRD pattern of Uncapped (a) and Capped (b, c) ZnS nanoparticles. 

Optical properties of a prepared NPs were investigated using UV-Vis spectroscopy as shown 

in Fig. 5.2.  Compared to control sample, absorption is increased with increasing amount of 2-

Mercaptoethanol. This increase in absorption is accredited to formation of large concentration of 

interstitial ions and vacancies with capping [5].  

Direct band gap energy of the prepared NPs was measured between αhυ vs E graphs. Band 

gap values of ZnS NPs was reduced from 3.75 to 3.69 and 3.45eV with capping. This reduction 

in band gap is associated to increase in particles size, well matched with literature [6]. 

 

Figure 5.2: Absorption spectra of synthesized ZnS nanoparticles (a) and band gap energy (b). 
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FESEM micrographs of uncapped and capped ZnS nano powders are shown in Fig. 5.3 (a-

c). Uncapped ZnS NPs show higher agglomeration of small and large sized NPs relative to 

uncapped samples. The morphological analysis of small amount of capped ZnS sample showed 

rod-like structure (5.3b) and agglomeration was observed with higher content of 2-

mercaptoethanol (5.3c). It is observed that presence of capping to ZnS NPs can reduce the 

agglomeration between NPs. 

 

Figure 5.3: FESEM images of uncapped (a) and capped (b, c) ZnS nanoparticles. 

Fig. 5.4 (a-c) displays the EDX spectrum of ZnS (A-C) NPs which clearly shows the 

absentia of other contaminants and impurities in the samples. EDX spectrum signifies the purity 

of ZnS NPs synthesized by co-precipitation technique. 
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Figure 5.4: EDX patterns of different ratios of uncapped (a) and capped (b, c) ZnS nanoparticles. 

HRTEM and SAED patterns of uncapped ZnS nanoparticles (Fig 5.5a, 5.5b) and capped ZnS 

nanoparticles (Fig 5.5c, 5.5d) are illustrated. It is clear from TEM images that resulting particles 

are monodispersed. However, it is difficult to determine the size of NPs precisely because of 

narrow size distribution of NPs. This recommends compact coverage of 2 mercaptoethanol on 

ZnS particles [7].  

 

Figure 5.5: HRTEM images and corresponding SAED pattern of uncapped (a, b) and capped (c,d) ZnS 

nanoparticles. 
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Aggregates in TEM observations appeared due to solvent evaporation that forced particles 

to form bigger NPs [8]. The structure of NPs by SAED patterns is in agreement with XRD results.   

The PCA of as-prepared NPs is illustrated in Fig 5.6. Successive decrease in dye with 

as prepared NPs is associated to crystal defects that acted as recombination centers to reduce PCA 

performance. Band gap is a very important for a photocatalyst to show visible-light activity. 

Additionally, particle size, crystal structure, surface area and degree of crystallinity of NPs also 

influence on transportation of photo-generated electrons and holes and their PCA performance 

[10]. 

 The mechanism for dye degradation using ZnS NPs can be explained as follows:  

When UV light is irradiated on nanoparticles, e-s are excited from VB to CB; generating e- - h+ 

pairs at the NPs surface. 

   ZnS + hυ                 ZnS (hVB
+ + eCB

_ )                      (5.1) 

During excitation, the generated h+ exhibit oxidative potential and can oxidize the dye molecule 

directly into reactive intermediates [9].  Formation of OH· is preferred during decomposition of 

water by h+. Equations 5.2 and 5.3 clarifies this phenomenon as: 

       ZnS (hVB
+ ) + H2O              H 

+  + OH·                                 (5.2) 

                 OH· + dye              Oxidized products                  (5.3) 

Conversely, the negative reduction potential which corresponds to CB, converts molecular 

oxygen into superoxide radical, which in turns assist to degrade dye compounds. 

                ZnS (eCB
_ ) +O2

·                 O2
−·                                  (5.4) 

                       𝑂2
−·+ dye                Oxidized products                   (5.5) 

Resultant superoxide radical and OH· react with dye molecules to oxidize them to carbon dioxide 

and water. 

PCA results illustrated that uncapped ZnS sample showed higher PCA in comparison of 

capped ones. Degradation increases continuously with periodic interval of time and maximum 

absorption peak was monitored at 664 nm.  
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Figure 5.6: Degradation of MB under visible light source in the presence of uncapped (a) and capped (b, c) samples 

and comparison of photocatalytic activities (d). 

The catalytic reduction of dye by NaBH4 was executed in the presence and absence of 

uncapped and capped ZnS NPs. Primarily, slow degradation rate was observed using dye solution 

with NaBH4. Afterwards, small amount of NPs was added in the solution (dye + NaBH4). The 

rate of degradation improved rapidly, signifying the excellent catalytic effect of ZnS NPs. Fig. 

5.7 (a-c) shows degradation of MB with uncapped and capped ZnS NPs using UV-Vis 

spectrophotometer for different time intervals. Consecutive decrease in dye was observed 

gradually with increasing irradiation time. Uncapped ZnS NPs bleach out MB effectively within 

40 min and behave as a good catalyst (5.7 a).  
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Figure 5.7: Time dependent UV-Vis spectra for reduction of MB. Dye with NaBH4 +ZnS (a), Dye with NaBH4 +2.5 

ml: ZnS (b), Dye with NaBH4 +5ml: ZnS (c). 

Figure 5.8 (a-c) demonstrates DSC/TGA analysis of capped and uncapped ZnS keeping 

ramp rate of 10°C per minute. As indicated in the figure 5.8 (a), the curve of ZnS designates mass 

loss of 12% occurs between temperatures starting from 0 to 200°C and is associated to water 

evaporation from NPs [11]. From 200-350 °C, mass increment associates to thermal oxidation 

and formation of Zn2SO4. The final decomposition temperature between 600-1000 °C signifies 

the decomposition of Zn2SO4 to ZnO and SO2. Figure 5.8 (b) indicates DSC/TGA analysis of 

capped ZnS whose degradation configuration is quite different than uncapped sample. With small 

amount of capped sample (5.8 b), the TGA curve displays loss of 5 % initial mass up to 200 °C 

because of removal of water used during synthesis process and water of crystallization. On 

account of removal of capping agent by evaporation and decomposition, this mass loss continues 

up to 300°C and uncapped ZnS decompose to literate sulfur above 300°C. At temperature around 

360 °C, formulation of Zinc Sulfate/ Zinc oxy-sulfate takes place and a small rise in mass loss is 

registered. However, a noticeable reduction in mass loss up to 35% was monitored at 425°C 

which corresponds to exothermal peak temperature, arises owing to decomposition of ZnS with 

removal of sulfur. Around 850°C, an exothermic peak was monitored and with higher volume of 

capped sample, same decomposition pattern was observed as shown in fig 5.8 (c). 
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Figure 5.8: DSC/TGA curve of uncapped (a) and capped ZnS (b, c) nanoparticles. 

FTIR analysis depicting IR absorption due to the several vibration modes of prepared NPs 

as shown in Fig. 5.9. The formation of new bands and the shift in existing bands in adsorbed 2-

mercaptoethanol confirms binding mode of NPs.  The broad peak at 3433 cm-1 associates to (O-

H) alcohols has been monitored in all the samples. Bands observed around 3,000–2,800 cm-1 

range are attributed to –C–H symmetric and asymmetric stretching vibrations modes of alkyl 

chains; signifying insignificant shifts. This confirms free alkyl chain of surfactants that have not 

been adsorbed over surface of NPs. The sharp peak at 1381 cm-1 for O-H signifies presence of 

carboxylic acid in ZnS.  In capped samples, peak arises at 1000 cm-1 shows (C-N) amines [12]. 

The presence of all above functional groups is accredited to organic solvents used during 

preparation of NPs, following by washing with water. 
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Figure 5.9: FTIR spectra of uncapped (a)and capped (b,c) ZnS nanoparticles. 

Raman spectra of as prepared NPs in the frequency range 100 to 3200 cm-1 is shown in 

Fig.5.10. Raman scattering effectively elucidated structure of NPs and lattice defects in solids. 

Optical branches in cubic ZnS showed threefold degeneration at K = 0 and breaks down 

immediately away from the center of brillouin zone (BZ) due to partial polarization in ionic 

crystals. At K = 0, transverse optical and one longitudinal optical mode have been considered 

Raman active [13]. Schneider and Kirby explained Raman spectra of ZnS poly types [14]. ZnS 

is associated to point group Td (43 m) exhibiting two atoms per primitive unit cell and contains 

three optical phonons with T2 = Γ15 symmetry. Uncapped sample (last spectrum from bottom) 

exhibits peaks at 177, 348 and 1045 cm-1 are well matched with reported [15]. Several peaks at 

lower wave numbers such as (1400 cm-1) appeared with capping and main peak around 2932 cm-

1 was observed [16]. The peak intensity (2932 cm-1) increased with amount of 2-mercaptoethanol 

to ZnS. 
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Figure 5.10: Raman spectra of uncapped (a) and capped (b,c) ZnS nanoparticles. 

Conclusion 

In this chapter, fast co-precipitation technique was employed for synthesis of visible light 

catalytic material, ZnS NPs. As prepared NPs exhibit cubic and rhombohedral structures in size 

ranging from 4.2-29.6 nm having band gap energies 3.75-3.45 eV. Changes in band gap arises due 

to crystallite size variations, suggesting appropriate materials for organic pollutants. FESEM 

micrographs confirmed agglomeration in uncapped sample. Results suggest that uncapped NPs 

displayed outstanding potential in organic dyes degradation. Hence, uncapped ZnS NPs exhibited 

excellent photocatalytic activity for the photodegradation of MB under visible light in comparison 

to capped ZnS. Moreover, same procedure could be employed for attaining different optical and 

photocatalytic properties by doping with appropriate TM impurities.  
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Chapter No. 6 

6 Study of transition metal ions doped metal sulfides (ZnS, CdS) 

nanoparticles-assisted photocatalytic degradation of organic dye 

in wastewater. 

Results and Discussion 

This chapter describes the synthesis of pure and TM ions doped ZnS and CdS NPs using 

chemical precipitation technique. Structural, optical and morphological evaluations were 

performed using various analytical techniques. Catalytic activity of pristine and TM doped ZnS 

and CdS NPS were investigated by employing NPs in the degradation reactions of MB by NaBH4. 

Photocatalytic degradation of dye was performed by monitoring the photocatalytic reduction of 

MB in aqueous solution of NPs under 400 W Hg lamp of visible light irradiation (λ > 420 nm). 

Fig. 6.1 (a) signifies XRD patterns of as prepared NPs of Zn1-x Mx S, where M = Ni, Co 

and x = 0.05. Three prominent peaks corresponding to pristine ZnS at 2θ of 29.04°, 39.31° and 

48.01°matched with (111), (220) and (311) crystalline planes of ZnS. Broadening of doped (Ni 

and Co) ZnS diffraction patterns confirmed the formation of ZnS [1]. Furthermore, few small 

peaks were recorded in ZnS which can be accredited to surface capping of NPs [2]. Doped XRD 

peaks confirmed cubic zinc blende structure with JCPDS (Card no: 03-065-4586 and 01-089-

2874). Diffraction peaks exhibit significant amount of width owing to small size of nanoparticles 

[3] and peak broadening is increased with doping because of surface defects. Broadening of 

doped diffraction patterns appeared due to deficiency of adequate energy required by atoms to 

move in suitable sites during crystallite formation [4]. XRD analysis confirmed well insertion of 

dopants into framework of ZnS without altering its phase structure. Interestingly, no trace of any 

other secondary phase appeared that recommends proper incorporation of dopants into ZnS. 

Crystallite size was calculated using Scherrer’s relation. Calculated crystallite size values of pure 

and doped NPs (Ni and Co) NPs is 49, 37 and 72 nm, respectively. 

HR-TEM and SAED pattern were employed to analyze morphology and size of ZnS NPs. 

Fig. 6.1 (b) confirmed monodispersed particles having mean particle size of ~20 nm and SAED 
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pattern is in good agreement to X-ray diffractograms. Due to solvent evaporation, aggregates in 

HR-TEM appeared that forced NPs to be flocculated [5]. 

XRD analysis of CdS NPs showed three prominent peaks at 26.5°, 43.5° and 51.6° 

corresponding to (111), (220) and (311) reflection planes of CdS respectively (Fig 6.1 c) [6]. It 

was observed that diffraction peaks have identical positions and definite broadening of peaks 

indicates nanometer range of as-prepared materials [6-8]. As radii of dopants ions are smaller 

than Cd (108pm) ion, inclusion of dopants in CdS lattice will decrease lattice constants. Hence, 

diffraction peaks of doped NPs were observed shifted slightly towards higher angle. The average 

crystallite size of pristine and doped CdS was measured using Debye–Scherrer formula. The 

calculated crystallite size values 1.9, 2.01, 2.07 and 2.04 nm correspond to pure, Ni, Co and Fe 

dopants, respectively. 

 

Figure 6.1:  XRD pattern of pure and doped ZnS NPs (a) HRTEM image and corresponding SAED pattern of pure 

ZnS (b), XRD pattern of pure and doped CdS NPs. 
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Optical properties of as-prepared NPs were analyzed by UV-Vis spectroscopy as shown 

in Fig 6.2a. Pure ZnS NPs show strong absorption edges band in UV region around 315 nm. 

Inclusion of dopants in ZnS lattice contributed to variable absorption coefficients along with 

alteration in position of absorption peaks [9]. Absorption edge for doped samples is slightly 

shifted to shorter wavelengths relative to pure ZnS. At high doping content, Fermi level shifts 

into CB according to the Burstein–Moss shift [10]. 

Energy band gap (Eg) of pure and doped ZnS was calculated using Tauc plot (Fig. 6.2b). 

Eg of pristine ZnS is 3.69 eV which is greater than bulk ZnS (3.54 eV) and associated to quantum 

confinement effect [11,12]. In comparison of undoped sample, Eg value of Ni doped ZnS is found 

to be 3.5 eV [13-15]. However, a slight increase in Eg value for Co doped ZnS is observed which 

might be attributed to structural modification after incorporation of Co [16]. Wu et al. [17] confirmed 

that small particle size and surface tension cause distortion of lattice, subsequently lattice 

constants decreases. Thus, distortion in NPs creates bond length shorter and absorption band 

shifted to shorter wavelength [18]. A shift in absorption spectra is observed after inclusion of 

dopants in ZnS lattice. Since x-ray diffraction analysis revealed no shift whereas shift in UV-Vis 

spectrum might be appeared because of metal ions [1]. 

 

 

Figure 6.2: Absorption spectra of synthesized ZnS NPs (a) and band gap energy (b). 
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Figure 6.3: Absorption spectra of pristine and doped CdS NPs (a) and bandgap energy (b). 

Intensive absorption peak of pristine CdS was observed around 440 nm (Fig 6.3 a) [6]. 

However, absorption intensity is shifted towards longer wavelength upon TM doping. This slight 

shifting in absorption edge may be attributed to increase in carrier concentration by dopant ions 

incorporation and creation of defect levels in band gap. Compared to bulk CdS, blue shift in 

absorption edge appears, indicating that prepared NPs lie in nanometer range [19]. Eg of NPs was 

measured using Tauc’s equation and found to be 2.4 eV of CdS which is well matched with 

reported [6, 7] (Fig. 6.3 b). A decrease in bandgap was observed with incorporation of Ni, Co and 

Fe dopants from 2.38 to 2.30eV [7]. 

FESEM images of pure and doped samples were used to analyze surface morphology. 

Fig. 6.4 shows formation of highly agglomerated spherical morphology of doped samples because 

of high surface energy of NPs relative to pristine ZnS. Particle agglomeration depicts noticeable 

chemical interaction via interfusions [20].  Though, actual size of NPs was not obtained because 

of limited resolution of FESEM. Moreover, 2-Mercaptoethanol caused inhabitation of 

agglomeration and stabilization of small particles [13]. 
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Figure 6.4: FESEM images of ZnS (a) and doped (Ni and Co) ZnS NPs (b and c). 

 

Figure 6.5: SEM images of pristine CdS (a) and doped (Ni, Co, Fe) CdS (b, c and d). 
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Fig. 6.5 (a-d) show SEM micrographs of synthesized pure and doped (Ni, Co, Fe) NPs. 

Pure CdS micrograph shows formation of highly agglomerated CdS NPs [6]. Upon doping, 

irregular growth of particles appeared due to Ostwald ripening [21, 22]. 

Fig. 6.6 signifies EDAX analysis corresponding to elements Zn, Co, Ni and S confirms 

the presence of NPs in polymer matrix which specify homogenous doping of impurity ions in 

ZnS structure. EDAX analysis revealed that NPs are rich in Zn and S compared to Ni, Co and 

confirmed suitability of chemical precipitation technique. 

 

Figure 6.6: EDX spectra of pristine ZnS (a) and doped (Ni and Co) ZnS (b and c). 
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Figure 6.7: EDX spectra of pristine CdS (a) and doped (Ni, Co, Fe) CdS (b, c and d). 

Fig.6.7 depicts EDAX analysis corresponding to elements Cd, S, Ni, Co and Fe confirms 

the presence of NPs in polymer matrix which specify homogenous doping of impurity ions in 

CdS structure. 

Raman scattering explains structure of NPs and lattice defects in solids. Schneider and 

Kirby described Raman spectra of ZnS poly types [23]. Fig. 6.8 (a) depicts Raman spectra of 

ZnS, measured in frequency range 100 to 3200 cm-1. ZnS is associated to point group Td (43 m) 

displaying two atoms per primitive unit cell and comprises three optical phonons with T2 = Γ15 

symmetry. Optical modes T2 (TO) and T2 (LO) near center of BZ are measured at 270 and 342 

cm-1 and well matched with literature [24]. Raman spectra shows that intensity of all modes 

decreased with incorporation of dopants since atomic masses of dopants are smaller than Zn. 

Thus, vibrating frequency of Ni-Ni, Co-Co was little faster than Zn-Zn appeared at 101 cm-1. The 

dopants ions formed a specific symmetry in ZnS lattice owing to replaced position of Zn2+ and 

stimulated dopants vibration [25].  
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Figure 6.8: Raman spectra of synthesized ZnS NPs (a) and CdS NPs (b). 

Fig. 6.8 (b) depicts Raman spectra of NPs recorded at RT. Raman peaks appeared at 293 

and 589 cm-1 associated to 1LO (longitudinal optical) and 2LO phonon modes which show 

consistency with earlier reported values [6, 26, 27]. The Raman spectra of doped CdS NPs display 

a slight shift in wave number of 1LO and 2LO relative to pristine CdS, which is accredited to 

smaller difference in ionic radii of dopants than Cd2+ [28]. 

Fig. 6.9 (a) shows FTIR spectra of prepared samples recorded in the range of 500 cm-1 to 

4000 cm-1. Characteristic peaks of ZnS recorded at 1020 and 671 cm-1 while Ni and Co peaks 

were observed at 1161 and 1174 cm-1, respectively. FTIR results confirmed that few doped ions 

of impurity atoms were embedded in ZnS structure rather substituting Zn ion. Though, absorption 

peaks from 3000 to 3600 cm-1 corresponds to –OH group signifying presence of water on surface 

of NPs [29]. At 2370 cm-1, observed bands are associated to C=O stretching vibrations raised 

because of absorption of atmospheric carbon dioxide on NPs surface [30]. 
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Figure 6.9: FTIR spectra of synthesized ZnS NPs (a) and CdS (b). 

FTIR spectra of pristine and doped CdS were recorded in the range 4000 cm-1 to 500 cm-

1 as depicted in Fig. 6.9 (b). Broad peak at 3434 cm-1 is associated to O–H group, confirms affinity 

of water molecules towards CdS [31, 32]. Peaks around 1544 cm-1 and 1627 cm-1 attributed to 

C–O and C=C stretching modes of carbonyl and carboxyl groups [33-35]. During synthesis of 

NPs, adsorption of CO2 and H2O can contribute from atmosphere [32]. Moreover, shoulder at 

662 cm-1 depicts presence of Cd-S bond stretching seems very weak because of sample moisture 

[36]. Interestingly, no change in peak positions of matrix was observed with inclusion of dopants 

in CdS network. This confirms that dopants crystallites are formed without disturbing the 

continuous three-dimensional network of CdS and independent in chemical behavior [37].  

Fig 6.10 shows PCA of as-prepared NPs signifying decreased intensity of dye with NPs 

which is associated to defects in crystals. Results show that Ni doped ZnS displayed higher PCA 

compared to pure and Co doped ZnS. Under visible light irradiation, e- move from VB to CB. 

The presence of Ni2+ and Co2+ dopants within crystal matrix or on the surface of ZnS NPs surface 

trap photogenerated excitons by transferring adsorbed hydroxyl as well as oxygen ions to create 

OH˙ and super oxide radicals (O2˙¯) respectively [38]. These processes suppress e-– h+ 

recombination to generate excess free radicals essential for dye degradation.  

Interestingly, when photons are illuminated on surface of NPs, e- are excited from VB to 

CB and h+ are generated in VB.  Due to recombination of e-– h+ charge carriers, heat energy is 
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emitted. These charge carriers can also move to NPs surface to produce photocatalytic active 

centers [39]. 

 

Figure 6.10: Degradation of MB in the presence of pure and doped samples under visible light source (a-d). 

In catalyst, high oxidative potential of photogenerated h+ allows direct oxidation of dye 

to react with chemisorbed H2O molecules to produce highly reactive radicals [40, 41]. The 

photocatalytic degradation of MB by ZnS NPs can be summarized in equations 6.1- 6.8. 

                      NPs + hυ                NPs (
h+

e−)                                           (6.1) 

                   h+ + MB dye              Oxidation of dye molecules              (6.2) 

         h+ + H2O             H++ OH˙                           (6.3) 

        h+ + OH¯               OH˙                                  (6.4) 
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           e- + O2             O2˙¯                                                           (6.5) 

      O2˙¯+ H2O             H2O2                                                           (6.6) 

      H2O2  + e-                    2OH˙                                         (6.7) 

To produce OH• radicals, e- in CB are also responsible which can be expressed as the fundamental 

source of organic matter mineralization. 

      
OH ֗

O2
֗ ¯  + MB dye              CO2 + H2O + 

small

less harmful species
       (6.8) 

The enhancement of photodegradation depends on O2
·-and OH• formation for TM doped ZnS. 

Moreover, the rate of e- transfer from VB of ZnS to impurity atoms should also be faster compared 

to e- - h+ pair recombination [42]. 

PCA results reveal that MB photo degradation rate in Co doped CdS sample was higher 

in comparison of other CdS catalysts (Fig 6.11). This agrees well with an earlier study on metals 

doped CdS catalysts where faster degradation rate of MB with using Co doped CdS NPs was 

attributed to increase in defect sides generated by Co doping and optical absorption is increased 

in visible region [43]. Reduction of dye was investigated by monitoring absorption maximum at 

664 nm with definite time intervals. Additionally, CdS displayed inverse degradation in 

comparison of doped samples [7]. 
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Figure 6.11:  Absorption spectra for decolorization of methylene blue in the presence of pure and doped CdS NPs 

under visible light source (a-d). 

Fig. 6.12 indicates catalytic reduction of MB using NaBH4 with as-prepared ZnS NPs. 

Pristine ZnS reveals incomplete reduction of MB within 30 minutes whereas doped NPs show 

substantial catalytic potential. Degradation of MB with doped nano catalysts was monitored 

within 20 minutes with a gradual reduction in absorbance spectra at λmax ≈ 664nm. At RT, doped 

NPs revealed complete reduction of MB to LMB, signifying outstanding catalytic potential of 

doped nanoparticles. 
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Figure 6.12: Time-dependent UV–Vis spectra for reduction of MB. Dye with NaBH4 + ZnS (a), dye with NaBH4 + 

Ni:ZnS (b), Dye with NaBH4 + Co:ZnS (c). 

Fig. 6.13 shows catalytic reduction of MB using NaBH4 with CdS NPs as nano-catalysts. 

The extracted results indicate that CdS shows successive decrease in concentration of dye within 

45 min while doped nano-catalysts reveal enhanced degradation. Degradation efficiency of Ni 

and Co doped CdS is higher than Fe doped samples as these nano-catalysts reduced dye within 

25 and 20 min, respectively at peak intensity of ≈ 664nm. Pure CdS shows slower reduction of 

dye, indicating superior catalytic function of doped CdS. Hence, doped NPs were proved as 

promising catalysts on degradation of MB from industrial effluents. 
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Figure 6.13: Time-dependent UV–Vis spectra for reduction of MB. Dye with NaBH4 + CdS (a), dye with NaBH4 + 

Ni:CdS (b), Dye with NaBH4 + Co:CdS (c), Dye with NaBH4 + Fe:CdS. 

 

Combined fashion of degradation curve and degradation rate experienced with all as 

prepared nine samples are shown in graphical presentation in Fig. 6.14 and Table 6.1 respectively. 

It is concluded that doped samples (Ni and Co) showed best results during catalytic reactions 

indicating maximum active sites used for degradation of MB. Degradation performance of pure 

and capped samples was observed relatively poor. During degradation process, catalytic reduction 

was occurred on the surface region of metals. Hence, increasing the surface area availability will 

considerably improve the efficiency of the catalyst. Metals NPs support the e- relay from donor to 

acceptor and act as a substrate for the e- transfer reaction. During e- transfer reaction, the reactants 

are adsorbed on the surface of metal and consequently, the reactants gain an e- and are reduced 
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[44]. Hence, doped NPs act as an effective catalyst through the e- transfer process in all the above 

catalytic reactions. 

 

 

                                   Figure 6.14: Catalytic degradation curves of as prepared NPS. 
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Table 6.1: Combined trend of degradation rate of as prepared NPs. 

 

Samples Name Degradation Rate (min)-1 

ZnS 0.054 

2.5ml:ZnS 0.080 

5ml:ZnS 0.096 

Ni:ZnS 0.13 

Co:ZnS 0.16 

CdS 0.059 

Ni:CdS 0.112 

Co:CdS 0.144 

Fe:CdS 0.095 

 

Conclusion 

In this chapter, pure and TM ions doped ZnS and CdS NPs were synthesized using water 

based chemical precipitation route.  Competitive investigations of the pure and doped NPs were 

achieved by various techniques. Prepared ZnS NPs exhibit rhombohedral and cubic crystal 

structures with increased crystallite size upon doping.  Lattice defects, like dislocation density, 

microstrain and stacking fault were not altered with doping. XRD patterns of synthesized CdS 

samples show single cubic phase and crystallite size decreased from 1-2 nm upon doping. HRTEM 

and FESEM results confirmed agglomeration of ZnS NPs in doped samples.  SEM micrographs 

of CdS NPs demonstrated nanoclusters. Optical band gap energy of ZnS increased with inclusion 
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of dopants due to blue shift in absorption edge. Optical measurements of CdS NPs shows slight 

increase in absorption and bandgap decreased upon doping from 2.38 to 2.30 eV. Additionally, 

FTIR confirmed the presence of functional groups involved during synthesis and illustrated the 

confirmation of Zn–S and Cd-S linkages. Raman peaks suggest quantum confinement in as 

prepared samples whereas EDX spectrum confirmed the presence of Zn, Cd, S, Co, Fe and Ni in 

specific proportions. Furthermore, the photocatalytic activity of the prepared NPs was investigated 

upon their decolorization efficiency in removing a cationic dye as a pollutant molecule. According 

to the results, Ni doped ZnS NPs can be introduced as promising photocatalyst on degradation of 

MB dye in wastewater. Photocatalytic study of CdS revealed that Co doped CdS NPs displayed 

higher degradation under visible light irradiation compared to pure and other doped samples. 

Combined fashion of catalytic analysis of all as prepared samples showed that doped NPs showed 

excellent catalytic degradation. 
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Chapter 7 

7 Conclusions and Future Recommendations 

7.1 Conclusions 
 

The aim of this thesis is to investigate and explore the physics behind TM on different 

applications in the field of spintronics and photocatalysis. For applications of magnetic materials, the 

processes of magnetization reversal are often critical for functional performance. This study 

reports the evolution of magnetization in low Gd doping regime in rare earth: transition metal 

alloys. This is significant as it signals the development of isotropic in-plane behavior in this 

system. Moreover, a detailed dye degradation analysis of TM doped metal sulfide NPs are 

considered the best avenue to remove hazardous pollutants from water. 

In this thesis, the influence of RE concentration on magnetization reversal behavior of 

Gd:Co, Gd:Fe and Gd:CoFe alloys was studied in order to understand the role of RE in the regime 

of low doping. The results illustrate that magnetic reversal behavior as a function of Gd content 

is strongly dependent on TM. As Gd content increases, thin films transition arises from crystalline 

to amorphous structure. Hc increases by less than a factor of two with Gd doping of 11% in GdCo 

thin films. Conversely, Hc falls by a factor of ten with 8% Gd in GdFe thin films This behavior 

of coercivity may be attributed to variation in the crystalline morphology in both cases. GdCoFe 

thin films shows a similar trend with Gd doping for the in-plane Hc to that GdFe. The behavior 

of the coercivity shows that Gd inclusion does not deteriorate but improves the soft magnetism 

of the amorphous thin films. These materials hold a new generation of spintronics devices that 

can be integrated into conventional complementary semiconductor technology.  Our findings 

have broadened the composition range of RE:TM alloys, making it attractive for future 

nanomagnetic devices. These devices, when fully optimized, can be used in MRAM, as well as 

in STT random access memory devices and have potential applications in future spin-based 

quantum computer systems. 

 In chapter five, structural, optical, morphological and photocatalytic properties of 

uncapped and capped ZnS nanomaterials were studied using fast co-precipitation route. As 
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prepared nanomaterials exhibit cubic and rhombohedral crystal structures having crystallite size 

ranging from 4.2–29.6 nm. The optical properties of NPs show bandgap values ranging from 3.8–

3.45 eV. Morphological analysis confirms presence of agglomerated particles in uncapped ZnS 

whereas rod shape structure is observed in 2.5 ml capped sample. PCA results show that ZnS 

photocatalysis showed higher activities compared to capped samples. 

In chapter six of the dissertation, Ni and Co doped ZnS NPs were prepared and 

characterized in relation to their photocatalytic potential for dye industries. Pure and doped ZnS 

NPs were synthesized using chemical precipitation method. NPs exhibit rhombohedral and cubic 

structure with increased crystallite size after incorporation of dopants. Pure sample shows strong 

absorption in UV region and absorption edge of doped samples is shifted towards shorter 

wavelengths. FESEM reveals agglomeration in doped samples. FTIR confirm presence of Zn-S 

linkages and other functional groups involved during preparation of NPs. The observed peaks at 

1020 and 671 cm-1 were associated to Zn-S linkages. Raman peaks confirm quantum confinement 

in synthesized NPs. The photocatalytic measurements suggest the increase rate of degradation 

with Ni doped ZnS NPs.  This novel approach of ZnS nanoparticles shows that Ni doped ZnS 

NPs are proved to be competent photocatalysts in textile industry dyes degradation to tackle 

environment pollution. 

Finally, undoped and TM doped CdS nanoparticles were prepared using chemical 

precipitation route. As prepared NPs were characterized deploying various analytical tools and 

utilized as photocatalyst on decolorization of MB under visible light illumination. XRD results 

revealed that pure and doped NPs exhibit cubic phase where crystallite size lies in range of 1-2 

nm. SEM images displayed agglomerated nanocrystals and FTIR confirmed stretching vibrations 

from Cd-S and other associated functional groups. The optical measurement of undoped and 

doped CdS shows that absorption is increased and corresponding measured band gap decreased 

upon doping from 2.38 to 2.30 eV. The doped NPs are proved to be remarkable catalyst due to 

fast reduction of MB relative to CdS.  Additionally, Co doped NPs showed higher photocatalytic 

activity than rest of doped and CdS samples.  

7.2 Future Recommendations 
This thesis has demonstrated a sequential investigation of magnetization reversal as a 

function of composition in low RE concentration alloys and optimization of photodegradation 
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process. Current study has led to some interesting findings however, further scientific approaches 

still exist for continuation and improvement of this work. This section outlines some plausible 

areas of research that could be persisted and may lead to additional advances in the fundamental 

grasping in magnetization processes and photocatalysis.   

The study of magnetization reversal as a function of low RE composition suggests that 

magnetic easy axis remains in the film plane. In magnetic materials, the control of composition 

is a significant factor in optimizing the magnetic properties. This study can be extended to 

produce a series of samples each with variation in RE composition beyond 13% Gd, which may 

provide more insights to this study in attaining PMA since PMA has advantages regarding faster 

switching, better thermal stability and better scalability for memory applications. 

Net magnetization of GdFeCo thin films can be controlled by temperature. Many research 

groups have suggested that annealing in Ar/H atmospheres causes a substantial reduction in 

coercivity. Repeating the study with variation in temperature may show insight regarding 

temperature dependence of spin orbit effective fields in ferrimagnetic thin films.  Present study 

of thin films deeply focuses on magnetic measurements but still some electrical measurements 

like Hall resistivity need in order to have a full understanding of out-of-plane magnetization 

behavior. Moreover, this study can be executed in future using different kind of substrates as 

polyimide, polyethylene, glass and naphthalate. 

In second part of thesis, comprehensive study on degradation of organic dye using metal 

sulfides nanoparticles was carried out. This study was a step towards purification of polluted 

water using metal sulfides nanoparticles. This study opens the door to new research to explore 

novel materials using the same procedure by knowing the influence of dopant materials. The use 

of different materials is not yet explored and the theory behind photocatalysis can be extended to 

other semiconductor materials. The study can be expanded to different levels with the effects of 

dopant materials using dyes other than MB. The results may allow tuning of band gap, crystal 

structure and other photocatalytic properties. 

 

 


