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ABSTRACT 

Spintronics, an emerging breed of computing device, minimizes heat energy loss and 

leads to smaller, faster, less power-hungry electronics. It uses the spin and charge of electrons to 

encode and manipulate information. For the practical realization of such devices, it is important 

to identify materials stable at room temperature with diverse magnetic and electronic transport 

properties that can be easily integrated with standard semiconductors. A promising class of 

material for this purpose is mixed chromium-based chalcospinels such as Cd(1-x)CuxCr2S4 and 

ZnxCd(1-x)Cr2S4. 

They are predicted to exhibit wide range of magnetic exchange interactions and unusual 

transport properties, which can vary significantly as a function of composition. Due to strong 

coupling between spin, charge, orbital, and lattice degree of freedom, these systems offer 

exciting possibilities to tailor magnetic and electrical properties. However, despite their 

remarkable potential, the development of the quaternary systems remains largely unexplored. 

The lack of suitable metal precursors, stoichiometry control, and a delicate balance of reaction 

conditions to selectively synthesize the desired spinel phase makes the growth of these materials 

extremely challenging and, as a result, hinders their potential usage in the device applications. 

This dissertation addresses these critical issues and reports the first successful synthesis 

of polycrystalline Cd(1-x)CuxCr2S4 and ZnxCd(1-x)Cr2S4 thin films grown by a versatile chemical 

spray deposition (CSD) method using simple inorganic precursors. We present a detailed study 

of the cation substitution effect on the structural properties that drives the magnetic interaction 

and electrical conductivity. Depending on the substitution, we examine the existence of 
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frustration and the origin of complex spin-glass behavior. The experimental study on these 

systems has been expanded to theoretical investigation using first-principles calculations within 

the density functional theory (DFT) framework. The calculated ground-state structural, magnetic, 

and electronic properties are qualitatively consistent with the experimental results and predict a 

wide range of half-metallic compositions in both systems. Furthermore, this work presents and 

analyzes the experimental Raman spectra of the frustrated ZnxCd(1-x)Cr2S4 system for the first 

time in close comparison with the lattice dynamics calculations within a shell model. 
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CHAPTER 1: INTRODUCTION 

1.1 Motivation 

In recent decades, spintronics has emerged as an alternative to traditional transistor-based 

electronic devices. The term ‘spintronics’ is coined from spin and electronics, implying spin 

transport electronics. Unlike electronic devices that use the electrical charge of an electron, 

spintronic relies on an electron's spin degree of freedom for processing, storing, and transmitting 

the information. As a result, it has revolutionized the entire electronics field in a very short time 

span. It has the potential to create ultra-speed computers, mass storage devices, and compress an 

enormous amount of data into a small area. In addition, nonvolatility and low energy 

consumption provide advantages of spintronics over traditional technology. 

The origin of spintronics can be traced back to the discovery of the giant 

magnetoresistance (GMR) effect1, 2, which brought advancement in gigabyte hard disk drives and 

is a key component in developing portable electronic devices. The unique feature of spintronics 

is that spins can be transferred without the flow of charge. This spin transferal is called spin 

current, which transfers information without losing energy in the form of heat. However, some 

key issues hinder their use in commercial devices. One of them is the generation of low spin 

current. In order to support a device, a large volume of spin current is desired. Besides, materials 

with diverse magnetic and electronic properties and sufficiently high Curie temperature Tc are 

required for devices to operate at room temperature. 

Recently, substantial research has been conducted on finding materials with high spin 

polarization that can enhance the spin current and have a wide variety of physical properties. In 
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this category, a promising family of materials is magnetic chalcospinels, which we will focus on 

in this research. They have interesting applications in developing new-generation multifunctional 

spin-based devices such as spin field-effect transistors, light-emitting diodes, spin resonant 

tunneling devices, and optical switches. Remarkably, the area of spintronics is fascinating and 

will significantly impact industrial application and scientific research in the coming decades. 

1.2 Chalcospinels: A Superior Material for Spintronic Applications 

Spinel is a naturally occurring mineral that dates back to the sixteenth century. It is an 

ancient name that formerly referred to red gemstones, which today are identified as doped 

crystals of magnesium aluminum oxide, MgAl2O4.3 However, it was not until the nineteenth 

century that the typical structure of many naturally occurring compounds belonging to the spinel 

family came to be appreciated.4 The list of a wide variety of spinel compounds that have played a 

central role in developing magnetic materials, especially spinel ferrites, is displayed in Table 

1.1.5 They have been investigated for almost a century because of their broad magnetic and 

electrical properties, making them suitable for use as a permanent magnet, recording media, and 

various other applications.6 

Table 1.1 A list of spinel-based materials exhibiting interesting properties, adapted from ref [7]. 

Compound Characteristics 

ZnAl2O4 A transparent diamagnetic spinel 

γ-Fe2O3 A natural material for magnetic recording 

ZnFe2O4 A paramagnetic ferrite 

NiFe2O4 A ferromagnetic semiconductor 

CuCo2S4 A natural metallic spinel 

Fe3S4 A ferromagnetic semimetal 

Fe1-x CuxCr2S4 A chalcogenide with colossal magneto resistive properties 

Fe3O4 The ancient navigator’s lodestone 

FeTi2O4 A spinel oxide with giant magnetostrictive properties 
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Recently, chromium-based chalcogenide spinels, also referred to as chalcospinels, has 

attracted attention as potential device materials because they are cheaper, less toxic, and more 

stable. In addition, this new class offers diverse physical properties that make them fascinating 

from the scientific and application point of view. 8-10  They exhibit extensive magnetotransport 

and magnetodielectric properties and have sufficiently high Curie temperature Tc, which is 

fundamental for spintronic devices operating at room temperature. 

The crystal structure of the spinels is complex and occurs mainly in two forms: normal 

spinel and inverse spinel. Most spinels crystalize as normal spinel having the general formula 

A2+B2
3+X4. Their crystal structure has been determined independently by Bragg11 and 

Nishikawa.12 Normal spinels consist of face-centered cubic (fcc) lattice and belong to the 

centrosymmetric space group Fd3m No. 227.13 In the unit cell, anions X, such as O, S, Se, and 

Te, are arranged in cubic close packing (ccp), with 64 tetrahedral and 32 octahedral sites 

available for cations. Divalent cation A, such as Fe, Zn, Cd, Cu, Mn, Co, or Hg, occupies 1/8th of 

the tetrahedral sites, and a trivalent cation B, such as Cr, Fe, Rh, or Ti, occupies 1/2 of the 

octahedral sites, as shown in Figure 1.1. Thus, it can generally be represented as AtB2
OX4 where 

a cubic unit cell has a total of 56 atoms that contains 32 X anions, 8 A divalent cations, and 16 B 

trivalent cations. In contrast, inverse spinels are unusual in that half of the trivalent B cations 

switch places with divalent A cations and occupy the tetrahedral site. It is represented by the 

formula Bt[AB]oX4. Besides, an intermediate spinel arrangement of type [A(1-i)Bi]t[A(2-i)Bi]oX4 is 

also possible for some compositions of chalcospinels, where i is the degree of inversion. While 

the degree of covalency plays an important role, the factors determining the specific arrangement 

are not yet completely understood. 
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Figure 1.1 A typical crystal structure of chalcospinel AB2X4, showing tetrahedral (green) and 
octahedral (purple) sites for A and B ions in the fcc lattice. The anions X (red) are shaded in red. 
Figure reprinted with permission from ref [14]. 

The chromium chalcogenide spinel, ACr2VI4, which is the main focus of this dissertation, 

uniquely adopts a normal spinel structure. Cr3+ ion has a clear preference for the octahedral sites 

and participates in exchange and superexchange interaction. A remarkable aspect of chromium-

based spinels is that their structure can accommodate distinct elements of group VI, such as O, S, 

Se, and Te.15-17 Depending on the type of anion, exchange interaction between the Cr3+ ions 

changes. As a result, physical properties vary widely from spinel oxides (X = O) to spinel 

chalcogenides (X = S, Se, Te).18 For example, spinel oxides are antiferromagnetic insulators.19 

They rarely show metallic behavior, while chalcospinels exhibit ferro/ferri-magnetic behavior 

with insulating, semiconducting, or metallic properties.15, 20, 21 The diverse behavior of 

chalcospinels has made them the subject of numerous studies since the 1950s.22 

Among different ternary chromium chalcospinels, ACr2S4 is particularly attractive 

because it can incorporate various divalent A cations such as Cd, Cu, Fe, Mn, Zn, Hg, and Co at 
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the tetrahedral sites.19 Their magnetic and electrical properties vary widely with the nature of A-

site cation, as illustrated in Table 1.2. For example, CdCr2S4 is a ferromagnetic semiconductor 

and exhibits relaxor ferroelectricity and colossal magnetocapacitive effects; ZnCr2S4 is an 

antiferromagnetic semiconductor; CuCr2S4 is a ferromagnetic metal with Tc near room 

temperature. This reflects a close dependence of the size of tetrahedral cation on the magnetic 

and electrical properties of chromium chalcospinels. This connection has been investigated by 

Kowalski et al. They showed the correlation between the rt (ionic radii of cation in tetrahedral 

position), ro (ionic radii of cation in octahedral position), and ra (ionic radii of anion) through the 

phase diagram shown in Fig 1.2.23 Here, one can clearly distinguish the domination of the 

antiferromagnetic region (for ro / ra > rt / ra) and ferromagnetic region (for ro / ra <  rt / ra). While 

electrical conductivity changes from an insulator to a semiconductor and a metal with the 

decrease of ro / ra.
24 These observations have sparked a strong interest in closely investigating 

ternary chromium chalcospinel's electronic and magnetic structure and their physical properties. 

Table 1.2 A list of chromium chalcospinels and their magnetic and electrical properties. 

 
ACr2S4 Magnetic and electrical properties 

CdCr2S4 
Ferromagnetic semiconductor with relaxor ferroelectricity and 
colossal magnetocapacitive 

CuCr2S4 Ferromagnetic metal 

ZnCr2S4 Antiferromagnetic semiconductor 

FeCr2S4 
Ferrimagnetic semiconductor exhibiting enormous 
magnetoresistance near Curie temperature 

MnCr2S4 Ferrimagnetic semiconductor showing half metallicity 

CoCr2S4 Ferrimagnetic n-type semiconductor 
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Figure 1.2 ro/ra vs. rt/ra plot as a phase diagram of the chromium compounds under study. Figure 
reprinted with permission from ref [23]. 

1.3 Quaternary Chalcospinels 

Over the last few years, research in chromium chalcospinels has focused primarily on 

modifying the magnetic and electrical properties of known ternary chalcospinels. This 

modification is achieved by mixing the cations at tetrahedral A sites or octahedral B sites or 

mixing anions at X-sites. They are referred to as quaternary chalcospinels and have unique 

electrical and magnetic properties varying with composition.10, 25-33 

For example, mixed tetrahedral A-site cation substitution having formula [AxA'1-x]B2X4 

shows interesting properties like half metallicity in ferromagnetic Cd(1-x)CuxCr2S4,34 magnetic 

resonance and magneto caloric effect in Cu(1-x)CoxCr2S4,35, 36 spin glass transition in Cd(1-

x)ZnxCr2S4,37-39 colossal magneto resistance in Fe(1-x)CuxCr2S4,40 complex magnetic structure 

with two magnetic transition in Mn(1-x)ZnxCr2S4,41 and increase in ferromagnetic interaction in 

Mn(1-x)CdxCr2S4.42 
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Furthermore, mixed octahedral B-site cation substitution having the A[B2B'2-x]X4 formula 

has also been investigated.  They have shown properties such as an increase in 

magnetoresistance in CuCr1.6Sb0.4S4,43 transition from ferromagnet to spin glass in CuCr2-

xTixS4,44 and suppression of superconductivity transition temperature in CuCo2-xMoxS4.45 

In mixed anion site substitution with the formula AB2[X4X'4-x], the well-studied system is 

CuCr2S4-xSex. It has shown an increase in ferromagnetic transition temperature with 

semiconductor properties.16 

Among different cation and anion substitutions, mixed A-site cation substitutions have 

generated renewed interest. Remarkably, they include a wide range of physical properties 

because of the unusual flexibility and stability of tetrahedral sublattices over many different 

cations such as Cd, Zn, Cu, Mn, Fe, and Co. Furthermore, properties such as half metal and spin-

glass are also observed in them. These observations have provoked a strong interest in these 

materials for possible spintronic application and utilization in making new types of media 

storage and memory devices. 

1.4 Half Metallicity in Quaternary Chalcospinels 

Half metallic behavior is one of the most sought properties for magnetic materials 

because of its potential to revolutionize spintronic devices. They have been widely investigated 

for their electronic structure in the past thirty years.46 They act as a metal in one of the spin 

channels and a semiconductor or insulator in the other spin channel, as shown in Figure 1.3. As a 

result, half metals can show metallic, semiconductor, or insulator properties simultaneously 

depending on the spin direction. Furthermore, they are theoretically predicted to have complete 

(100 %) spin polarization at the Fermi energy level. Such high spin polarization can generate a 

high spin current and can be used to increase the performance of spintronic devices. 
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Figure 1.3 Density of states of a ferromagnet (a) semiconductor, (b) half metal, and (c) metal in 
spin up and spin down channels. Red represents valence bands, and white represents conduction 
bands. 

Half metal ferromagnet is a primary class of the half metals widely studied in Heusler 

alloys,47 zinc-blende,48 and rock salt structures.49 Besides it, Leuken and de Groot have 

remarkably proposed half metal antiferromagnets.50 They are found in perovskite and some of 

the Heusler alloys.50, 51 In addition to complete polarization, they have zero net magnetic 

moments that increase the efficiency of devices by minimizing stray fields and energy losses. 

Lately, an exciting and relatively new development has been the search for half metals in 

spinels. Spinel oxides, as well as their transition metal-substituted compositions, rarely exhibit 

HM-FM states. On the contrary, mixed spinel sulfides have shown half-metal ferromagnetic and 

antiferromagnetic possibilities.34, 52, 53 For example, Mn(CrV)S4, (CuCd)Cr2S4, (FeCu)(VTi)S4 

have the potential to induce half metallicity. These findings have remarkably driven the design of 

new mixed stable chalcospinels systems and the prediction of half metallicity. 

1.5 Disordered Magnetic Phase: A Spin-glass effect in Quaternary Chalcospinels 

Recently, spin-glass materials have been recognized as a potential candidate for 

enhancing technology through energy-efficient magnetic memory.54 The extraordinary magnetic 

disorder and frustration (unsatisfied magnetic interactions) amplify their magnetic and electrical 
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properties.55, 56 Spin-glass is often referred to as an example of a complex system. Here, the term 

'spin' indicates the electron's spin responsible for the magnetic properties of the materials. In 

general, in systems with magnetic order, each electron with a spin remains in a fixed location and 

points in one of the allowed directions. When the spins interact and arrange themselves in some 

periodic pattern, the system is said to have a magnetic order. The two broad classes of ordering 

are ferromagnetism and antiferromagnetism. For instance, all the spins arrange themselves in the 

same direction in a ferromagnet and in different directions in an antiferromagnet. However, in 

the spin glass, the interaction between spin pairs changes. In some pairs, spin is aligned in the 

same direction, while others are aligned in the opposite direction. Thus, different pairs are 

aligned randomly and exist in multiple configurations, relaxing slowly toward a more 

energetically stable state.55 As a result, it appears frozen and hence is termed 'glass'. 

The spin-glass system has historical interest. It was first observed in a diluted solution of 

transition metal impurities in noble metals. In the early 60s, it was studied in well-known 

magnetic alloys, AuFe and CuMn.57, 58 For some doped concentrations of Fe and Mn, unusual 

properties at low temperatures were observed. The commonly used AC susceptibility χ'(T) 

measurements show a sharp cusp at the low temperature, as shown in Figure 1.4.59 It indicates 

the transition to some magnetically ordered state. However, unlike conventional magnetic 

systems, the spin orders nonperiodically in AuFe and CuMn materials, confirmed by neutron 

scattering experiments.60 
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Figure 1.4 AC susceptibility χ' measurement as a function of temperature for Cu-0.94% Mn at 
frequencies □ 1.33 kHz, ○ 234 Hz, ⨯ 10.4Hz, and ∆ 4 2.6 Hz. Reprinted with permission from 
ref [59]. 

Such systems have yielded a novel form of magnetic order, different from 

ferromagnetism and antiferromagnetism. The spin-glass systems have been studied for over 

thirty years. They are referred to as the class of magnetic alloys that combine frustration with 

sufficient randomness to disrupt any ferromagnetic and antiferromagnetic order. The frustration 

arises from the random exchange interaction between spins in such a way that some favor 

alignment and others favor antialignment, as illustrated in Figure 1.5.61 In each possible 

arrangement, some interactions are not satisfied and occur non periodically, causing randomness. 

In other words, each spin appears frozen in magnetic order and shows behavior in equivalence 

with the ideal spin-glass material. 

Apparent spin-glass has been found in amorphous alloys in which the lack of crystallinity 

causes randomness.62 However, recent literature reports spin-glass behavior in well-ordered 

stoichiometric crystalline compounds like Ga2MnCo,63 PrI2B2,64 and PrAu2Si2,65 which is quite 
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exciting. Interestingly, some spinel compounds have also shown spin-glass behavior. For 

example, Aminov et al. have reported a spin-glass state in Zn1-xCdxCr2S4 quaternary 

chalcospinels at low temperatures.37 In fact, some theoretical models have shown increased 

competition between FM and AFM exchange coupling with decreasing lattice constant in some 

diluted chalcospinels, playing a central role in the magnetic disorder.66, 67 As a result, unique 

electrical and magnetic properties are observed in quaternary chalcospinels mixed compositions 

drastically different from their corresponding ternary end members. 

Figure 1.5 Schematic illustration of the frustration in a triangular space. Antiferromagnetic 
interactions between spins favor antialignment. However, at least one such interaction in each 
possible spin arrangement remains unsatisfied, indicated by a dashed line. The figure shows the 
three possible spin arrangements with only one unsatisfied interaction. 

1.6 Thin film Growth of Quaternary Chalcospinels 

In recent years, there has been a continuous downsizing of electronic equipment to 

improve efficiency. As a result, thin films have received considerable interest in developing 

magnetic and electronic devices. The primary method employed for film deposition is broadly 

divided into two groups based on the deposition process, i.e., physical or chemical. The physical 

method includes laser ablation, physical vapor deposition, sputtering, and molecular beam 

epitaxy. On the other hand, chemical methods are split into two; gas-phase deposition and 

solution-based deposition. The gas-phase methods are chemical vapor deposition (CVD) and 
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atomic layer epitaxy, whereas solution-based methods include spin coating, sol-gel, anodic 

coating, and chemical spray deposition. 

Considerable efforts have been devoted to developing ternary chromium chalcospinels 

thin films using the above methods for fundamental scientific research and technological 

applications. However, quaternary chromium chalcospinels films remain unexplored. The growth 

of these materials is extremely challenging due to the lack of suitable metal precursors, 

stoichiometry control, and a delicate balance of reaction conditions to synthesize the desired 

spinel phase. In addition, controlling Cr variable oxidation state has impeded their development. 

One of the simplest routes to prepare thin films among different deposition methods is 

chemical spray deposition (CSD). It is a versatile method had been widely employed in research 

for the deposition of thin and thick films, ceramic coatings, and powders.68 In 1966, Chamberlin 

and Skarman introduced the spray pyrolysis technique to grow binary CdS thin films for solar 

cell application.69 Since then, the process has been investigated for different materials like metal 

oxides70 and binary71, 72 and ternary chalcogenides73, 74 in different forms of porous and dense 

thin films. 

The CSD method generally involves spraying a precursor solution on a heated substrate 

to produce thin films. Unlike other film deposition methods, the spray pyrolysis method is cost-

effective due to its simple equipment. It doesn’t require a vacuum to obtain relatively uniform 

and good-quality thin films. It doesn’t require volatile precursors. Aqueous solutions of 

precursors are used to deposit thin films with reproducible thickness and morphology, 

eliminating the need for organic solvents. High temperatures are not required during the 

deposition. It provides an easy route for preparing films of substituted stoichiometry by simply 

mixing the molar ratio of precursors in the spray solution. 
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Several experimental studies75 and theoretical models76-78 have been developed to 

understand the CSD deposition process. These studies have shown that several steps are involved 

that occur sequentially or simultaneously during the process. Broadly they have been categorized 

into three main stages: the atomization of precursor solution, transportation of aerosol towards 

the substrate, and decomposition of precursor on the substrate resulting in the film deposition. 

The precursor decomposition stage plays a key role in film formation, crystallinity, and 

morphology. It involves a series of events like the typical CVD process, surface adsorption, 

diffusion of reactant molecules, and chemical reaction forming the desired product through 

subsequent nucleation and crystal growth. 

In the deposition of chalcospinels films, the spray process is usually followed by 

annealing in chalcogen atmosphere. It aids in removing the chalcogen deficiency from the spray 

deposited films and promotes thin film crystallization. The film's crystallinity, thickness, and 

morphology depend on the deposition rate controlled by precursor concentration, spray 

deposition temperature, and annealing parameters. 

1.7 Scope of Dissertation 

This dissertation aims to develop quaternary chromium-based chalcospinel thin films and 

study the influence of mixed cation substitution at tetrahedral A-site on the crystal structure and 

the physical properties that could be eventually used in technology. Among various chromium 

chalcospinels,  CdCr2S4 is a well-established ferromagnetic semiconductor.79, 80 It shows 

properties such as colossal magnetocapacitance, colossal magnetoresistance, and a large 

magnetocaloric effect potential in device application.28, 81 It has been found that ferromagnetic 

interaction in CdCr2S4 semiconductor is because of the superexchange interaction between the 

magnetic Cr3+ (d3) ion, whereas Cd2+ (d10) and S2- (p6) are non-magnetic and does not contribute 
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to its total magnetic moment. Substituting a Cd2+ with a magnetic ion such as Cu2+ (d9) changes 

the property to a ferromagnetic metal in CuCr2S4. On the counterpart, substitution with a 

nonmagnetic ion Zn2+ (d10) favors antiferromagnetism in ZnCr2S4. These exciting observations 

have driven the study of the changes of electronic and magnetic properties in CdCr2S4 related to 

the variation of concentration of Cu and Zn.37, 82, 83 However, the experimental and theoretical 

data is inadequate and is not completely understood. 

Moreover, the system is limited to bulk, and their thin films remain unexplored. 

Therefore, the main goal of the research presented in this dissertation is to fabricate the thin films 

and extend the investigation of tetrahedrally substituted Cd(1-x)CuxCr2S4 and ZnxCd(1-x)Cr2S4 

compounds. 

To achieve this goal, we have combined experimental synthesis and theoretical 

calculations to study the effect of cation substitution on the crystalline structure and the possible 

modification they can induce to the magnetic and electronic states of the chalcospinel.  

The dissertation chapters are laid out as follows: 

After a brief introduction in chapter 1, chapter 2 discusses the research methodology 

employed. It starts from experimental synthesis and characterization techniques of films to the 

theoretical modeling using ab-initio density functional theory calculations. 

Chapter 3 presents the synthesis of Cd(1-x)CuxCr2S4 thin films by the chemical spray 

deposition method using simple inorganic precursors. The phase stability and detailed studies on 

structural, optical, and magnetic properties have been carried out. First-principles calculations 

were used to compare experimental data with calculated electronic and magnetic structures. The 

DFT predicts the existence of half metallic ferromagnetism in some CdxCu(1-x)Cr2S4 mixed 

compositions. 
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In chapter 4, a different cation substitution system ZnxCd(1-x)Cr2S4, is investigated. It 

presents the investigation of non-magnetic dilution on CdCr2S4. A similar sample synthesis 

technique from chapter 3 is used to prepare the films. This chapter will focus on detailed crystal 

structure analysis and DC and AC magnetic susceptibility measurements to examine spin-glass 

properties in the ZnxCd(1-x)Cr2S4 system. This new magnetic state brought on by substituting Zn 

with Cd emphasizes the importance of geometric frustration in the spinels. 

In chapter 5, we extended our work on ZnxCd(1-x)Cr2S4 system to the theoretical studies 

using first-principles and lattice dynamic calculations. It presents the structural, electronic, and 

magnetic properties. It remarkably predicts the band gap and lattice dynamic calculation within 

the shell model close to the experimental analysis. Moreover, it realizes the formation of half-

metal antiferromagnetism in the frustrated spin-glass system. 

In chapter 6, we have summarized our findings and provided a future outlook of our 
research.
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CHAPTER 2: RESEARCH METHODOLOGY 

2.1 Introduction 

This chapter discusses the combination of experimental and theoretical methods applied 

in this work to study the properties of quaternary chalcospinel thin films.  The first half covers 

the principal experimental technique used in film synthesis and the various characterization tools 

to investigate their structural, optical, and magnetic properties. The second half discusses the 

theoretical calculations employed to investigate their electronic structure and ground-state 

properties. The primary purpose of the theoretical calculation is to compute the equilibrium 

properties such as lattice structure, magnetic ordering, nearest-neighbor exchange interaction, 

electronic structure, bandgap, half metallicity, and phonon vibration modes. In other words, it 

can provide a plethora of information about alloys and plays an essential role in screening the 

potential material properties for different applications. In recent years, theoretical calculations 

have become an integral part of research with increasing computational power. Certainly, 

computation is a powerful tool because it can aid in designing new materials without needing 

experimental work. However, finding new materials using only a computational approach has to 

have a clear goal because computation can be performed even on nonexisting materials. For 

example, there are some substituted spinels predicted theoretically but later through experiments 

were found to be thermodynamically unstable.34 Therefore, it is equally important to focus on the 

materials that can be synthesized and are stable enough to have a fair chance of recognition for 

practical use. For this reason, we have used a combined approach of experimental synthesis and 

theoretical calculations to find the material and explore its potential for device applications. 
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2.2 Thin film Synthesis 

This work uses a chemical spray deposition (CSD) method to deposit chalcospinel thin 

films of Cd(1-x)CuxCr2S4 and ZnxCd(1-x)Cr2S4 in two steps: spray deposition and sulfurization.  

In the first step, a suitable mixture of precursor solution is sprayed on a preheated 

substrate, where thermal decomposition of the precursor occurs, and a stable adherent thin film is 

formed. A schematic of the spray setup is shown in Figure 2.1. It consists of a spray nozzle 

(atomizer), precursor solution, substrate heater, temperature controller, and an air compressor. 

The system is designed such that the precursor solution flows through the tubes onto the spray 

nozzle, atomizes into tiny droplets by the air compressor, and leaves the atomizer with sufficient 

velocity to be transported to the substrate. This process is controlled by a pressure gauge and a 

manual flow valve. In practice, the spray step involves several stages: generation of microsized 

droplets of precursor solution, evaporation of the solvent, precipitation, decomposition of the 

precursors, and coalescence. The final product morphology and properties depend on the 

precursor composition, volatility, chemical stability, solution flow rate, distance from the nozzle 

to substrate, deposition time, and substrate temperature. In addition, the thickness and 

morphology of the sprayed film also depend upon the precursors’ solution concentration and the 

number of spray cycles. The details of the reaction conditions are described in chapter 3. 

Figure 2.1 Schematic of chemical spray deposition. 
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After spray deposition, sulfurization is the second step in the fabrication of 

polycrystalline Cd(1-x)CuxCr2S4 and ZnxCd(1-x)Cr2S4 thin films. The schematic of the sulfurization 

setup is shown in Figure 2.2. It consists of a quartz tube housed in a tubular furnace.  The tube is 

connected to a nitrogen gas valve at one end, while the other is immersed in an aqueous solution 

to trap sulfur vapors.  In a typical sulfurization process, the sulfur is slowly heated at low 

temperatures with vapors flowing upstream to the reaction zone, where they are incorporated into 

a spray deposited film. The parameters in the sulfurization process, such as annealing 

temperature, time, and amount of sulfur, play a significant role in the formation of the desired 

polycrystalline thin film.  The detailed reaction conditions are described in chapter 3. 

Figure 2.2 Schematic of sulfurization. 

In general, spray deposition followed by sulfurization is a convenient, simple, and low-

cost method to deposit quaternary chalcospinel thin films. The spray deposition method has been 

used for a long time to deposit large-area thin films for mass production in the industry setting. It 

doesn’t require complex precursors, high temperatures, or a vacuum. However, like many 

methods, it has some disadvantages: the sulfide films are prone to surface oxidation in an air 

atmosphere, the growth temperature determination is complicated, and the films produced have 

relatively high surface roughness. 

Nevertheless, the advantages of the CSD method make it attractive and competitive 

compared to the other techniques used in thin-film synthesis. 
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2.3 Thin film Characterization 

2.3.1 X-Ray Diffraction 

X-ray diffraction (XRD) is a powerful and non-destructive analytical technique used for 

determining the crystallographic structure of materials. Max Von Laue carried out the first X-ray 

diffraction experiment in 1912, a discovery that led to a Noble prize in 1914 and an entirely new 

field of study.84 X-rays are electromagnetic radiation with photon energy ranging from 120 eV to 

120 keV. They can be used to investigate the crystal orientation and the structural order of atoms 

and molecules because their wavelength is comparable to the size of an atom. When a 

monochromatic X-ray beam hits a crystalline material, it interacts with the electrons of an atom 

and diffracts. The diffracted beam from the crystallographic planes of the crystal structure can be 

in-phase or out of phase with one another. The in-phase or constructive interference of X-ray 

forms signals in the XRD pattern. 

Figure 2.3 Schematic of the X-ray diffraction mechanism. 

The constructive interference occurs when the Bragg condition, �� = 2��	
 ���  is 

satisfied. Bragg’s law correlates the interplanar distance ��	
 between adjacent planes described 
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by Miller indices hkl, with the X-ray wavelength � and incident angle . Here, n is an integer 

number, also referred to as the order of diffraction. The schematic of the diffraction mechanism 

is shown in Figure 2.3. The detector scans the diffraction wave intensities as a function of 2θ, 

and the spectrum is recorded. The XRD spectra consist of sharp peaks, also called Bragg’s 

reflections, which are based on the long-range ordering of the average crystal structure.85 The 

peak positions give information about the distances between the lattice plane, with the relative 

peak intensities dependent on the symmetry of the crystal lattice and the atoms in the lattice 

planes. Moreover, it provides precise lattice parameters of the material. 

In a spinel cubic system, the lattice parameter a is related to interplanar spacing ��	
 by 

the following equation; 

1 ��	
 � = ℎ� + �� + ��
��   2.1 

Therefore, by calculating ��	
 at a 2θ angle, one can get a good estimate of the lattice 

parameter. However, in polycrystalline samples, diffraction lines are obtained at more than one 

2θ angle, and hence determining the actual value of the lattice parameter becomes a problem. 

The knowledge of precise lattice parameters is essential for many applications, such as 

investigating the substituted systems where the lattice parameter changes with concentration.  

Therefore, we performed Rietveld refinement. Rietveld Refinement fits experimental spectra and 

compares them with the calculated theoretical diffraction spectra by considering structural 

information, peak shapes, scale factors, and background parameters. The difference between the 

two is minimized by systematically performing the iterations and updating the values of one or 

more parameters. This method is also referred to as a least-squares method, in which the 

following function is minimized; 
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In this equation, ����,� and ���
�,���  are the experimental and calculated intensity at step i, 

respectively.  The calculated intensity is the function of the parameters α to be optimized. The 

weights !� are defined as !� =  1/#��, with #� is the variance of the observation intensity �$%&,�. 
To start the refinement, one needs to have a theoretical structural model of the material. It can be 

derived after determining space group, lattice parameter, and atomic positions. Then the model 

can be generated using open source or commercially available software, such as Match!,86 

Vesta,87 GSAS-288 among others. This theoretical model is used as the initial model in the 

Rietveld refinement process, and with successive cycles of refinement, the model is improved. It 

is suggested not to start by refining all the parameters simultaneously because some parameters 

might strongly influence the residuals.89 Instead, for a successful refinement, one can start with 

refining the scale factors, followed by one or two background parameters and the lattice constant. 

Then, the unit cell parameters (i.e., atomic positions), peak shape, and asymmetry parameters 

followed by atomic occupancy can be optimized. More details on achieving the best refinement 

results can be found in reference.90 

It is crucial to monitor the refinement progress during the process. One of the simplest 

and most effective ways to evaluate the refinement is to observe the difference between 

experimental and calculated spectra. In addition, refinement progress can also be observed 

statistically in terms of different agreement factors or R values discussed below. 

Weighted Profile Factor '(�: 

'(� = 100 ⋅ +, !�-����,� − ���
�,�-/
�01 , !����/

�01
2

1/�
 

2.3 

3 !� �����,�
/

�01
− ���
�,���  �  2.2 
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Expected Profile Factor '���: 

'��� = 100 + � − 4
, !����/

�01
2

1/�
 

2.4 

Here, n is the total number of observations, and p is the number of fitted parameters. The 

'��� is the expected R-value. It is directly related to the observed data quality. Hence, for the 

ideal structural model, if the experimental data quality is good, '5� should closely approach 

'���  as the refinement progresses. The ratio of these two R values is given by reduced chi-

square, also referred to as goodness of fit. 

Goodness of Fit 6�: 

6� = '5�'��� 
2.5 

The ideal value of 6� is 1. However, the refinement might produce a value far from being 

unity even after the fitting is converged. The main factor that leads to such a value could be the 

calculated structural model used for the refinement, but in some cases, the quality of the 

experimental data also contributes to a non-unity value of 6�. The other R factors are as follows; 

Crystallography '7 Factor: 

'7 = 100 ⋅ ∑ -9���,�	
 − 9��
�,�	
-�	
 ∑ 9���,�	
�	
  
2.6 

Bragg factor ':: 

': = 100 ⋅ ∑ -;���,�	
 − ;��
�,�	
-�	
 ∑ ;���,�	
�	
  
2.7 

Here, the relative intensity I = mF2 with m = multiplicity, F = structural factor. These 

values depend upon the agreement between the calculated and observed structure factors. 

 



23 
 

For good refinement, a low R-value is desired. However, a low R-value does not always 

assure that the refined structure model is the best fit. There could be other models which also 

produce the exact fit. Therefore, one must also investigate the quality of the data, background 

signal contribution, and systematic errors before concluding the refinement. However, there is no 

dispute that these values can be utilized as a guide to monitor the progress of refinement – the 

values should decrease after successive refinement. Still, if there is a significant rise in R values, 

there is a problem, and the user should check their refined parameters or the model. 

We used Match! software to perform Rietveld refinement of the powder XRD pattern, 

which uses the FullProf program.91 The starting theoretical structural model was created inside 

the Match! and was employed for the refinement. 

The XRD spectrum is unique for each given phase of a material. Therefore, the technique 

is best to determine if multiple phases are formed during the synthesis. 

A Bruker D2 PHASER with a Cu Kα source (λ = 1.54059 Å) operating at 30 kV and 10 

mA was utilized to collect the experimental XRD patterns. A schematic view of an X-ray 

diffraction mechanism and diffractometer is shown in Figure 2.4. This instrument is based on a 

parallel beam geometry. A polycapillary collimating optics (Göbel Mirror) is used to form an 

intense parallel X-ray excitation beam resulting in very high X-ray intensity at the sample 

surface. The parallel beam optics provide accurate XRD measurements in a broader sample 

shape and size range.  It has been successfully used to monitor crystalline phases and structure in 

films. 
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Figure 2.4 Schematic of parallel beam X-ray diffractometer. 

2.3.2 Raman Spectroscopy 

Raman spectroscopy is a technique used for identifying molecules and determining the 

vibration modes of material based on the interaction of phonons with the chemical bond within 

the molecule.92 

When acquiring Raman spectra, the sample is irradiated with a monochromatic laser 

beam. The laser interacts with a molecule and excites it to short-lived virtual states that 

subsequently emit radiation on relaxation. When scattered radiation has the same wavelength as 

the incident radiation after interaction with the molecule, it is called elastic or Rayleigh 

scattering. This process occurs when a molecule is excited from the initial vibration state to the 

virtual state and returns to the original state upon relaxation without gaining or losing energy. 

However, Raman scattering is a form of inelastic scattering that occurs when molecules 

exchange energy with incident photons. This occurs when the molecule, upon relaxation from 
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the excited state, returns to either a higher (Stokes) or lower (anti-Stokes) energy state than the 

original electronic state, as shown in Figure 2.5. These transitions depend on the molecule 

becoming polarized. Hence, Raman active modes can only occur if there is a change in 

polarizability of the electron cloud during vibration when a sample is irradiated. Since Raman 

scattering is the magnitude of energy absorbed to the incident photon energy, this scattering is 

generally referred to as a Raman shift. 

Figure 2.5 Schematic representation of transition of energy for Rayleigh and Raman scattering. 

The schematic of the Raman spectrophotometer is shown in Figure 2.6. It consists of a 

laser as a light source, a microscope, or an optic fiber to focus the light on a small spot, and a 

CCD detector to detect the scattered light. 

The Raman spectra were measured on HORIBA®
 Jobin Yvon LabRam HR 800 UV 

confocal microscope. The excitation source used was a 532 nm laser with 20 mW power and a 

100 μm confocal microscope. The measurements were performed with a 50x magnification 

objective lens and a 10% laser power to avoid sample burning. The data was acquired on the 

LabSpec® software in a dwell time of 3 min for each film. 
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Figure 2.6 A schematic representation of Raman spectrophotometer. Figure adapted from ref [93]. 

2.3.3 X-Ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS), originally known as electron spectroscopy for 

chemical analysis (ESCA) is a standard surface analytical technique developed in the mid-1960s 

by Kai Siegbahn.94 It is a surface-sensitive technique used for chemical state analysis. It involves 

irradiating a sample with soft monoenergetic X-rays and analyzing the energy of emitted 

electrons. These X-ray photons have limited penetrating power (1-10μm). As a result, they 

interact only with surface atoms causing the emission of electrons by the photoelectric effect.  

The XPS spectrum measures the number of electrons emitted per energy as a function of their 

kinetic energy. Each element has the characteristic kinetic energy KE of an emitted electron 

given by the equation; 

<= =  ℎ> −  ?= −  @ , 2.8 

where ℎ> is an incident photon energy, ?= is the binding energy of atomic orbital from which 

electrons escape, and @ is a spectrometer work function. Due to dependence on the binding 

energy, XPS gives information about the valence states and the chemical environment in which 
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the elements exist, estimated by fitting the experimental spectra and precisely measuring the 

peak positions and peak splitting energy. 

The schematic of XPS is shown in Figure 2.7. It mainly consists of an X-ray source, an 

electron energy analyzer, and a detector. Hemispherical energy analyzers are employed with 

either multichannel plates or electron multipliers for electron detection. The XPS setup is housed 

in Ultra High Vacuum to avoid contamination and increase the mean free path of electrons. In 

addition, the XPS setup is often equipped with an ion gun and electron gun for surface cleaning 

and Auger electron spectroscopy (AES), respectively. 

Figure 2.7 A schematic representation of XPS. Figure reprinted with permission from ref [95]. 
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In this work, XPS measurements were conducted on a Kratos Axis Ultra DLD. It is 

featured with a monochromatic Al Kα source (1486.7 eV). It is operated at 15 kV, 10 mA. The 

survey spectra were acquired using a pass energy of 200 eV, and core spectra were scanned 

using a 40 eV pass energy at different depths. Argon ion sputtering was used to etch the surface 

of thin films for the depth profile analysis.  The data analysis was carried out using the CasaXPS 

® 
 software.96 

2.3.4 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is an electron microscopy technique invented by 

Manfred Von Ardene in 1937.97 It is used in imaging the sample surface by scanning it with a 

high-energy focused electron beam. A stream of electrons formed by a cathode filament is 

accelerated towards the sample by applying a positive voltage. While scanning a sample's 

surface, the primary electrons interact with a sample in two ways; First, they can transfer part of 

their energy to valence electrons generating secondary electrons (SE) with kinetic energy less 

than 50 eV; and second, they can collide with the nuclei of the atoms and generate backscattered 

electrons (BSE) with energy greater than 50 eV. Both secondary electrons and backscattered 

electrons can be used to generate an image. However, secondary electron imaging is the most 

common technique used to produce a high-resolution image of about 5 nm. The backscattered 

electron is strongly dependent on the atomic number Z because of the direct interaction with the 

nuclei. Therefore, it visualizes the distribution of different chemical elements, which is also 

referred to as material contrast. High-order-number elements scatter the incoming electrons 

efficiently and therefore appear bright in BSE images.98 The escape depth of BSE is about 100 

nm because of its high kinetic energy. In addition, SEM also provides X-ray emission 

spectroscopy with an energy dispersive spectrophotometer (EDX). A sample atom that absorbs 
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incoming electrons emits characteristic X-rays when an electron beam removes the inner shell 

electron. It generates X-ray spectra containing element-specific emission lines that aid in 

identifying the composition and quantities of elements in the sample. Typically, X-rays 

generated within the top 2 μm of a sample can reach the detector. Either single spectra from 

specific points or EDX maps representing spatial distributions of chemical elements can be 

acquired. 

Figure 2.8 Schematic representation of SEM inside a vacuum chamber. Figure adapted with 
permission from ref [98]. 
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In this work, the SEM analysis was performed on JOEL 7000 FESEM equipped with an 

EDS detector. The schematic of SEM along with SE, BSE, and EDX detectors is shown in 

Figure 2.8. 

2.3.5 Ultraviolet-Visible Spectroscopy 

Ultraviolet-visible spectroscopy (UV-vis) spectroscopy offers a suitable characterization 

method to estimate the optical bandgap in semiconductors since it probes the electronic transition 

from the valence band to the conduction band. A typical UV-vis spectrophotometer is 

schematically shown in Figure 2.9. The light source generally consists of a deuterium lamp for 

the UV region and a tungsten lamp for the visible region. The light passes through the 

monochromator and splits into two beams, one passing through the reference cell and the other 

passing through the sample. The light of both beams is detected by photodiodes and is subtracted 

from each other to produce a signal. A representative absorption spectrum as a function of 

wavelength is then measured. 

Figure 2.9 Schematic of UV-vis spectrophotometer. Figure adapted from ref [100]. 
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The bandgap information can be obtained from the spectrum by extrapolating the 

absorption edge.  It corresponds to the point at which absorption begins to increase from the 

baseline and indicates the minimum energy required for the photon to excite an electron across 

the bandgap.99 

In this work, electronic absorption spectra were measured with a Varian Cary 50 UV-vis. 

Scan rates were set to 600 nm/min. 

2.3.6 Vibrating Sample Magnetometer 

A vibrating sample magnetometer (VSM) is a widely used tool to measure the magnetic 

properties of materials. It is based on Faraday’s law of electromagnetic induction, which states 

that changing magnetic field generates an electric field.101 When a sample is placed inside a 

uniform external magnetic field, it gets magnetized and generates magnetic flux. As the sample 

oscillates, the magnetic field around the sample changes, inducing an electrical current in a pick-

up coil. This current is amplified by a lock-in amplifier, which filters the background noise and 

only picks up a signal from the sample. The amplitude of the current induced is directly related 

to the magnetization of the sample. Therefore, the signal determines the magnetic properties of 

the sample. VSM instrument is fast, easy to use, and has versatile features such as measuring 

magnetization as a function of an applied field, temperature, and frequency. Moreover, it has 

high sensitivity to measure moments as low as 10-7 emu; hence, extreme care should be taken to 

perform measurements insensitive to changes in sample position, vibrational amplitude, and 

magnetic field instability. 

In this study, the VSM utilized is integrated into a Quantum Design Dynacool Physical 

Properties Measurement System (PPMS). It utilizes a linear motor to center the sample with an 

accuracy of ± 0.04 mm. It is designed to perform various automated measurements, including 
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temperature-dependent dynamic AC and static DC susceptibility. In addition, it has a wide 

operational range such as temperature 1.8 to 400 K, magnetic field -9 T to +9 T, and frequency 

up to 10 kHz. Its schematic is shown in Figure 2.10. 

Figure 2.10 Schematic of VSM. 

2.4 Vienna ab initio Simulation Package 

Vienna ab initio simulation package (VASP) is used in this work to perform electronic 

and magnetic structure calculations from first principles, based on density function theory (DFT). 

It is by far one of the most popular computational codes for calculating infinite systems such as 

solid-state materials. 

2.4.1 Density Functional Theory 

According to the quantum mechanical theory of atom proposed by Schrödinger in 1926, 

electronic wavefunction contains all the information about the system, which can be obtained 

using the Schrödinger equation. However, the Schrödinger equation is limited to a hydrogen-like 

one-electron system.  In the case of real systems, which involve many electrons, solving the 
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Schrödinger equation is computationally unviable. Hence, to approach this problem density 

functional theory (DFT) method is used. In DFT, various approximations are made to simplify 

the many-body Schrödinger equation. The first is the approximation of multiple electron wave 

functions as electron density. It helps in reducing the 3N dimension problem to a three-

dimension problem. Second is the Born-Oppenheimer approximation, which states that the 

electronic wave function depends on the position of nucleus but not upon the velocity. The 

nuclear motion is so much slower than the electronic motion that nucleus can be assumed to be 

stationary. Hence, one can focus on solving equations for electrons only. The third is the Hartree-

Fock approximation, which considers every electron as a particle in the external field created by 

all other electrons. This reduces the many-electrons problem into many one-electron problems. 

In addition to these approximations, DFT is based on the Hohenberg-Kohn theorem,102 

which states that the total ground-state energy of a system depends on the electron density, and 

this electron density should minimize the total energy functional. However, the energy functional 

known takes interactions because of electronic charges and neglects the interactions due to the 

electron’s spin. The mutual attraction and repulsion between the spins lead to a quantum 

mechanical effect. Therefore, the Hohenberg-Kohn theorem could not make the DFT 

calculations applicable. 

Later, Kohn-Sham's theorem103 introduced the exchange correlational functional 

approximation that took care of all the quantum mechanical information and made DFT a 

practical method to obtain the characteristic properties of the solid-state and molecular physics. 

The Kohn-Sham equation can be defined as: 

A−12 B� + C��D�E + CF�E + C���E G H��E = I�H��E , 2.9 

which is the sum of the external potential C��D�E that describes the interaction between electron 
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and nucleus, Hartree potential  CF�E  that includes the electrostatic interaction between electrons 

and exchange-correlation C���E  potential given by C���E = JKLMJ/�N  where =OP is exchange-

correlation energy, and electron density is given by ��E = 3 -HQ�E -�R
Q01 . 

In DFT, the Kohn-Sham equation is solved self consistently. The general procedure for 

how the calculation works is as follows: An initial electron density is used to solve the Kohn-

Sham equation and construct a single-electron wave function, which is then used to calculate a 

new electron density. If there is a difference in final and initial electron density, the process is 

repeated. But if they are similar within a certain tolerance, then the ground state properties are 

obtained. 

Based on the Kohn-Sham equation, one can find the exact ground state density and hence 

the total energy if each term in the equation is known. However, the exchange-correlational 

energy term =OP is not known precisely and is calculated using various exchange energy 

functional approximations discussed below. 

2.4.2 Exchange-Correlational Functionals 

For practical use of the Kohn-Sham equations, it is necessary to know what form of 

exchange-correlational energy functional can be applied. Based on time and accuracy 

considerations, the most common and simplest approximations used are Local Density 

Approximation (LDA)104 and Generalized Gradient Approximation (GGA).105 The difference 

between the two is that LDA takes only electron density as a function while GGA involves first-

order correction and takes electron density and the density gradient as functions.  

The GGA approximation yields better results than LDA, such as ground-state energies 

and geometries of molecules and solids. Especially for covalent and weakly bonded systems, 
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GGA is superior to LDA. Many other approximations exist depending on the considered physical 

problem, such as the Lee-Yang-Parr functional,106 the Gill functional,107 or Hybrid methods.108 In 

the Hybrid method, only one part of the exchange-correlation potential is evaluated within GGA, 

while the other part is calculated as the exchange energy of the Kohn-Sham equation. This 

method is computationally much more time-consuming but gives excellent results in molecular 

physics. 

2.4.3 GGA and Perdew, Burke, and Erzenhof (PBE) method 

While many GGA methods have been introduced over the years, the method of Perdew, 

Burke, and Erzenhof (PBE)105 introduced in 1996 further improved the accuracy of the exchange 

and correlational energies and is seen as the standard GGA approach today. The GGA exchange 

energy in the PBE method is given as follows: 

=�[��E ]  = ∫ �VE ��E  W�XYZ [��E ] 9��� , 2.10 

where,  9� is the exchange enhancement factor given by 

9��� = 1 + � + �1 + [�� �⁄  . 2.11 

Here, � = |_/�N |
��V`a b/c/�N d/c is the dimensionless density gradient; [ and � are the parameters 

obtained from the physical constraints. 

2.4.4 Trans-Blaha Modified Becke-Johnson (TB-mBj) Potential 

One of the DFT’s main weaknesses is the prediction of excited-state properties. As a 

result, it severely underestimates the bandgap in semiconductors and insulators. However, 

alternatives outside the Kohn-Sham framework, such as hybrid functionals HSE,108 LDA+U,109 

and GW methods,110 are used to estimate experimental bandgap. They are very successful but 

also computationally very expensive methods. 
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Nevertheless, suppose one wants to stay with the Kohn-Sham framework, use a 

computationally cheap method, and still get the bandgap close to the experimental. In that case, 

Becke-Johnson's potential111 is a good starting point. In 2009 Tran and Blaha modified the 

Becke-Johnson exchange potential, a semi local exchange potential that adds a screening effect 

correction to the local approximation.112 The Trans Blaha modified Beck-Johnson (TB-mBj) 

potential is given by: 

e�f:g�E = he�:i�E + �3h − 2 1j A 512G
1� l2m�E ��E n

1�, 2.12 

where, n(r) is the electron density, m�E =  ∑ o ∗� qo�R�01  is the kinetic energy density, and 

e�:i�E  is Becke-Roussel (BR) exchange potential.113 The Becke-Roussel (BR) exchange 

potential is given by 

e�:i�E = −1r�E s1 − tu��N − 12 v�E tu��N w . 2.13 

Here, b is calculated from the charge density n(r) 

r = lvV�E eu��N 
8j��E n

1 Vz  , 2.14 

and c is the empirical parameter determined by fitting free parameters { and | and the limit of 

integration over the volume of the unit cell C��

 

h = { + | } 1C��

 ∫ dV�E |� ��E |��E �
1� . 2.15 

In general, the bandgap value increases monotonically with respect to c and yields 

satisfying results for a range of systems, from narrow bandgap semiconductors to wide gap 

insulators.114 The TB-mBj potential improves bandgap results with an accuracy similar to Hybrid 

functionals or the GW method. In VASP, the mBj functional is invoked by the CMBJ tag. 



37 
 

2.4.5 Calculation Parameters for VASP 

DFT-based numerical calculations performed via computation determines the ground 

state charge density and total energy. Several techniques are employed to facilitate the ease of 

computation to approximate the calculation and the wave functions that satisfy the Kohn-Sham 

equations. In this work, the PBE version of GGA as the basis set for exchange-correlation 

potential and the projector-augmented wave (PAW) method115 are used to approximate the 

electron density of core electrons. In addition, the mBj calculations were run to calculate the 

bandgap. 

 A typical VASP calculation requires at least four primary input files: INCAR, 

KPOINTS, POSCAR, and POTCAR. The function of these four files and input parameters for 

the calculations are described. We used the VASP 4.6 version and performed calculations using 

the MINT Center clusters and one at the Alabama supercomputer center. 

2.4.5.1 INCAR 

INCAR is the main input file of VASP, which includes control parameters for the 

calculation. Most of them have convenient default values that are not necessarily required to 

change. For example, we used the following parameters for the 28-atom supercell for the 

calculations. 

System (CdCr2S4) 

ISPIN = 2  # Spin polarized calculations 

ICHARG = 2 

NELMDL = 8 

MAGMOM = 0 0 0 0 3 3 3 3 3 3 3 3 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  

RWIGS = 1.6 1.4 1.02 
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ISMEAR = 0  # Gaussian broadening in eV 

SIGMA = 0.03 

VOSKOWN = 1 

#Relaxation 

NELMIN = 8   # do a minimum of ten electronic steps 

EDIFF = 1E-6  # stopping criterion for electronic self-consistent loop 

EDIFFG = -0.01  # stopping criterion for ionic relaxation 

NSW = 100   # Number of steps for ionic relaxation 

IBRION = 2   # Ionic relaxation algorithm  

ISIF = 3  # Degree of relaxation 

#DOS related values: 

EMIN = -5.0  # energy range for DOS 

EMAX = 15.0 

NEDOS = 2001 

LWAVE = .FALSE.  # do not write out wave function 

LCHARG = .TRUE.  # write out charge density 

2.4.5.2 KPOINTS  

This file defines the k-point coordinates, or the mesh size used to sample the Brillouin 

zone. The k-points depend on the system type (surface, cluster, or bulk) and the unit cell size. 

Typically, the larger the number of k-points, the more accurate the result is and the more 

expensive the calculation is. Therefore, the k-points should be chosen such that it guarantees the 

accuracy of the calculations but at the same time is not computationally expensive. We have 

done an energy convergence test to determine the correct number of k-points - the calculation is 
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repeated with the increasing number of k-points, and the number at which energy converges is 

the chosen k-points.  The k-point file used for our calculation is shown as follows. 

Automatic Mesh 

0 

Monkhorst Pack 

5 5 5 

0 0 0 

36 

2.4.5.3  POSCAR  

POSCAR file describes lattice geometry and ionic positions in the system. The POSCAR 

file used in calculations is read as follows: The first is the comment line that displays the 

system's name. The second line provides the lattice parameter that scales with the lattice vectors 

and atomic coordinates. Next, the lattice vectors defining the unit cell of the system are displayed 

in the following three lines. In the sixth line, the number of each type of atom is written, which 

must be in the same order as defined in INCAR and POTCAR files. Finally, the atomic 

coordinates of each atom are listed in direct coordinates. 

Comment (CdCr2S4) 

10.294 

0.7071 0.0000 0.0000 

0.0000 0.7071 0.0000 

0.0000 0.0000 1.0000 

4 8 16 

direct 



40 
 

2.4.5.4 POTCAR 

In the VASP database, there are pseudopotential files of various atoms. It contains 

information on atom mass, valence electrons, the energy of the reference configuration, and so 

on. Before running the calculations, the pseudopotential file of each atom involved in the given 

system is put together in the POTCAR file under the working directory. The schematic of the 28 

atoms spinel unit cell used in the calculations is shown in Figure 2.11. 

Figure 2.11 Schematic drawing of 28 atoms spinel unit cell divided into eight layers along [001] 
axis. 

Besides the theoretical methods used above, this chapter has introduced the CSD 

deposition method for thin-film growth and the standard characterization techniques to obtain the 

film crystal structure, surface, optical, and magnetic properties. These techniques have enabled 

us to study the properties of Cd(1-x)CuxCr2S4 and ZnxCd(1-x)Cr2S4 quaternary chalcospinel systems, 

which will be discussed in the following chapters.
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3.1 Introduction 

Magnetic materials with semiconducting and insulating transport properties have 

received significant interest in recent years for developing spin-based electronic (spintronics) 

devices because of their unique ability to manipulate both charge and spin.1 This essential feature 

makes them compatible with existing semiconductor logic and memory devices. In this context, 

a class of chromium-based chalcogenide spinel (chalcospinels), ACr2S4 (A= Cu, Cd, Fe, Co, Zn), 

is potentially attractive because of their diverse magnetic and electronic properties.2-6 Depending 

on the A-site cation, they are ferro/ferri/antiferromagnetic, exhibiting metallic, insulating, or 

semiconducting characteristics. The most investigated materials in this class are CdCr2S4 and 

CuCr2S4 because of their unique magnetic and optical properties such as relaxor ferroelectricity, 

colossal magnetocapacitance, and large magnetoresistance.7-9 Besides, CdCr2S4 is a well-

established ferromagnetic semiconductor having a low Curie temperature (Tc) of 85 K,10 while 

CuCr2S4 is a ferromagnetic metal with a high Tc of 377 K.11 Their mixed solid solution offers an 

exciting possibility of tailoring the magnetic and optical properties. However, the development 

and understanding of the Cd(1-x)CuxCr2S4 system remains relatively unexplored. 
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The unique and diverse magnetic properties of A-site substituted chromium chalcospinels 

offer an exciting opportunity to study the origin and control of magnetism and electronic 

properties in magnetic semiconductors. Their magnetism result from exchange and 

superexchange interactions between the Cr3+ ions half-filled t2g state, strongly coupled with the 

structural and electronic degree of freedom. Cd(1-x)CuxCr2S4 crystallizes as a normal spinel and 

belongs to space group Fd3m. Its unit cell comprises a face-centered cubic (fcc) anion lattice 

with 32 octahedral and 64 tetrahedral sites. The divalent cation, Cd2+/Cu2+, occupies 1/4th of the 

tetrahedral sites, and trivalent Cr3+ ions occupy 1/2 of the octahedral sites. In the spinel structure, 

the cation's position is fixed. However, the anion's coordinates, measured by the anion parameter, 

u, vary depending on the size of tetrahedral and octahedral cations. The radii ratio changes the 

average tetrahedral and octahedral bond distances and thus the symmetry of the structure. 

Depending on the tetrahedral cation, the unit cell volume expands or contracts resulting in 

unique magnetic and electronic properties of the chalcospinels.12  

Although several experimental studies have explored the magnetic and electrical 

properties of CdCr2S4
2, 13-15and CuCr2S4,3 the substituted spinel solid solution, Cd(1-x)CuxCr2S4, 

has received less attention. In chromium chalcospinels with Cu occupying the tetrahedral 

positions, the copper ion can occur in either 3d9 (Cu2+) or 3d10(Cu+) configuration.16-19 This 

affects the spin state of the Cr3+ ion occupying the octahedral positions, thus modifying the 

exchange interaction in the Cd(1-x)CuxCr2S4
 system. Thus far, there are only a few reports in the 

bulk on the structure and magnetic properties of Cd(1-x)CuxCr2S4.20-22 Ferrimagnetic ordering21 

and magnetoresistance effect22 have been observed with Cu substitution. However, despite their 

remarkable potential, there has been no work on thin films. Moreover, a systematic study of the 

electronic and magnetic structure of the system that controls the optical and magnetic properties 
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is limited. Besides stoichiometry control, a major challenge with obtaining thin films is 

identifying suitable metal precursors since Cd(1-x)CuxCr2S4 has Cu and Cr ions known to exist in 

more than one oxidation state. The metal's variable oxidation state can interfere with stabilization 

of the pure spinel phase by forming more thermodynamically stable binary or ternary sulfide 

phases. Thus, the synthesis of the quaternary chalcospinel is challenging and requires a delicate 

balance of reaction conditions to selectively produce the desired pure spinel phase. 

Herein, we report the first successful synthesis of polycrystalline Cd(1-x)CuxCr2S4 thin 

films by a chemical spray deposition (CSD) technique using simple inorganic precursors. Over 

the past few decades, CSD has evolved as a simple and efficient approach to deposit a wide 

variety of thin film materials.23 The process involves spraying an aqueous precursor solution 

mixture on a preheated substrate to form a thin film. During the spray process, the fine droplets 

of generated precursor solution undergo solvent evaporation as they travel to the substrate 

surface. The droplets striking the substrate undergo a series of events; surface adsorption, 

diffusion of reactant molecules, and chemical reaction leading to formation of the desired 

product through subsequent nucleation and crystal growth.24, 25 The released volatile byproducts 

diffuses away from the substrate. Unlike the chemical vapor deposition method commonly used 

for thin film synthesis, CSD does not require volatile precursors or low vacuum operation, with 

the relative molar ratio of cations in the deposited film being readily controlled by adjusting the 

precursor mixing ratio of the spray solution. Furthermore, the deposition rate and film thickness 

can be controlled over a broad range by simply changing the spray parameters. 

Using CSD, we have grown Cd(1-x)CuxCr2S4 thin films on borosilicate glass substrates. 

The deposited thin films are phase pure, crystalline, and have uniform morphology. We 

investigated the structural changes on systematically incorporating Cu2+ ions at the tetrahedral 
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sites. Besides, we measured the bandgap and analyzed the static magnetic properties of the films. 

We also performed ab-initio density functional theory (DFT) calculations to investigate the 

ground state electronic and magnetic structure of the mixed chalcospinels. 

3.2 Materials and methods 

Chemicals: 

All chemicals were used as received. Cadmium chloride anhydrous (CdCl2, 99%), 

chromium chloride hexahydrate (CrCl3.6H2O, 98%), copper chloride anhydrous (CuCl2, 99%), 

thiourea ((NH2)2CS, 99%), and sulfur (S, 99.5%) powder were all obtained from Alfa Aesar. 

Measurements: 

Powder-ray diffraction (XRD) 2θ-ω scans were recorded at room temperature on a 

Bruker D2 X-ray diffractometer equipped with a Cu-Kα radiation source operated at 30 kV and 

10 mA, with a step size of 0.02°. The XRD data were analyzed by the Rietveld refinement 

method using the MATCH 3 - FullProf software package. Raman spectroscopy measurements 

were performed on a HORIBA Jobin Yvon LabRam HR800 UV confocal microscope using an 

excitation wavelength of 530 nm. Scanning electron microscope (SEM) analysis was carried out 

on a JEOL 7000 FE instrument equipped with energy dispersive X-ray spectrometry (EDX) and 

backscatter electron diffraction (BSE). X-ray photoelectron spectroscopy (XPS) analysis was 

performed on a Thermo Scientific K-Alpha spectrophotometer. The absorption spectra of thin 

films were recorded with a UV-vis spectrophotometer (Agilent, Cary 500, USA). Magnetic 

measurements were performed using the Vibrating sample magnetometry (VSM) feature of the 

Quantum Design physical properties measurement system (PPMS) Dynacool®. 
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3.3 Experimental 

The investigated polycrystalline Cd(1-x)CuxCr2S4 thin films were grown on 6⨯6 mm 

borosilicate glass substrates received from VWR International. The CSD experiments were 

conducted in a fume hood. The system consists of a spray nozzle, precursor solution, substrate 

heater, temperature controller, and air compressor. We adopted a slanted spray deposition 

arrangement with a stationary spray nozzle aligned at 45 ͦ angle to the substrate placed on a hot 

plate. In the synthesis of Cd(1-x)CuxCr2S4 thin film, an aqueous solution consisting of a 

stoichiometric mixture of anhydrous CdCl2, anhydrous CuCl2, CrCl3.6H2O, and (NH2)2CS was 

sprayed at a constant pressure of 35 psi on a preheated glass substrate at 350   ͦC. Typically, the 

spray process included ten spray cycles of 15 seconds each at 60-second intervals. After spray 

coating, the thin film was annealed in a furnace for 60 minutes at 600  ͦC with flowing nitrogen in 

the presence of sulfur vapor, referred to as the sulfurization process. It consists of a quartz tube 

reactor with a nominal diameter of 1.5 inches and a length of 30 inches, housed in a tubular 

furnace. The sulfur powder and spray-coated thin film were placed inside the quartz tube in 

different temperature zones. During sulfurization, the sulfur powder was heated to 200  ͦC with 

the vapor transported upstream to the reaction zone for incorporation into the as-sprayed thin 

film to form polycrystalline Cd(1-x)CuxCr2S4. After sulfurization, the furnace was gradually 

allowed to cool down to room temperature, and the substrate coated with thin film of thickness 

~300 nm was taken out for characterization. 

3.4 Computational Details 

The ab initio DFT calculations were performed with the Vienna ab-initio simulation 

package (VASP)26 using projector-augmented wave (PAW)27 pseudopotentials with the Perdew-

Burke-Ernzerhof (PBE) generalized gradient approximation (GGA).28  We used the primitive 



46 
 

56/28-atom unit cell of the Fd3�m spinel lattice with a Brillouin zone 5 × 5 × 5  Γ-centered k-

point mesh integrated via the tetrahedron method Blöchl corrections.29 For structure relaxation, 

the Gaussian smearing with a # value of 0.03 eV was used until the total energy change between 

the electronic step was smaller than 10-6 eV. The electronic structure and magnetic properties of 

Cd(1-x)CuxCr2S4 were calculated for compositions close to the experimental substituted 

stoichiometries. 

3.5 Results and Discussions  

Figure 3.1(a) shows the schematic diagram of a home built CSD system, and the 

sulfurization setup used for the film deposition and anneal. The Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin 

films were synthesized in a two-step process. The first step comprised spraying an aqueous 

precursor solution onto the substrate at 350  ͦC, followed by a second step involving sulfurization 

of the spray-coated film at 600  ͦC (as described in the experimental section). The sulfurization 

step is crucial for obtaining the desired chalcospinel phase. It eliminates sulfur deficiency 

resulting from the first step and promotes thin-film crystallization. Our attempts to synthesize 

Cd(1-x)CuxCr2S4 for Cu concentration x>0.2 yielded only binary phases and secondary amorphous 

impurities. The absence of solid solution formation for x>0.2 is consistent with previous bulk 

studies.20-22 

The crystal structure, phase purity, and crystallinity of Cd(1-x)CuxCr2S4 (x = 0, 0.1, and 

0.2) thin films are confirmed using powder X-ray diffraction (XRD) measurements as shown in 

Figure 3.1(b). Based on the XRD spectra, the films exhibit a face-centered cubic spinel structure, 

with major diffraction peaks corresponding to the (220), (311), (400), (331), (422), (511), and 

(440) planes. The Rietveld refinement process is carried out on the XRD patterns using the fcc-

cubic spinel structural parameter with the space group Fd3m (No.227) as input. The refinement 
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patterns are provided in appendix. Similar agreement (Bragg R-factor and χ2) is obtained for all 

the compositions, indicating the formation of pure cubic spinel phase Cd(1-x)CuxCr2S4 (0≤x≤0.2) 

at room temperature. As shown in Figure 3.1(b), all the diffraction peaks are reproduced for x = 

0 to 0.2 composition in Cd(1-x)CuxCr2S4 thin films with a slight shift in the peak positions to 

higher 2θ angles with increasing x value. The peak shift indicates a decrease in lattice parameter 

with corresponding unit cell compression in Cd(1-x)CuxCr2S4 with increasing Cu concentration. 

Based on the Rietveld refinement, we calculated the lattice parameter. The lattice parameter a 

and unit cell volume decrease with increasing Cu substitution, as shown in Figure 3.1(c). The 

observed lattice compression with Cu substitution at tetrahedral sites is reasonable as the Cu2+ 

(0.6 Å) ionic radius is smaller than the Cd2+ ion (0.78 Å).30 However, the estimated lattice 

parameter in Cd(1-x)CuxCr2S4 thin-film are slightly higher than reported bulk values (where a = 

10.24 Å for x = 0).20-22 There is a continuous decrease in anion parameter with Cu substitution, 

as shown in Table 3.1, exhibiting the local structure distortion in the Cd(1-x)CuxCr2S4 spinel 

structure. By changing the precursor concentration, the average thickness of the thin films has 

been controlled to ≈ 300 nm with grain sizes ranging from ≈ 40 to 50 nm. 



48 
 

Figure 3.1 Growth of nanostructured Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films. (a) Schematic 
diagram of home built CSD (top) and sulfurization (bottom) setups. (b) Powder XRD pattern of 
polycrystalline Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films. The inset shows the crystal structure of 
Cd/CuCr2S4. (c) The lattice parameter and unit cell volume of Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin 
films as a function of Cu concentration x. 

The structure and substitution in Cd(1-x)CuxCr2S4 thin films have been further verified by 

Raman scattering (R.S.) measurements. The Raman vibration modes and shifts can help establish 

the material's crystal structure and changes in composition. As shown in Figure 3.2(a), we 

recorded the Raman active modes in Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films. The number and 

frequency of excitation modes are in agreement with the factor group for the space group 

Fd3m.31 There are five vibrational modes observed for spinels; A1g, E1g, and 3T2g. The lower 

frequency mode T2g(1) near 100 cm-1 is very weak and is not visible. The R.S. spectra for x = 0; 

CdCr2S4 polycrystalline film agrees well with the previously reported result on CdCr2S4 single 
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crystal.32 With Cu substitution, we observe shift in vibration modes towards lower frequency, as 

shown in Figure 3.2(b-e). The monotonous frequency decrease represents softening of the 

Raman modes with Cu substitution. 

Figure 3.2 (a) Room-temperature Raman spectra of Cd(1-x)CuxCr2S4 (0≤x≤ 0.2) thin films 
obtained with λ= 532 nm excitation. (b-e) Individual Raman mode A1g, E1g, 2T2g frequency shift 
as a function of Cu concentration x is shown. 

To investigate the chemical valence states, X-ray photoelectron spectroscopy (XPS) 

measurements have been performed. A high-resolution representative XPS spectra of Cd 3d, Cu 

2p, Cr 2p, and S 2p shown in Figure 3.3(a) reveals the oxidation state of ions in Cd(1-x)CuxCr2S4 

(0≤x≤0.2). In the Cd 3d spectrum, the peaks observed at 404.7 and 411.4 eV correspond to the 

Cd 3d5/2 and Cd 3d3/2 states. Their peak separation of 6.7 eV indicates the presence of  Cd2+ 

ions.2 In the core-level spectra of Cu 2p, Cu 2p3/2 peak centered at 932.2 eV is very close to the 

binding energy of 932 eV found in CuS and is characteristic of the Cu2+ 3d9 state.18, 33 In 

addition, Auger Emission (A.E.) spectra in the Cu LMM region have been used to confirm the 

bivalence state of Cu in the Cd(1-x)CuxCr2S4 films. It showed a signal at 918 eV indicative of Cu2+ 

ion.33 The Cr 2p spectrum shows a spin-orbit splitting of 9.6 eV between Cr 2p3/2 and Cr 2p1/2, 

assigned to Cr3+ cation.2 The peaks at 161.02 and 162.2 eV in the high-resolution S 2p spectrum 
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correspond to S 2p3/2 and 2p1/2, respectively. It has a peak splitting of 1.12 eV attributed to S2- 

ions.2 The valence states of ions in Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films are consistent with 

previous work reported on bulk samples.22 A survey spectrum of the film (x = 0) is shown in the 

appendix. 

Figure 3.3 Chemical valence state and surface morphology of Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin 
films. (a) High resolution X-ray photon spectroscopy (XPS) of Cd 3d, Cu 2p, Cr 2p and S 2p 
respectively of Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films (b) High magnification planar SEM image 
of Cd0.8Cu0.2Cr2S4 thin film. 

The surface morphology of the thin films, obtained under optimized conditions using 

CSD, has been investigated by scanning electron microscopy (SEM). A representative SEM 

image of Cd(1-x)CuxCr2S4 thin film (x = 0.2) is shown in Figure 3.3(b).  A densely packed 

irregular spherical-shaped particles distributed over the film surface can be seen. Their elemental 

composition was determined by EDX scan over a large surface area of the film within the 

measurement error (± 5%), as shown in the appendix. The observed atomic ratios of Cd, Cu, Cr, 

and S in the films are close to the expected stoichiometry, as shown in Table 1. A 300 nm thick 

Cd(1-x)CuxCr2S4 (x = 0 to 0.2) films have been further characterized for their optical and magnetic 

properties, as discussed below. 
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Figure 3.4(a) shows the absorption spectra of Cd(1-x)CuxCr2S4 (x = 0 to 0.2) in the UV-

Visible region. The bandgap is determined for each composition from Tauc plots, as shown in 

Figure 3.4(b), evaluated from their absorption spectra using equation 3.1 

�{ℎ> / =  ��ℎ> − =� , 3.1 

where α is the optical absorption coefficient, h is Planck's constant, ν is frequency, Eg is the 

bandgap, A is a constant, and n = 2 for direct bandgap calculation. The direct bandgap in Cd(1-

x)CuxCr2S4 has been determined by extrapolating (αhν)2 and hν plot to the photon energy axis. 

The estimated value of the bandgap for CdCr2S4 is ≈ 2.2 eV, which is in close agreement with 

the reported value for CVD deposited thin film.2 With x = 0.2 Cu substitution, the bandgap shifts 

to a slightly lower energy value of  ≈ 2.0 eV. The decrease in the value of the bandgap of Cd(1-

x)CuxCr2S4 thin films indicates increase in conductive channels with Cu substitution. 

Figure 3.4 Optical properties of Cd(1-x)CuxCr2S4 (0≤x≤0.2) films (thickness 300 nm) (a) UV-vis 
aabsorption spectrum of Cd(1-x)CuxCr2S4 thin film grown on borosilicate glass substrate. (b) The 
Tauc plot of (αhν)2 vs hν to determine the band gap of the films. 
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Figure 3.5 Magnetic characterization of Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films. (a) Temperature 
dependence of magnetization of Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films from 5 K to 300 K under 
an applied magnetic field of  1000 Oe as a function of Cu concentration. (b) The plot of slope 
dM/dT calculated from (a) to obtain the correlation between magnetic transition temperature Tc 
and the Cu concentration (c) Magnetization as a function of the magnetic field measured at 5K 
for different Cu concentration (d) Temperature dependence of magnetization per formula unit 
and inverse susceptibility for CdCr2S4 at H = 5000 Oe. 
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The static magnetic properties of Cd(1-x)CuxCr2S4 (x = 0 to 0.2) thin films have been 

determined from vibrating sample magnetometry (VSM) measurements. The temperature-

dependent magnetization M(T) curves are shown in Figure 3.5(a) with an external magnetic field 

of 1 kOe applied along the film plane. The M(T) curves display a magnetic transition for all the 

compositions. They are paramagnetic at room temperature with transition to the ferromagnetic 

phase at low temperatures. The Curie temperature, Tc, is determined from the first-order 

derivative plots obtained from the M(T) curves, shown in Figure 3.5(b). Overall, a decrease in 

the Curie transition temperature is observed with increasing Cu substitution, as shown in Table 

3.1. The value of Tc for x = 0 is estimated to be 85 K, in agreement with the previously reported 

results for bulk and thin films.2, 8, 21 The Tc increases slightly to 86.5 K for x = 0.1 and 

subsequently decreases with further increase in Cu concentration. We determined Tc of 82.5 K 

for x = 0.15 and 80.5 K for x = 0.2. The increase in Tc for x = 0.1 and its decrease with further 

increase in Cu concentration is consistent with the bulk Cd(1-x)CuxCr2S4 studies.21 A similar trend 

has been observed in other mixed chalcospinels systems and is attributed to the occurrence of 

antiferron (disrupted ferromagnetic ordering) regions.34 

Table 3.1 The EDX data, lattice parameter a, anion parameter u, Curie temperature Tc, and 

saturation magnetization Ms of Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films. 

 

x 
EDX atomic % ratio 

Cu : Cd : Cr : S 
a (Å) u Tc (K) 

Ms at 5 K 

(µB /f.u.) 

0 0:0.9±0.02 : 2.0±0.01 : 4.0±0.05 10.258 0.394 84.8± 0.2 2.52±0.17 

0.1 0.11±0.01 : 0.88±0.02 : 2.0±0.01 : 4.2±0.1 10.25 0.393 86.5 ± 0.2 2.14±0.15 

0.15 0.15±0.01 : 0.85±0.02 : 2.1±0.01 : 4.2±0.1 10.245 0.392 82.8 ± 0.3 1.40±0.10 

0.2 0.24 ± 0.01 : 0.77±0.03 : 2.2±0.01 : 4.3±0.1 10.243 0.390 80.5 ± 0.2 1.43±0.10 



54 
 

Further, we determined the saturation magnetization, Ms, of the films to investigate the 

effect of Cu substitution on the ground-state magnetic properties. We carried out magnetization 

M versus applied field H measurements at 5 K. The M-H loops, as shown in Figure 3.5(c), 

indicate that magnetization saturation is achieved for all the compositions for magnetic fields 

above ~1000 Oe. The saturation magnetization value decreases with increasing Cu substitution, 

as shown in Table 3.1, indicating opposing spin orientations for Cu and Cr magnetic ions in Cd(1-

x)CuxCr2S4. It should be noted that the saturation moment values obtained for all the films are 

significantly lower than the bulk counterpart.21 The lower magnetic moment of thin films than in 

the bulk is not surprising as it has also been observed in other chalcospinel systems. However, 

compared to the CVD-deposited CdCr2S4 thin films,2 the saturation moment of thin film 

synthesized by the CSD method is also relatively lower. The lower magnetic moment is 

attributed to the difference in the growth characteristics, with increased surface roughness for the 

CSD films. This results in spin disorder, thereby lowering the average magnetic moment. 

The Curie-Weiss temperature of the films is also determined by fitting the magnetization 

data with the Curie-Weiss equation. Figure 3.5(d) shows the plot of reciprocal molar 

susceptibility χ-1 versus temperature T for CdCr2S4, with an externally applied field of 5000 Oe. 

At higher temperatures, χ-1 varies linearly with temperature following the Curie-Weiss law,35 

6 =  �/�� − Ɵ  where C is Curie constant, and Ɵ is Curie-Weiss temperature. The Ɵ for x = 0 

(CdCr2S4)is estimated to be around 95 K, close to the reported value of polycrystalline CdCr2S4 

nanoparticles.36 However, the Ɵ value is less than single crystal8 and bulk21 reported value of 155 

K. The decrease in the value of Ɵ, indicates the weakening of ferromagnetic interaction arising 

from spin disorder seen in other systems.37  Moreover, the effective magnetic moment µeff  of 

Cd(1-x)CuxCr2S4 thin film is calculated using the relationship 2.83√�. For x = 0 CdCr2S4, µeff is 
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close to 6 µB/f.u. arising solely from the two Cr ions, which agrees with the previously reported 

works of CdCr2S4 nanoparticles,36 bulk,21 and single crystal.8 For x = 0.2 Cu concentration, µeff 

value is estimated to be 5.54 µB/f.u. We observe an overall decrease in the effective magnetic 

moment with Cu substitution, consistent with previous bulk results.21 The decrease in effective 

magnetic moments indicates an antiparallel orientation between the Cu2+ and Cr3+ spins in Cd(1-

x)CuxCr2S4 spinel structure. 

Figure 3.6 Calculated total density of state DOS (left) and partial density of states PDOS (right) 
for Cd d, Cu d, Cr d, and S p states of Cd(1-x)CuxCr2S4 system for both majority and minority spin 
channel for x = 0, 0.125, 0.25 compositions using PBE method. 

To better understand the variations in the experimental electronic, optical, and magnetic 

properties, we have calculated the ground state structure of Cd(1-x)CuxCr2S4 for compositions 

close to our experimental stoichiometry within the PBE generalized gradient approximation 
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using density functional theory. The 56-atom unit cell is fully relaxed in shape and volume to 

determine the lowest energy configuration. The computed spin-polarized electronic structure for 

Cd(1-x)CuxCr2S4, as shown in Figure 3.6, agrees with the previous DFT-reported results using the 

GGA-PAW method.38  Here, we have estimated the decrease in lattice parameter, anion 

parameter, and the average bond length at the tetrahedral site with increasing Cu substitution, as 

shown in Table 3.2. The ground-state structure calculations qualitatively follow the experimental 

trend in lattice and anion parameters observed in the deposited films with Cu substitution. Our 

optimization for the x = 0 results in a = 10.294 Å, u = 0.391 closely agrees with the experimental 

value a = 10.258 Å, u = 0.394. Moreover, our calculations show the decrease in tetrahedral and 

octahedral bond distance as the unit cell volume decreases with Cu substitution. As expected, 

PBE predicts electronic structure with the partially filled Cr d, Cu d, Cd d, and S p states lying 

across the Fermi energy. According to the projected density of states (PDOS) of mixed 

composition Cd(1-x)CuxCr2S4, the Cu-d and Cd-d states of both spins and Cr-t2g of majority spins 

are almost filled, while Cr-t2g states of minority spin and the Cr-eg states of both the spins are 

unoccupied. The S-p states spread throughout the spectrum and hybridize with the Cd-d, Cu-d, 

and Cr-d states. These features in our calculation are in good agreement with the previous 

investigation.38  The PDOS also indicates a slight hump in the majority spin channels near the 

Fermi energy level Ef with Cu substitution, which originates from the hybridization of localized 

Cr-t2g state and the delocalized (Cu-d) (S-p) states. The tail near Ef in the minority spin channel 

is contributed by delocalized Cu-d and S-p states without the localized Cr-d states. The density 

of states for x = 0 shows the energy gap in both majority and minority spin channels. With Cu 

substitution x = 0.125 and 0.25, the Fermi level moves down the gap in the majority spin 

channel. However, the minority spin channel has a gap, thus turning the structure into half metal. 
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This is in good agreement with the previous work that predicted half metallicity for low copper 

concentrations in Cd(1-x)CuxCr2S4 series using the GGA method.38 Our calculations indicate a 

decrease in minority bandgap with increasing Cu concentration. This causes a slight decrease in 

the bandgap value, qualitatively consistent with our experimental results. Although the tendency 

of DFT to underestimate the bandgap is well documented. 

Table 3.2 Calculated structural and magnetic properties of fully relaxed ground state of Cd(1-

x)CuxCr2S4 system for x = 0, 0.125, 0.25 composition  using PBE method. 

 
 

Lattice 
parameter 

a(Å) 

Anion 
parameter 

u 

Bond 
distance 
A-X (Å) 

Bond 
distance 
B-X (Å) 

Bond 
distance 
A-B (Å) 

Magnetic 
moment 

Ms
 
(µB/f.u.) 

No. of 
spin-
up e- 

No. of 
spin-

down e- 

CdCr
2
S

4
 10.294 0.391 2.516 2.417 4.26 6 27 21 

Cu
0.125

Cd
0.875

Cr
2
S

4
 10.242 0.3906 2.495 2.414 4.23 5.87 26.875 21 

Cu
0.25

Cd
0.75

Cr
2
S

4
 10.174 0.3886 2.452 2.411 4.16 5.75 26.75 21 

In addition to predicting the ground state structural properties of Cd(1-x)CuxCr2S4, we have 

also calculated the magnetic structure. The ferromagnetic configuration is preferred for x = 0, 

where the Cr spins are parallel. Its computed net magnetic moment is found to be 6.0 µB /f.u. 

which suggests that magnetic moment exclusively arises from the Cr site, consisting of three 

electrons in the majority t2g band. This is in excellent agreement with the reported value for bulk 

single crystals.8 With Cu substitution in the Cd(1-x)CuxCr2S4 structure, we find a small negative 

moment of -0.08 µB at the Cu site, indicating the Cu moments are aligned antiparallel to the 

moments associated with Cr causing a reduction of the moment in the Cd(1-x)CuxCr2S4 system. 

The magnetic structure calculations show the decrease in saturation moment with increase in Cu 

substitution. The trend is in qualitative agreement with the experimental saturation moment 

observed in the films. 
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3.6 Conclusion 

In summary, we have synthesized Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin films by means of a 

versatile chemical spray deposition method using simple inorganic metal chloride precursors and 

investigated their structural, optical, and magnetic properties. The results show that the prepared 

samples are phase-pure, having a spinel crystal structure. The systematic changes in lattice 

parameter, anion parameter, Raman modes, and elemental composition confirm the substitution 

of Cu in Cd(1-x)CuxCr2S4 (0≤x≤0.2) thin film. Based on XPS analysis, the Cu exists in a divalent 

rather than a monovalent state at the tetrahedral sites of the mixed chalcospinel. A slight decrease 

in the bandgap is observed with increasing Cu substitution. The films are ferromagnetic at low 

temperatures with the magnetic transition temperature and saturation magnetization decreasing 

with increased Cu concentration. The ground-state electronic and magnetic structure of Cd(1-

x)CuxCr2S4 are calculated by first-principle density functional theory, with their trends being 

qualitatively consistent with the experimental results. 
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4.1 Introduction 

Magnetic chalcospinels have been a continuous subject of interest for the past few 

decades because of their interesting properties and potential use in spintronic devices. The 

discovery of the colossal magnetoresistance effect (CMR) has made them an exciting candidate 

for application in spin electronics, sensors, and magnetic recordings.1 In particular, 

sulphochromite spinels ACr2S4 are widely investigated for their unique electronic and magnetic 

properties.2 Tetrahedral A-site substitution with first-row transition metal ions greatly influences 

their physical properties. For example, CdCr2S4 is a ferromagnetic semiconductor,3 and ZnCr2S4 

is a complex antiferromagnetic semiconductor.4 However, their mixed solution ZnxCd(1-x)Cr2S4 

represents one of the very few examples of spin-glass observed in chalcospinels.5-9 Spin-glass is 

a category of disordered materials studied in several magnetic materials in the past thirty years. It 

arises because of the competing ferromagnetic and antiferromagnetic interactions causing 

disorder due to the random distribution of exchange interaction.10 In the case of ZnxCd(1-x)Cr2S4 

system, Zn2+ and Cd2+ ions are involved in superexchange interactions J1: between nearest-

neighbor ferromagnetic exchange coupling through path Cr-S-Cr and J2: between next-nearest 

neighbor antiferromagnetic coupling through the path Cr-S-Zn(Cd)-S-Cr. For different Zn2+ and 
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Cd2+ ion concentrations the ratio J1/J2 changes widely.5, 8, 11-13 As a result, it gives rise to 

quenched randomness and magnetic frustration that are well recognized basic ingredients of 

spin-glass behavior. However, despite the exotic magnetic phase exhibited by the system, there 

are no reports on thin films. Moreover, a detailed study about the ZnxCd(1-x)Cr2S4 is lacking in 

the literature. 

Therefore, to understand the mechanism driving the magnetism and exploit ZnxCd(1-

x)Cr2S4 system in technological applications, a study of their electronic and magnetic property is 

essential. Herein, we report the first successful synthesis of polycrystalline ZnxCd(1-x)Cr2S4 thin 

films using the chemical spray deposition (CSD) method adapted from Chapter 3. We have 

investigated the structural changes on systematically substituting Zn at the Cd tetrahedral sites. 

In addition, we determined the bandgap and analyzed the magnetic properties of the films using 

DC and AC magnetic susceptibility. 

4.2 Materials and Methods 

Chemicals: 

The polycrystalline ZnxCd(1-x)Cr2S4 films studied in this work were grown on borosilicate 

glass substrates (6⨯6 mm) received from VWR International.  The high purity precursors 

cadmium chloride anhydrous (CdCl2, 99%), chromium chloride hexahydrate (CrCl3.6H2O, 98%), 

zinc chloride anhydrous (ZnCl2, 98%), thiourea ((NH2)2CS, 99%), and sulfur (S, 99.5%) powder 

were obtained from Alfa Aesar.  

Characterization and measurements: 

Powder-ray diffraction (XRD) 2θ-ω scans were recorded at room temperature on a 

Bruker D2 X-ray diffractometer equipped with a Cu-Kα radiation source operated at 30 kV and 

10 mA, with a step size of 0.02°. The XRD data were analyzed by the Rietveld refinement 
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method using the MATCH 3 - FullProf software package. Raman spectroscopy measurements 

were performed on a HORIBA Jobin Yvon LabRam HR800 UV confocal microscope using an 

excitation wavelength of 530 nm. Scanning electron microscope (SEM) analysis was carried out 

on a JEOL 7000 FE instrument equipped with an energy dispersive X-ray spectrometry (EDX) 

and backscatter electron diffraction (BSE). The absorption spectra of thin films were recorded 

with a UV-vis spectrophotometer (Agilent, Cary 500, USA). Static DC and dynamic AC 

magnetic measurements were performed using the Vibrating sample magnetometry (VSM) 

feature of the Quantum Design physical properties measurement system (PPMS) Dynacool®.  

4.3 Experimental 

All the experiments were conducted in a fume hood. In the synthesis of ZnxCd(1-x)Cr2S4 

(0 ≤ x ≤ 1) films, an aqueous solution consisting of a stoichiometric mixture of anhydrous CdCl2, 

anhydrous ZnCl2, CrCl3.6H2O, and (NH2)2CS was sprayed on a glass substrate at 350  ͦC.  After 

spray coating, the films were sulfurized at 600   ͦC for 60 minutes inside a furnace. Then, the 

furnace was gradually allowed to cool down to room temperature, and ZnxCd(1-x)Cr2S4 thin film 

of thickness ~300 nm was taken out for characterization. The detailed experimental procedure 

can be found in Chapter 3. 

4.4 Results and Discussions  

We have successfully synthesized polycrystalline ZnxCd(1-x)Cr2S4 thin films over the 

entire composition range  0≤x≤1 using the CSD method. 

The structure, phase purity, crystallinity, and mixed cation composition of ZnxCd(1-

x)Cr2S4 (0≤x≤1) films were examined using X-ray diffraction (XRD) measurements.  

The X-ray diffraction pattern in Figure 4.1 shows the distinct diffraction peaks corresponding to 

the (111), (220), (311), (400), (331), (422), (511), and (440) planes of cubic phase spinel with 
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Fd3m space group. The peak positions and relative peak intensity of the end members CdCr2S4 

(x = 0) and ZnCr2S4 (x = 1) follow the standard diffraction pattern (COD: 1541138 and 

9012048). A systematic shift in peaks to a higher 2θ angle is observed with increasing Zn 

concentration. Also, a steady enhancement in the (111) peak intensity and decline in (422) peak 

intensity is seen with increasing Zn concentration. The room temperature diffraction pattern for 

all the compositions 0≤x≤1 can be indexed to pure cubic spinel phase with no impurity phases 

observed. Based on the Rietveld refinement of the diffraction pattern shown in Figure 4.2(c, d), 

the lattice parameter a are 10.258 Å for x = 0 and 9.987 Å for x = 1 (Table 4.1). 

Figure 4.1 XRD patterns ZnxCd(1-x)Cr2S4 thin films for Zn concentration of 0≤x≤1. 
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Figure 4.2 Growth of ZnxCd(1-x)Cr2S4 thin films. (a) Crystal structure of Zn0.5Cd0.5Cr2S4, (b) 
Vegard’s plot. (c-e) Rietveld refinements match the experimental XRD data for CdCr2S4, 
ZnCr2S4, and Zn0.5Cd0.5Cr2S4 thin films. 

It is noted that the estimated lattice parameter for ZnxCd(1-x)Cr2S4 (x = 0) film is higher 

than the reported bulk value (10.24 Å).14 However, for x = 1 the lattice parameter of film is 

similar to the bulk.6 The Rietveld refinement is statistically in good agreement with the observed 
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pattern.  A representative refinement for mixed composition x = 0.5 is shown in Figure 4.2(e). 

Similar agreement factors, Bragg R-factor and χ2 are obtained for the rest of the compositions 

(Appendix). It can be found that the refined lattice parameter and unit cell volume, as shown in 

Figure 4.2(b), decreases linearly with increasing Zn concentration following Vegard's law,15 

indicating that the samples form a complete solid solution. The unit cell volume compression in 

ZnxCd(1-x)Cr2S4 solid solution with increasing Zn concentration is consistent with the bulk 

studies6 and is attributed to the ionic radius of Zn2+ (0.6 Å) being smaller than Cd2+ ions (0.78 

Å).16 

Table 4.1 EDX data, lattice constant a, and bandgap Eg of ZnxCd(1-x)Cr2S4 (0≤x≤1) thin films of 
thickness 300 nm. The accuracy of EDX data is estimated to be ± 5%.  

x EDX atomic % ratio Zn : Cd : Cr : S a (Å) Eg (eV) 

x = 0 0 : 0.9±0.02 : 2.1±0.1 : 4.0±0.05 10.25851±9.37E-4 2.17±0.01 

x = 0.1 0.09 ± 0.01 : 0.9±0.01 : 2.1±0.1 : 4.5±0.1 10.23042±6.85E-4 2.14±0.01 

x = 0.2 0.2 ± 0.01 : 0.8±0.01 : 2.1±0.1 : 4.5 ± 0.1 10.20350±6.51E-4 2.2±0.01 

x = 0.3 0.32 ± 0.01 : 0.68±0.01 : 2.1±0.1 : 4.2 ± 0.1 10.18127±6.6103E-4 2.16±0.01 

x = 0.4 0.42 ± 0.01 : 0.59±0.01 : 2.1±0.1 : 4.5 ± 0.1 10.15222±7.411E-4 2.22±0.01 

x = 0.5 0.52 ± 0.01  : 0.48±0.02 : 2.1±0.1 : 4.35± 0.1 10.12539±6.70557E-4 2.2±0.01 

x = 0.6 0.6 ± 0.01 : 0.41±0.01 : 2.1±0.1 : 4.1± 0.1 10.09215±0.00124 2.22±0.01 

x = 0.7 0.71 ± 0.01  : 0.32±0.01 : 2.1±0.1 : 4.2 ± 0.1 10.06262±0.00127 2.17±0.01 

x = 0.8 0.80 ± 0.01: 0.21±0.01 : 2.1±0.1 : 4.35 ± 0.1 10.02255±8.9243E-4 2.07±0.01 

x = 0.9 0.91 ± 0.01: 0.11±0.01 : 2.1±0.1 : 4.25 ± 0.1 10.00653±7.864E-4 2.22±0.01 

x = 1 1 ± 0.01 : 0 : 2.1±0.1 : 4.3 ± 0.1 9.9870405±7.74E-4 2.16±0.01 

The crystal structure and Zn substitution in ZnxCd(1-x)Cr2S4 films have been further 

verified by Raman scattering measurements. The Raman spectra for 0≤x≤1 composition are 

shown in Figure 4.3(a). There are five distinct vibrational modes observed for spinels; A1g, E1g, 

and 3T2g. The frequencies of Raman-active modes are plotted as a function of Zn concentration 

in Figure 4.3(b). An increase in the value of mode frequencies is observed as the lighter Zn ion 

replaces the heavy Cd ion following the spring-mass model. The wavenumber of T2g(3), E1g, 
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T2g(2), and T2g(1) increases almost linearly. However, the A1g mode exhibits a nonlinear 

behavior. The most significant overall change in Raman frequency is observed for the lower 

frequency T2g(3) and T2g(2) modes, with respective percent changes of 11.2% and 5.2%, while 

the A1g mode only changes by 0.5%. This indicates that the lower frequency vibration modes 

strongly depend on the nature of tetrahedral substituted cation. Also, an increase in the intensity 

of T2g(3) and A1g mode with Zn substitution is noted. 

Figure 4.3 (a) Raman spectra of ZnxCd(1-x)Cr2S4 films for Zn concentration of 0≤x≤1 (b) Raman 
peak positions for A1g, E1g, and 3T2g modes. 

The surface morphology of ZnxCd(1-x)Cr2S4 films of thickness ~300 nm has been 

investigated by scanning electron microscopy (SEM). The SEM micrographs of ZnxCd(1-x)Cr2S4 

films (x = 0.2, 0.4, 0.6, 0.8) are shown in Figure 4.4(a-d).  A densely packed irregular spherical-

shaped particle distributed over the film surface is observed. No major change in morphology is 

noted with Zn substitution. The elemental composition of the films has been determined by EDX 

over a large surface area within ± 5% measurement error. Figure 4.4(e) shows the EDX spectra 

for selective values of x. The observed atomic ratios of Cd, Zn, Cr, and S in ZnxCd(1-x)Cr2S4 
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films are close to the expected stoichiometry, as shown in Table 4.1.The increase in peak counts 

for Zn at the expense of Cd is observed. 

Figure 4.4 SEM images of ZnxCd(1-x)Cr2S4 films for (a) x = 0.2, (b) x = 0.4, (c) x = 0.6, and (d) x 
= 1. Representative EDX spectrum of ZnxCd(1-x)Cr2S4 for (e) x = 0.5. Other elements in the 
spectrum are from the silicate glass substrate on which the thin film is deposited and from the Au 
coating used to reduce film sample charging during SEM analysis. 

Figure 4.5 shows the room temperature absorption spectra of a 300 nm thick ZnxCd(1-

x)Cr2S4 (x = 0 and 1) film recorded in the 400 - 800 nm range. With increasing x value, a slight 

blue shift in the absorption edge can be observed. The bandgap is determined from the Tauc 

plots, shown in the inset of Figure 4.5, calculated from the absorption spectra using equation 4.1; 

�{ℎ> / = ��ℎ> − =��, 4.1 

where α is the optical absorption coefficient, h is Planck's constant, ν is frequency, Eg is the 

bandgap, A is a constant, and n = 2 for direct bandgap calculation. The direct bandgap in 

ZnxCd(1-x)Cr2S4 has been determined by extrapolating the (αhν)2 and hν plot to the photon energy 

axis. The estimated value of the bandgap for all ZnxCd(1-x)Cr2S4 (0 ≤x≤1) films is close to 2.2 eV 

(Table 4.1). 
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Figure 4.5 UV-vis absorption spectrum of ZnxCd(1-x)Cr2S4 for x = 0 and 1 films (thickness 300 
nm) grown on borosilicate glass substrate. The inset shows the Tauc plot of (αhν)2 against hν to 
determine the band gap of the films. 

The static and dynamic magnetic properties of ZnxCd(1-x)Cr2S4 films have been 

investigated by DC and AC susceptibility measurements using a vibrating sample magnetometer 

(VSM). Figure 4.6 shows the magnetization M versus magnetic field H plot recorded for 

ZnxCd(1-x)Cr2S4 (x = 0 to 1) films at 5 K. For x = 0.1, the magnetization saturates at a higher field 

than x = 0. With a further increase in the Zn concentration, the M(H) curves show a non-

saturation behavior.  Moreover, the curves exhibit considerable hysteresis at 5 K for x = 0.1 to 

0.4 concentrations. Similar M(H) curves with non-saturating behavior have also been reported in 

bulk samples.6 A progressive transformation of ferromagnetic to an antiferromagnetic alignment 

can be observed with Zn substitution. At the highest Zn concentration, the magnetization varies 

almost linearly with the field without reaching saturation, as in antiferromagnetic materials. 
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Figure 4.6 Magnetization M versus magnetic field H measurements on ZnxCd(1-x)Cr2S4 ( x = 0, 
0.1, 0.2, 0.4, 0.6, 0.8, and 1) films at 5 K. Inset shows expanded M(H) loops measured at 5 K. 

To better understand the disappearance of ferromagnetism and the emergence of 

antiferromagnetism in ZnxCd(1-x)Cr2S4 films with Zn substitution, we studied the DC 

magnetization M as a function of temperature T. The M(T) curves are obtained under zero-field 

cooled (ZFC) and field cooled (FC) conditions at an applied field of 100-300 Oe with a step size 

of 50 Oe. The ZFC measurement is carried out by cooling the sample from room temperature to 

5 K in a zero magnetic field and then recording M(T) curve with increasing temperature in the 

presence of a magnetic field. While in the FC process, the sample is cooled from room 

temperature to 5 K in the presence of a magnetic field, followed by M(T) measurement with 

increasing temperature at the same magnetic field. For the ferromagnet, as in the case of x = 0, 

the magnetization increases with decreasing temperature. Our previous work reported the 
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ferromagnetic ordering temperature, i.e., Curie temperature Tc at 85 K (for x = 0), determined by 

the maxima of -dM/dT [refer to Chapter 3]. 

Figure 4.7 (a-d) M(T) ZFC and FC curves of ZnxCd(1-x)Cr2S4 (x = 0.1, 0.2, 0.4, 0.6) thin films 
measured under different in-plane magnetic fields, H = 100, 150, 200, 250, and 300 Oe. (e-h) 
Corresponding AT plot and the linear fitting (red line) of H2/3 vs. Tirr of ZnxCd(1-x)Cr2S4 (x = 0.1, 
0.2, 0.4, 0.6) thin films. The zero-field spin-glass freezing temperature Tf is marked by the black 
arrow. 

We observe two successive magnetic transitions with x = 0.1 substitution in ZnxCd(1-

x)Cr2S4 films, as shown in Figure 4.7(a). First, an onset of ferromagnetic order appears at Tc = 57 

K, followed by an abrupt downturn below 30 K, hinting at a crossover to an antiferromagnetic 

order. We label this second transition as Ts. Also, a clear bifurcation or irreversibility behavior is 

observed between ZFC and FC curves below 30 K. While above 30 K, the two curves overlap. 

The temperature at which irreversibility Tirr is observed decreases with increasing applied 

magnetic field, following the Almeida-Thouless (AT) line;17 
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���irr B� ∝ s1– �irr�f
wV/�, 4.2 

where Tf is a zero-field spin-glass freezing temperature obtained by extrapolating AT line to H = 

0 and ΔJ is the distribution width of exchange interaction. Figure 4.7(e) shows that the Tf is 

around 15 K for x = 0.1, which agrees well with the reported bulk value. The AT line fitting of 

experimental data suggests the existence of a spin-glass.18 The irreversibility behavior observed 

in the FC and ZFC M(T) curves is one of the characteristic features observed in spin-glass 

systems.10, 19-21 The additional representative properties of spin glass include the relaxation of 

magnetization, cusp in temperature-dependent AC magnetic susceptibility, and increase in cusp 

temperature Tf with increasing frequency.19, 22 Therefore, we carried out low field AC 

susceptibility measurements to further confirm the spin-glass nature in the x = 0.1 Zn substituted 

system. The temperature dependence χʹ is recorded at frequencies ranging from 0.5 to 10 kHz at 

DC field HDC =100 Oe and AC field HAC = 10 Oe. Figure 4.8(a) shows the real component of the 

ac susceptibility χʹ for x = 0.1.  A plateau below T < Tc and a sharp drop of χʹ component at 

lower temperatures are observed, exhibiting two successive transitions seen in DC measurement. 

Also, a shift in Tf with frequency, referred to as a frequency shift shown in Figure 4.9(a), further 

confirms the spin glass magnetic phase at low temperature in ZnxCd(1-x)Cr2S4 for x = 0.1 

composition. Since the glassy state emerges after the system has ordered in a stable FM state, the 

Tf  signifies the onset of a reentrant spin glass explicitly for x = 0.1 composition in agreement 

with the reported results on bulk.6 
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Figure 4.8 Temperature dependence of real part of the χʹAC susceptibility of ZnxCd(1-x)Cr2S4 thin 
films (x = 0.1, 0.2, 0.4, 0.6, 0.8, 1) measured at applied field HDC = 100 Oe, amplitude HAC = 10 
Oe, and 10 kHz frequency. 

Figure 4.9 The temperature dependence of the real part of the magnetization for ZnxCd(1-x)Cr2S4 

films (a) x = 0.1 at frequencies 1, 2, and 10 kHz and (b) x = 0.2 at frequencies 0.5, 2, and 10 kHz 
in a field HDC = 100 Oe and an amplitude HAC = 10 Oe. 

Next, for x = 0.2 substitution, the properties are gradually modified to a more disordered 

magnetic phase. Figure 4.7(b) shows the temperature dependence of ZFC and FC magnetization 

M(T) in weak DC magnetic fields ranging from 100 Oe to 250 Oe. As compared to x = 0.1, the 
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magnetization curve for x = 0.2 is less rounded at Ts = 30 K with weak ferromagnetic ordering at 

higher temperatures. A similar shape has been reported in bulk.6, 9 It suggests an absence of a 

long-range ferromagnetic phase, but as large ferromagnetic clusters embedded in a spin glass 

matrix. It is found that the Tc decreases to 51 K for x = 0.2. Previous works also reported a 

similar decrease in Tc with increasing Zn content following the Bethe-Slater curve23, showing 

antiferromagnetic interactions are favored over ferromagnetic with decrease in lattice parameter. 

A field-dependent DC irreversibility behavior in ZFC and FC M(T) curves, shown in Figure 

4.7(b), indicates the spin-glass transition at Tf around 19 K, determined from the AT line 

equation shown in Figure 4.7(f). The frequency-dependent magnetization susceptibility confirms 

the spin-glass transition at 19 K, as shown in Figure 4.9(b). In comparison with x = 0.1 shown in 

Figures 4.8(a), it is noted that the χʹ does not show a plateau at T = 19 K. Instead, the transition is 

sharper for x = 0.2, as shown in Figure 4.8(b),  which indicates a transition to a spin-glass phase 

from a paramagnetic or mixed paramagnetic-ferromagnetic phase in x = 0.2 ZnxCd(1-X)Cr2S4 thin 

films.6 

With further increase in substitution level to x = 0.4 and 0.6, a significant decrease in the 

absolute magnetization is noted, as shown in Figure 4.7(c, d), indicating an increase in magnetic 

disorder. It exhibits similar field-dependent FC and ZFC irreversibility, as seen in x = 0.1 and 0.2 

samples at low temperatures, indicating the spin-glass nature.  However, a substantial difference 

can be seen in the magnetization at higher temperatures. A broad anomaly centered at 60 K 

appears for the x = 0.4 sample, exhibiting the magnetic disorder. The anomaly decreases in 

amplitude with Zn concentration x = 0.6. This indicates that the influence of the thermal effect is 

more dominant on magnetism than the magnetic field for 0.4≤x≤0.6. A similar anomaly has been 

reported in ZnxCd(1-x)Cr2S4,9 ZnxMn(1-x)Cr2S4
24 system for the medium substituted 
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concentrations. Their Tf is estimated to be ~18 K, close to the reported bulk value,6 as shown in 

Figure 4.7 (g, h). The χʹ measurement carried out at 10 kHz frequency, shown in Figure 4.8(c, d), 

shows a sharp transition from paramagnetic to spin-glass phase at approximately 19 K. The 

frequency-dependent peak shift is observed for x = 0.4 in 200 Oe magnetic field at 5 and 10 kHz 

frequency. However, with a further increase in Zn substitution x ≥ 0.6, the AC magnetic 

susceptibility signal is weak at frequencies lower than 10 kHz, which may be because of the low 

magnetic moments in the samples. 

For x = 0.8 and 1 substitution in ZnxCd(1-x)Cr2S4, the ZFC and FC M(T) curves measured 

at 200 Oe applied field, as shown in Figure 4.10(a, b), almost overlap, and no irreversibility 

behavior is observed. It suggests the absence of spin-glass phase at Zn concentrations x ≥ 0.8. A 

similar  ZFC and FC curve is reported for antiferromagnetic ZnCr2S4.25 A distinct transition to 

the antiferromagnetic phase can be observed in the frequency-dependent AC susceptibility χʹ 

shown in Figure 4.8(e, f) at Neel's temperatures TN close to 20 K and 18 K for x = 0.8 and 1, 

respectively. The broadening of χʹ curves and corresponding TN value of ZnCr2S4 is consistent 

with the previous reports suggesting the transition to an antiferromagnetic state.6 

Figure 4.10 M(T) ZFC and FC curves of ZnxCd(1-x)Cr2S4 (a) x = 0.8 and (b) x = 1 thin films 
measured under in-plane magnetic field of H = 200 Oe. 
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4.5 Conclusion 

In summary, we have synthesized polycrystalline quaternary ZnxCd(1-x)Cr2S4 spinel thin 

films over the entire composition range by chemical spray deposition method and systematically 

investigated their structural, optical, and magnetic properties. With Zn substitution in ZnxCd(1-

x)Cr2S4 films, the lattice parameter decreases linearly following Vegard's law. However, the 

vibrational modes do not shift linearly. X-ray diffraction and Raman spectra of the ZnxCd(1-

x)Cr2S4  mixed spinel are reported for the first time. The lower bandgap values close to 2.2 eV 

over entire composition range 0≤x≤1 demonstrates a semiconducting character in films.  

Furthermore, comprehensive magnetic characterization, including temperature-dependent DC 

magnetization in ZFC and FC at different fields and frequency-dependent AC magnetic 

susceptibility have been performed to confirm the spin-glass behavior in ZnxCd(1-x)Cr2S4 

(0.1≤x≤0.6) films. 
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5.1 Introduction 

Magnetic semiconducting materials with high spin polarization are being widely 

investigated for new generation spintronic devices. They increase the performance of spintronic 

devices such as spin valves, spin diodes, and spin filters.1 In this view, a class of half-metallic 

magnetic semiconductors is more desirable.  They exhibit 100% spin polarization because they 

are metallic in one spin channel and semiconducting or insulating in another spin channel. Our 

work on spinel CdxCu(1-x)Cr2S4 theoretically predicted half-metal ferromagnets in the mixed 

system. However, half-metal ferromagnets have some drawbacks, such as low spin current and 

high energy losses with the associated magnetic field. On the other hand, studies have proposed 

that the half-metal antiferromagnetic can generate complete spin polarization and minimize the 

macroscopic magnetization and stray field, hence lowering the energy loss.2 

Recently, Bouhbou et al. predicted half-metallic antiferromagnetism in the selenospinel 

ZnxCd(1-x) Cr2Se4 system.3 Motivated by their work, we investigated the sulfide spinel Zn(1-

x)CdxCr2S4 for similar behavior. The Zn(1-x)CdxCr2S4 system is an attractive spin-glass system 

exhibiting disordered magnetic properties that arise because of the simultaneous substitution of 
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Zn and Cd ion in the spinel lattice, which plays an intermediate role in superexchange 

interaction.4-9 These exchange interactions are the effect of ferromagnetic coupling (J1) through 

the Cr-S-Cr exchange path with the antiferromagnetic coupling (J2) through Cr-S-Cd(Zn)-S-Cr. 

The ratio J1/J2 varies widely with Zn and Cd composition, altering their magnetic properties. As 

a result, the properties change from ferromagnetic for x = 0 composition CdCr2S4 to complex 

antiferromagnetic for x = 1 ZnCr2S4, while intermediate compositions exhibit a spin glass 

behavior. 

The exchange interaction in Zn(1-x)CdxCr2S4 has been studied using mean-field theory, 

probability distribution functions,10 and high-temperature series expansion with the Padé 

approximant model.11 However, it is still inconclusive which model is realistic, lacking definite 

information about the electronic structure. 

In this work, we have applied the first-principles density functional theory (DFT) to study 

the structural, electronic, and magnetic properties of Zn(1-x)CdxCr2S4 using the Perdew, Burke, 

and Ernzerhof generalized gradient approximation PBE-GGA.12 In the past, the DFT method has 

been successfully employed in predicting the J1 exchange interaction in various spinel oxides13, 

14 and selenides.3 However, to the best of our knowledge, no work has been reported on the Zn(1-

x)CdxCr2S4 system in the literature. 

We have investigated the electronic and magnetic structure of Zn(1-x)CdxCr2S4 to 

understand the mechanism driving the magnetism with Zn dilution.  We have successfully 

computed their electronic band structure and estimated bandgap close to our experimental 

obtained results by employing Trans-Blaha modified Becke Johnson TB-mBj method.15 

Moreover, we have predicted half metallicity in some of the mixed compositions. 
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Besides structural, magnetic, and electronic band structure, we have also performed 

lattice dynamic calculations16 and studied the possible effects of spin-phonon coupling in Zn(1-

x)CdxCr2S4. We compared these results with our experimental findings to understand the 

experimental Raman spectra and determine the accuracy of lattice dynamic calculation within the 

shell model. 

5.2 Results and Discussions 

5.2.1 Structural, Magnetic, and Electronic properties of ZnxCd(1-x)Cr2S4 

ZnxCd(1-x)Cr2S4, in bulk, is one of a very few examples of a normal spinel system 

displaying spin-glass properties. This behavior is understood based on the coexistence of 

ferromagnetic and antiferromagnetic competitive interactions. To investigate the structure and 

calculate the ground state magnetic and electronic properties of ZnxCd(1-x)Cr2S4 (0 ≤ x ≤ 1), we 

performed ab-initio calculations using the plane wave-based Vienna Ab-initio simulation 

package (VASP). The popular generalized gradient approximation (GGA) of the Perdew, Burke, 

and Ernzerhof (PBE)12 method is applied for the exchange-correlation potential to calculate the 

structural and magnetic properties of the substituted chalcospinels. The ion-electron interactions 

are approximated by the projector augmented wave (PAW) pseudopotentials.17 We set ionic radii 

of Zn, Cd, Cr, and S to 1.4 a.u., 1.6 a.u., 1.4 a.u., and 1.02 a.u., respectively. All the calculations 

are carried out without spin-orbit coupling since it has no significant influence on our results. 

However, to calculate the electronic band structure precisely, a new semi-local potential, the 

Trans-Blaha modified Becke Johnson (TB-mBJ) exchange potential, is employed. The TB-mBJ 

approximation is well recognized to predict energy bandgap of semiconductors close to 

experimental value.15, 18 
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The largest unit cell we used in our calculation consists of 56-atom and has a cubic 

structure with space group Fd3m (227). It includes Cd/Zn cations situated at the Wykoff position 

8a (1/8, 1/8, 1/8) tetrahedral A-sites, Cr cations at octahedral B-sites 16d (1/2, 1/2, 1/2), and S 

anions at 32e (u, u, u).  We have used a 56-atom unit supercell for the calculations involving Zn 

substitution in x = 1/8 increment, and for x = 1/4 substitution, a 28-atom unit cell is used to 

simplify the calculations. We verified that the unit cell size (56, 28, and 14 atoms) is independent 

of the calculated density of states (DOS) per formula unit. To obtain a fully optimized ground 

state structure of ZnxCd(1-x)Cr2S4, we first used the PBE approximation to relax the structure and 

compute the minimum total energy for varying volumes. The total energy change between 

successive electronic steps has been converged to 10-6 eV/atom. After obtaining the ground state 

structure, the density of states (DOS) is calculated with a 5 × 5 × 5 Monkhorst-Pack Γ centered 

k-point grid integrated over the Brillouin zone using the tetrahedron method with Blӧchl 

corrections.19 Subsequently, TB-mBj exchange functional is employed to calculate the band 

structure. 

We have calculated the electronic structure of ZnxCd(1-x)Cr2S4 over the entire composition 

range. As mentioned previously, these calculations employed supercells consisting of 56 atoms 

and 28 atoms. The spinel's electronic structure can be described entirely by the lattice parameter 

a and the anion parameter u. Our calculated values of lattice parameter and anion parameter for 

the unsubstituted end members ZnCr2S4 and CdCr2S4 are close to the experimental results (Table 

5.1), given that GGA approximation is known for slight overestimation (~1%) of the lattice 

constant.  The lattice constant of the mixed composition decreases linearly with increasing Zn 

concentration, following Vegard's law, as shown in Figure 5.1(a). However, the change in the 

anion parameter in the substituted compositions of ZnxCd(1-x)Cr2S4  is inconspicuous. Besides, 
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we computed the variation in the average tetrahedral Zn\Cd-S bond distance, as shown in Table 

5.1.  The end member ZnCr2S4 and CdCr2S4 tetrahedral site bond distances agree well with the 

previous literature.20 The results point to unit cell lattice compression of ZnxCd(1-x)Cr2S4 with 

increasing Zn substitution. 

Table 5.1 Calculated (Calc.) structural, magnetic, and electronic properties of relaxed ZnxCd(1-

x)Cr2S4 supercells for (x = 0, 0.25, 0.5, 0.75, and 1), along with comparison with the 
experimental (Exp) data: lattice parameters a, anion parameters u, and mBj band gap Eg. 

Supercell 
EAFM-EFM 
(meV/f.u) 

 

J1 
(K) 

 

a 
(Å) 

 
u 

Bond distances  
(Å) 

 
Eg (eV) 

   Calc. Exp. Calc. Exp. A-A A-X Cal. Exp. 

CdCr2S4 
103.7 

 
11.1411 10.29121 10.259 0.39121 0.394 4.45522 2.516 2.45 2.17 

Zn0.25Cd0.75Cr2S4 
 

86.5 9.29 10.225 - 0.389 - 4.428 2.472 2.44 - 

Zn0.5Cd0.5Cr2S4 
 

65 6.98 10.157 10.12 0.388 0.388 4.395 2.435 2.43 2.2 

Zn0.75Cd0.25Cr2S4 
 

50 5.37 10.086 - 0.387 - 4.364 2.396 2.2 - 

ZnCr2S4 
 

25 2.6811 10.01121 9.987 0.38521 0.387 4.33922 2.349 2.42 2.16 

Figure 5.1 (a) Variation of lattice parameter as a function of Zn content in ZnxCd(1-x)Cr2S4 (b) 
Calculated ΔE=EAFM-EFM (meV) and exchange integral J1 (K) as a function of Zn content for 
ZnxCd(1-x)Cr2S4 spinels. 

Figure 5.2 displays the total density of states (DOS) and partial density of states (PDOS) 

of Zn d, Cd d, Cr d, and S p bands in ZnxCd(1-x)Cr2S4 for x = 0, 0.5, and 1 compositions. We can 
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deduce that the DOS near the Fermi energy Ef level mostly originates from Cr d and S p bands 

for both the spin channels. While the gap at Ef for end members CdCr2S4 (x = 0) and ZnCr2S4 (x 

= 1) demonstrates semiconductor characteristics, consistent with the bulk, we find that half 

metallicity is induced in the some of the ZnxCd(1-x)Cr2S4 compositions. The compositions x = 

0.125, 0.375, 0.5 are found to be half-metallic with a minority gap at Ef .  However, the total 

DOS using the PBE-GGA method does not give a suitable band structure as it underestimates the 

bandgap energy. Therefore, we have used TB-mBj exchange potential to modify the PBE-GGA 

approximation. The DOS profile is seen to be quite similar for PBE and TB-mBj, with a slight 

shift in the d states positions.  The TB-mBj correlation produces more accurate semiconductor 

gaps as it improves the d state position. The DOS and band structure for CdCr2S4 and ZnCr2S4 

are shown in Figure 5.3. The bandgaps calculated with TB-mBj potential are higher than PBE for 

all the Zn concentrations. It predicts a direct bandgap for CdCr2S4 and ZnCr2S4. The calculated 

bandgap value from Figure 5.3 (c, d) for CdCr2S4 is 2.44 eV and for ZnCr2S4 is 2.42 eV, close to 

the experimental values of 2.17 and 2.16 eV, respectively. Moreover, the bandgap predicted for 

ZnxCd(1-x)Cr2S4, x = 0.5 compositions also agrees with our experimental results (as shown in 

Table 5.1). 

After successfully predicting the ground state electronic structure and optical bandgap, 

we investigated the magnetic structure of ZnxCd(1-x)Cr2S4. The magnetic disorder induced in the 

ZnxCd(1-x)Cr2S4 system is investigated using first-principles calculations by computing the energy 

difference between FM and AFM configuration for 0 ≤ x ≤ 1 compositions. For the calculations, 

we have fully relaxed the structure in shape and volume to determine the lowest total energy as a 

function of volume per unit formula for both FM and AFM spin structures. Figure 5.1(b) shows 

the total energy difference between AFM and FM, ΔE, as a function of Zn concentration. The ΔE 
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is positive for all the Zn concentrations, which indicates that FM is more pronounced than AFM 

in ZnxCd(1-x)Cr2S4 for 0 ≤ x ≤ 1. Nevertheless, we have observed that ΔE decreases with 

increasing Zn content, indicating increasing AFM contribution. Moreover, the smaller magnitude 

of ΔE illustrates the strong competition between AFM and FM interaction. 

Figure 5.2 (a–c) Total density of states (DOS) calculated with PBE-GGA approach for ZnxCd1–

xCr2S4 (a) x = 0, (b) x = 0.5, and (c) x =1. The inset shows the zoom at EF.  (d-f) Corresponding 
partial density of states (PDOS) for Zn 4d, Cd 3d, Cr 3d, and S 2p. 
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Figure 5.3 (a, b) Total density of states (DOS) calculated with PBE and TB-mBJ for ZnxCd1–

xCr2S4 (a) x = 0 and (b) x = 1. (c, d) Corresponding electronic band dispersion curves for 
ZnxCd1–xCr2S4 (c) x = 0 and (d) x =1 along some high symmetry directions of the Brillouin zone 
using PBE and TB-mBj. The Fermi level is set to zero. The gray regions indicate the states at the 
valence and conduction bands whose densities are plotted in (a, b). 

The first nearest-neighbor exchange integral, J1, which is dependent on ΔE, is calculated 

using the following equation: 

�1 =  196�� B=Z7�u7� , 5.1 

where, S = 3/2 is the Cr spin number for Cr 3d3 electrons. The calculated values of J1 are shown 

in Table 5.1. The positive value of J1 indicates the ferromagnetic nature of ZnxCd1–xCr2S4 in the 

entire range, which decreases continuously with increasing Zn content, in agreement with the 

reported literature.7, 11 The decrease in J1 can be explained by the decrease of lattice parameter 
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with Zn substitution (Table 5.1), which enhances the competition between FM and AFM states 

through the superexchange interaction mechanism. Similar behavior has been reported for the 

ZnxCd(1-x)Cr2Se4 system.3 We have also calculated the moments on the Cr ion and found a slight 

decrease with Zn substitution. 

5.2.2 Lattice dynamic calculation of ZnxCd1–xCr2S4 

Raman modes assignment in the ZnxCd1–xCr2S4 compound series has been addressed by 

employing shell-model lattice dynamics calculations. In this model, the i-th ion is represented by 

the point-mass core of a charge Xi and a polarizable shell of a charge Yi, resulting in a total ionic 

charge Zi = Xi + Yi. The shell interacts with the core through harmonic potential  C�� = 1 2⁄ <���, 

where u is the displacement of the shell center relative to the core and Ki is a harmonic force 

constant ("spring stiffness") related to the ion polarizability {� through <� = ���t � {�⁄ . Short-

range interaction between different ions, i and j, separated by a distance r, proceeds through their 

shells and is described by a Buckingham potential: 

C�g�E = ��g exp�− E ��g⁄ � − ��g E�⁄ , 5.2 

where ��g , ��g, and ��g are parameters characteristic of the given pair of ions. The exponential 

term describes the repulsive Born-Mayer interaction, while the negative second term is the 

dispersive van der Waals attraction. 

In order to reduce the number of adjustable model parameters, we made use of some 

simplifying approximations whose validity has been proven in a number of previous lattice 

dynamics calculations on other transition-metal spinel chalcogenides16 and oxides.23Due to the 

small polarizability of the metal cations in comparison to chalcogenide anions, the cations are 

considered as charged cores with no polarizable shell, i.e., Y is set to zero, and the shell-core 

spring constant is set respectively to < → ∞. Moreover, due to the small cation polarizability, the 
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van der Waals interaction is neglected for all metal-metal pairs and is taken into account for the 

S-S pair interaction only. 

As a starting approximation, we transferred the optimized shell-model parameters for the 

closely related spinel selenide CuCr2Se4
16 to the ZnxCd1–xCr2S4 system by matching the sulfur 

anion core and shell charges and harmonic spring constant with those of selenium, and the short-

range Zn(Cd)-S and Cr-S parameters with the corresponding Cu-Se and Cr-Se parameters. As a 

next step, the cation-anion potentials are adjusted in order to obtain the best fit to the 

experimentally observed crystal structure and Raman mode frequencies for the end members (x 

= 0 and x = 1) of the ZnxCd1–xCr2S4 series. We established, as well, that no further refinement of 

the sulfur anion parameters results in a better fit to the experimental data. Therefore, we finally 

converged to the set of potential parameters shown in Table 5.2. Table 5.3 summarizes the 

comparison between the experimental and calculated crystal structure and Raman frequencies of 

ZnCr2S4 and CdCr2S4. The calculated atomic displacements for the Raman active modes in the 

two structures are shown in Figure 5.4. 

Table 5.2 Optimized shell-model parameters. 

Atom 
Core charge � �t  

Shell charge � �t  

Core-shell spring 
constant < �tC Å�⁄   

Zn 1.00 0.0 ∞ 

Cd 1.00 0.0 ∞ 

Cr 2.30 0.0 ∞ 

S 2.19 –3.59 69.7 

Atomic pair � �eV  � �Å  � �eV ⋅ Å�  

Zn-S 10571.3 0.2370 - 

Cd-S 15285.4 0.2588 - 

Cr-S 11628.6 0.2383 - 

S-S 1905.7 0.3440 136.3 
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Table 5.3 Comparison between the experimental (Exp.) lattice parameter a, anion coordinate u, 
and Raman mode frequencies with the values calculated (Calc.) by the shell model with the set 
of parameters shown in Table 5.2. 

 ZnCr2S4 CdCr2S4 

 Exp. Calc. Exp. Calc. 

Cell parameters     � �Å  9.987 9.930 10.259 10.340 � 0.387 0.387 0.394 0.394 

Mode frequencies     ����3  129 133 116 103 =� 256 244 250 224 ����2  289 294 274 282 ����1  350 353 343 348 �� 388 387 385 377 

Remarkably, the calculated lattice parameter a reproduces the experimental values to a 

precision better than 1%, while the calculated Raman mode frequencies deviate from the 

experimentally observed frequencies by less than 10%. The calculations clearly represent a trend 

of softening of the Raman modes upon Cd for Zn substitution, with the largest frequency drop 

found for the low-frequency T2g(3) mode, as confirmed by the experiment. According to Figure 

5.4, the T2g(3) mode consists of an almost pure Zn or Cd displacement against the surrounding S4 

tetrahedron. Therefore, the significant frequency drop for that mode can be attributed mainly to 

the larger atomic mass of Cd as compared to Zn. However, a smaller frequency softening is 

found for the Ag and Eg modes, which involve pure sulfur displacement. This fact could be 

explained by the greater Cr-S and Cd-S distances in CdCr2S4, as opposed to the corresponding 

Cr-S and Zn-S distances, since the characteristic cation-anion force constants scale as | �Z¢| E�¢V⁄ , 

where Zc and Za are the corresponding oxidation states of the cation and anion, respectively, and 

rca is the equilibrium cation-anion distance. 
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Figure 5.4 Atomic displacement of the Raman modes of ZnCr2S4 and CdCr2S4 where grey color 
indicates Zn/Cd atoms, blue is Cr atoms, and yellow is S atoms. 

5.3 Conclusion 

In summary, using the first-principles calculations based on the PBE and TB-mBj 

methods, structural, magnetic, and electronic properties of quaternary chalcospinel ZnxCd1–

xCr2S4 (0 ≤ x ≤ 1) are investigated. We have observed that substitution of Zn in the unit cell 

systematically decreases the lattice parameter and J1 coupling exchange integral and enhances 

FM and AFM competitive interactions. Furthermore, the bandgap calculated by the TB-mBj 

method agrees well with our experimental data, and half-metallic behavior is predicted for the Zn 

compositions (x = 0.125, 0.25, 0.375, and 0.5). Finally, Raman spectra of ZnxCd1–xCr2S4 are 

analyzed theoretically by lattice dynamics calculations and the results match well with our 

experimental data. 
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CHAPTER 6: CONCLUSION 

In this dissertation, we have presented chromium-based quaternary chalcospinel magnetic 

thin films as a system of interest for spintronic applications. Studying their structure is important 

to further our understanding of the interplay between structure and properties. In particular, we 

focused on two systems: Cd(1-x)CuxCr2S4, which shows transitions from a ferromagnetic 

semiconductor to a ferromagnetic metal, and ZnxCd(1-x)Cr2S4, which exhibits a transition from a 

ferromagnetic to an antiferromagnetic semiconductor. Understanding these systems has provided 

us insights into magnetic (Cu2+, d9) and nonmagnetic dilution (Zn2+, d10) in CdCr2S4 

ferromagnetic semiconductor and has also revealed the structural transitions in spinels as a 

whole.  We have combined experimental techniques and theoretical calculations to explore the 

transitions and discovered new, exciting properties that have numerous implications for how the 

structure changes tailor the magnetic and electrical properties. We have also provided a novel, 

two-step CSD approach for thin film synthesis, which can be utilized for other systems where the 

volatility of precursors, balancing reactivity, and crystallization have proven difficult. 

The CSD method allowed us to avoid unwanted side reactions with better stoichiometry 

control by simply adjusting the precursor molar ratio in the spray solution. Moreover, the 

deposition rate and film thickness can be controlled over a broad range by simply changing the 

spray parameters. The results show that the fabricated polycrystalline thin films are phase pure 

and have the spinel crystal structure. The systematic changes in the unit cell volume, lattice 

parameter, Raman frequency modes, and elemental composition confirm the substitution of Cu 

in Cd(1-x)CuxCr2S4, and Zn in ZnxCd(1-x)Cr2S4 thin films. The films exhibit structural properties 
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comparable to those observed in bulk. In Cd(1-x)CuxCr2S4 thin films,  x = 0.2 appears to be a 

threshold of miscibility in CuCr2S4 and CdCr2S4. In contrast, ZnxCd(1-x)Cr2S4 exhibits solubility 

over the entire composition range 0 ≤ x ≤ 1. 

The physical properties of the mixed chalcospinels have been analyzed in detail. We have 

shown that Cd(1-x)CuxCr2S4 films are ferromagnetic semiconductors with a bandgap close to the 

Fermi energy. The magnetic transition temperature for the systems closely follows the bulk 

trend. However, based on our results, the CSD deposited films exhibit lower saturation magnetic 

moment, attributed to increased surface roughness that results in the disorder and spin canting 

effect. In addition, the ground-state electronic and magnetic structure first-principles calculations 

have been predicted, with their trends being qualitatively consistent with the experimental 

results. Moreover, we have predicted half-metal ferromagnet in the mixed compositions of Cd(1-

x)CuxCr2S4 (x = 0.125, 0.25). 

In ZnxCd(1-x)Cr2S4 films, we have experimentally observed a transition from x = 0 

ferromagnetic to x = 1 antiferromagnetic state through a magnetically disordered spin-glass state. 

Intermediate Zn compositions 0.1 ≤ x ≤ 0.6 shows a clear transition to a spin-glass state at lower 

temperatures. We investigated the applicability of the first principles calculation using the GGA-

PBE method to predict the electronic and magnetic properties in the geometrically frustrated 

system where the delicate balance of electron, lattice, orbital and spin interaction plays an 

important role in determining its physical properties. The first-principles calculations are able to 

quantify the completing AFM and FM nearest-neighbor exchange interaction in the system. We 

have shown the structure is driven by geometric frustration. Moreover, DFT predicts half-metal 

antiferromagnet behavior in the ZnxCd(1-x)Cr2S4 (x = 0.125, 0.25, 0.375, 0.5). However, further 

work on expanding their development will be useful to explore the half metallicity in spinels. 



96 
 

Based on band structure calculations, we have shown the existence of a direct band gap in 

the chalcospinel system. Additionally, using the TB-mBj scheme coupled with GGA-PBE, we 

have significantly improved the bandgap estimation over the PBE values, which is close to our 

experimental data. 

We have also presented Raman spectra of both systems for the first time. Our results 

show an interesting difference between the two systems. In Cd(1-x)CuxCr2S4, Raman modes shift 

towards the higher frequencies when Cd replaces Cu atoms, showing the dominant electronic 

effect, causing softening of bonds. While in the ZnxCd(1-x)Cr2S4, the mass effect is more 

dominant, causing frequencies to drop when Cd is substituted for Zn ions. We have shown that 

the percentage of frequency drop depends on the nature of Raman mode. Through lattice 

dynamic calculation using the shell model, we have analyzed experimental Raman spectra and 

identified and assigned all Raman modes to the specific atomic motions in the chalcospinel. 

Thus, this dissertation details the quaternary chalcospinel film’s structural, magnetic, and 

electronic properties and underlying chemistry. By applying the theoretical model to 

experimentally grown films, we demonstrate the applicability of the theory in chalcospinel 

systems and provide essential tools for further design and engineering of these films for magnetic 

memory applications. Moreover, this study provides the experimental community with in-depth 

information that can be used to expand other chalcospinel systems such as FexCd(1-x)Cr2S4, 

MnxCd(1-x)Cr2S4, CoxZn(1-x)Cr2S4, etc., which have shown unique magnetic and transport 

properties in bulk form. 
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APPENDIX 

Rietveld refinements 

Rietveld refinement pattern for Cd(1-x)CuxCr2S4 (x = 0.1, 0.2) and ZnxCd(1-x)Cr2S4 (x = 

0.1, 0.2, 0.3, 0.4, 0.6, 0.7, 0.8, 0.9) thin films. The solid black line represents the experimentally 

observed intensity. The red dashed line represents calculated intensity. The green line used in the 

background is the glass substrate on which thin film is deposited. The Bragg peak positions are 

represented by the black bars. The blue line shows the difference between the observed and 

calculated intensity.  
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Representative energy dispersive X-Ray spectroscopy (EDS) spectrum and elemental 

composition of Cd(1-x)CuxCr2S4 thin film for x = 0.2. Other elements in the spectrum are from the 

silicate glass substrate on which thin film is deposited and from the Au coating used to reduce 

the thin film sample charging during SEM analysis. 
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Representative X-Ray photoelectron spectroscopy (XPS) survey spectrum of Cd(1-x)CuxCr2S4 thin 
films. 


