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Synopsis 

Room temperature ferromagnetism in semiconductors is among one of the 

most fascinating topics of research in the present era. For fundamental scientists, it 

brings a new concept of ‘d
0
 ferromagnetism’ in a material [1, 2]. From the 

technological point of view, magnetic semiconductors are considered as promising 

candidates for spintronics application [3]. The efficient transport of spin polarized 

electrons is a challenge in spintronics due to the large impedance mismatch between 

ferromagnet-semiconductor junctions. Additional magnetic properties in 

semiconductors along with the semiconducting properties at room temperature will 

ensure the transport of spin polarized electrons efficiently and it can be used in the 

making new spintronics devices [4]. 

Search for ferromagnetic semiconductor gained pace after a report on Science 

(2000), where Dietl et al., [5] theoretically predicted that the values of Curie 

temperature is well above room temperature in 5 at. % Mn doped ZnO and GaN. 

Soon, the experimental report appeared in Nature Materials in the year 2003; where 

Sharma et al., [6] observed room temperature ferromagnetism in 2 at. % Mn doped 

ZnO. Since then, several experimental observations were recorded for room 

temperature ferromagnetism in various transition elements doped semiconductors. 

But, a different concept came into existence with the discovery of ferromagnetism in 

thin films of HfO2 by Venkatesan et al., [3] in 2004 and nano-crystalline oxides 

semiconductors by Sundaresan et al., [7] in 2006. The source of magnetism was 

proposed to be the atomic vacancies formed in the nanocrystalline oxide systems, 

which leads to magnetic semiconductors without any magnetic ion doped in the 
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system. In the year 2007, room temperature ferromagnetism was found in 

nanocrystalline ZnO. The source of magnetism has been traced to the presence of the 

atomic vacancies in ZnO sample [8]. Since then, several reports suggested that 

ferromagnetism can be induced in different wide-band gap semiconductors by 

incorporating defects (either non magnetic impurities or the atomic vacancies) in the 

crystals [9-11]. 

In the present work, extensive theoretical calculations have been carried out 

using the framework of density functional theory. The magnetic property of various 

semiconducting oxides (Viz., TiO2, ZnO and SnO2) has been studied by introducing 

non- magnetic defects into the system. Various p-block elements have been doped at 

O-site and magnetic moment has been calculated after the structure optimization. The 

formations of defects are very common in crystal. The effect of atomic vacancies has 

been considered explicitly along with the doping of non-magnetic cases in some 

system. Experimental investigations have been carried out based on the theoretical 

predictions. Doping of various ions is done by Ion beam irradiations which also create 

atomic vacancies in the sample. The defects formation in the irradiated sample has 

been characterized by positron annihilation spectroscopy (PAS) and 

photoluminescence (PL) spectroscopy. The magnetic characterizations have been 

carried out using SQUID magnetometer.  

 This thesis has been divided into six chapters. Chapter 1 is introduction to the 

subject which includes literature survey relevant to the development of the field, 

motivation and objective of the present work. Computational methodologies and 

experimental techniques used in the study have been discussed in chapter 2. The next 

three chapters are dedicated for the primary research work done in the thesis. In 
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chapter 3, research works related to room temperature ferromagnetism in rutile-TiO2 

have been reported in four different sections. A detailed literature survey has been 

discussed in introduction section. It is followed by computational methodology, 

experimental details, results, discussion and conclusion. The theoretical calculations 

under density functional theory predict that a significant amount of magnetic moment 

gets generated in the TiO2 matrix by doping different p-block elements. The primary 

source of magnetism is the p-orbital electrons of dopant atom when placed at the 

oxygen site. However, when doped at Ti-site, these elements do not produce any 

magnetic moment in the system. The spin-spin interactions study reveals that only B, 

C, N and P atom doped systems get ferromagnetic coupling between the net-spins of 

two dopant atoms present at O-site. The creation of both VTi and VO produce a 

significant amount of magnetic moment in the system. The magnetic moment 

generated by the creation of vacancies gets added up with that produced from the 

external dopant in the system. The theoretical predictions are verified with the 

experimental results. Highly energetic 96 MeV oxygen ions beam have been irradiated 

on TiO2 sample to create sufficient atomic-vacancies. The PAS investigation suggests 

a large number of Ti-vacancies have been generated in the irradiated sample. A strong 

ferromagnetism has been experimentally observed for TiO2 sample containing Ti-

vacancy and also for C-doped, N-doped and B-doped rutile TiO2 samples. 

In chapter 4, Ab-initio calculations under density functional theory predict that a 

significant amount of magnetic moment gets generated into the ZnO by doping 

various p-block elements. The primary sources of magnetism are the p-orbital 

electrons of dopant atom. Small contribution also comes from the neighboring O-

atoms present around the dopant. The spin-spin interaction study reveals that B, C, N, 



iv 
 

 

 

Si, P, Ge and As atom doped system have lower ground state free energy for 

ferromagnetic ordered system over anti-ferromagnetic system. The theoretical 

predictions are found in harmony with experimental observations for boron ions 

irradiated/implanted ZnO system. 

  The formation of defects has been studied explicitly in ZnO samples at various 

temperature by employing both in-situ and ex-situ positron annihilation technique. 

Annealing effect of high purity granular ZnO up to 286 
o
C has been studied by in situ 

Doppler broadening of electron positron annihilated γ-ray line shape measurement. 

Increase of S-parameter has been observed during annealing at 182 
o
C and 286 

o
C 

which saturates in a time scale of ~ 90 minutes. The increase of S-parameter during 

182 
o
C annealing is related with removal of carbon and loosely bound hydroxyl 

groups from ZnO and thereby increasing open volume defects. During 286 
o
C 

annealing, such open volumes agglomerate and migrate to grain surface regions 

causing further increase of open volumes at the positron annihilation site. Ex-situ 

photoluminescence (PL) measurement have been carried out with samples annealed at 

182 
o
C and 286 

o
C. Room temperature PL results are consistent with positron 

annihilation spectroscopic findings. Additionally, 10 K PL spectrum shows large 

increase of 3.311 eV emission in 286 
o
C annealed sample. This particular emission is 

related with typical crystal defects in ZnO which is a matter of discussion till date. 

The present study provides understanding on the interplay of defects in relatively low 

temperature annealed ZnO. It is important from theoretical perspective as well as for 

improving the performance of ZnO as an application in photocatalytic and gas sensing 

agent (gas sensor). It has also been observed that due to annealing temperature 

difference of 125 
o
C (from 325 

o
C to 450 

o
C), huge change occurs in low temperature 



v 
 

 

 

photoluminescence (PL) of ZnO. Significant reduction of free to bound (FB) transition 

~ 3.315 eV is observed by increasing the annealing temperature. It has been 

conjectured that ~ 3.315 eV PL in ZnO is related to particular decoration (unknown) 

of both Zn and O vacancies. 

In chapter 5, magnetic properties of SnO2 has been theoretically studied by 

systematically doping various p-block elements (viz., B, C, N, Al, Si, P, S, Ga, Ge, As) 

at oxygen site. Density functional theory has been applied to calculate the spin 

polarized density of states and magnetic moment in all the systems. A significant 

amount of magnetic moment has been found in B, N, P and As doped SnO2 systems. 

The p-orbital electrons in the valence shell of dopants are primary source of the 

induced magnetism. Theoretically calculated value of induced magnetic moment for 

both phosphorus as well as arsenic doped at oxygen site in SnO2 system is ~1µB per 

dopant. Spin-spin interactions study for P and As doped SnO2 at short distance clearly 

show long range correlation between the spins leading to strong ferromagnetic 

coupling. In all other cases (i.e., for X = B, C, N, Al, Si, S, Ga, Ge), the absence of 

ferromagnetic coupling can be the result of weak spin-spin coupling or domination of 

anti-ferromagnetic coupling in Sn24X2O46 system. 

The last chapter presents the summary and conclusion of the whole work; it 

also provides the future outlook and scope of further study in the subject. In the last 

section, the bibliography used in the whole thesis has been listed. 
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Chapter-1 

Introduction 

In the periodic table the different elements can be classified by their electrical 

properties as metals, insulators and semiconductors etc. Few metals like Fe, Co, Ni etc. 

are ferromagnetic at room temperature. However, there is no single material which 

shows ferromagnetic property, at room temperature, along with its semiconducting 

properties. Studies of such material (room temperature ferromagnetic along with 

semiconducting properties) are very important from technological point also from the 

view point of basic science. In the basic science, the traditional ferromagnetic 

materials have a common point; the source of magnetism is the unpaired electrons 

present in the d-orbital of the atoms in the materials. Interestingly the ferromagnetic 

property, recently, found in some of the semiconducting materials are very difficult to 

explain, since the elements either have no d-orbital electrons or fully occupied 

electrons in d/f orbital. This type of recently observed magnetism is called d
0
 

ferromagnetism [1].  

 The technological aspect revolves around the idea of exploiting the traditional 

semiconducting property combined with the ferromagnetic characteristics and spin 

polarization [2, 3]. Some of the potential applications of magnetic semiconductor 

include non-volatile memory for computers [2], spintronics devices [4, 5], magneto-

optics devices [6], quantum computing [7] etc. In traditional electronics, we have 

utilized the fact that electrons and ions carry the electric charge in making devices like 

transistors, diodes, triodes etc. Now, it is a well known fact that apart from electric 
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charge, electrons also poses a spin, much like the earth spin left or right. But, also it is 

also a fact that, spin is a quantum variable in nature which means, it can exist in 

unusual superposition of up and down. People are trying to come up with the ways to 

understand how one can control the spin property in different types of matter.  In the 

present day, one can get the spintronics devices in read out of hard drive in laptops 

and computers, as a way to read very small pieces of magnetic information that are 

stored on our hard drive, in a very efficient way [8]. It is extremely sensitive and 

accurate, so that the resistance of the current that passes through this head changes 

with pressure or magnetic field around. But, these systems are based on the metallic 

system. It is very important opportunity to exploit quantum physics of a quantum 

variable. So, the information can be stored in two states up or down with binary logic 

0 or 1 (i.e. information is there or not there). But building technology based on 

quantum variable means that the information can be stored as the superposition of 

states [7]. Present day research focuses largely on semiconductor-spintronics which 

includes generation of spins in materials at room temperature (i.e. development of 

room temperature magnetic semiconductors) and to manipulate the spins of a particle 

using electric field or magnetic field. 

 The concept of room temperature ferromagnetic semiconductor came into light 

during the year 2000, when Dietl et al., reported a possibility of room temperature 

ferromagnetism by doping transition metal ions in some of the semiconductors [9]. 

The Curie temperature (TC) of transition metals (Mn, Ni, Co etc.) doped 

semiconductors was reported to be above room temperature for some cases as shown 

in Figure 1.1.  The TC exceeding room temperature for semiconductors such as GaN 

and ZnO containing 5% Mn and a high hole concentration (3.5 × 10
20

 cm
-3

); initiated 
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intense research to realize a room temperature dilute magnetic semiconductor (DMS) 

based on wide band gap semiconductors.  

  

Figure 1.1 Curie temperature in 5 atomic percent Mn doped semiconductors [9]. 

 

The earlier studies related to DMS could not predict the ferromagnetism at 

room temperature. It was experimentally observed that ferromagnetic transition occurs 

at 1.8 K, in Cd0.976Mn0.024Te/Cd0.066Mg0.27Zn0.07Te:N sample with a single modulation 

doped, 8 nm quantum well [10]. The ferromagnetic transition is proposed to be driven 

by long range Rudermann-Kittel-Kasuya-Yosida (RKKY) interactions between the 

spins of Mn atoms Mediated by 2x10
11

 holes per cm
2
 [10]. The experimental evidence 

of room temperature ferromagnetism has been found in Mn doped ZnO, which is well 

supported by the ab-initio calculations. The ferromagnetism is observed in Mn-doped 

by pulse laser deposition technique in chemically prepared ZnO sample [11]. The 

magnetic moment per Mn atoms have been reported to be 0.14 µB per Mn atom which 
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is little less as compared to that calculated from ab-initio calculations ~ 5µB [11]. The 

authors’ claims that the lower value of magnetic moment is because the magnetic 

moment calculated theoretically is for regularly distributed Mn atons in the ZnO super 

cell, but in practice the position of Mn atoms change and leads to local ant-

ferromagnetic couplings in some cases [11]. Initially, the search of ferromagnetic 

semiconductors has been focused on generating ferromagnetism in different 

semiconductors by doping various transition metals [12-16]. Ueda et al., reported 

ferromagnetic magnetic properties in transition metal doped ZnO (n-type Zn1-XMXO, 

where, X= 0.05 - 0.25; M= Co, Mn, Cr, Ni) [12]. Thin films of ZnO has been formed 

on sapphire substrate using a pulse laser deposition technique some of the Co-doped 

samples showed higher curie temperature than room temperature (above 280 K), also 

they showed maximum solubility limit [12]. They observed maximum magnetization 

for sample with highest doping concentration (i.e. X=0.15). Blasco et al., prepared 

Zn0.96M0.04O (M= Fe, Co and Mn) samples with different synthetic routes and all 

single phase samples to have paramagnetic semiconductors without any spontaneous 

magnetization in whole temperature range, also the Ferromagnetism has been 

observed only in the samples with secondary phases [13]. However, Hu et al., 

predicted anti-ferromagnetic behavior of Co-doped ZnO system using first principle 

study [14]. Iusan et al., reported a detailed theoretical calculation for Mn-doped ZnO 

system, where it was clear that the introduction of acceptor defects line Zn vacancy 

and N-substitution at O-site along with Mn-doping make the system ferromagnetic 

[15]. Otherwise, the ZnO system with only Mn-doping makes it anti-ferromagnetic 

one [15]. They further estimated the curie temperature of Mn-doped ZnO system with 

defects to be 45 K but it was increased up to 135K with different defect configurations 
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[15]. Despite of all these efforts, the challenge of getting ferromagnetic property at 

room temperature was still there [16]. Soon, many experimental evidence confirmed 

the presence of ferromagnetism in different transition metal ion doped semiconductors 

at room temperature [17-19]. Punnoose et al., reported paramagnetic behavior in 

chemically synthesized Fe-doped SnO sample and ferromagnetism in identically 

synthesized Fe-doped SnO2 sample [17]. They found that the ferromagnetism 

increases with increase in Fe doping and Curie temperature was found to be upto 

850K for 1 % Fe doping in SnO2 [17]. Ramachandran et al., showed that the pure ZnO 

doped with Mn atoms gives anti-ferromagnetic system, whereas, Mn doped samples 

with oxygen vacancies gives rise to ferromagnetic system [18]. Thus they concluded 

that a stable ferromagnetism can be generated in ZnO sample with sufficient Mn 

dopants concentration and oxygen vacancies [18].  

Similarly, many other research groups predicted possibility of ferromagnetism 

in various samples [20-28]. Room temperature ferromagnetism in oxide systems such 

as ZnO, TiO2, SnO2, ZrO2, CaO, CdO MgO etc. draws a considerable research 

attention of the researchers throughout the globe [29-32]. The oxides which are 

popularly studied are ZnO, MgO, CuO, TiO2, HfO2, SnO2 etc. Some of these oxides 

are discussed in detailed in the following sections.  

In MgO system, the report on room temperature, highly spin polarized tunnel 

injector on MgO [33] draws a huge attention of researchers working on spintronics 

materials. Mao et al., reported studied crystal orientation dependence of 

ferromagnetism in single crystal MgO irradiated with 64 keV Fe ions, where the 

irradiated crystal shows ferromagnetic behavior, both at 5 K and 300 K [34]. It was 

inferred that the Cursive field in the hysteresis curve greatly depends on the 
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orientation of single crystal, where the (111) orientation shows maximum value [34]. 

A detailed first principal study on magnetic properties of transition metal (V, Cr, Mn, 

Fe, Co, Ni) doped MgO reveals that only the Cr-doped system has a stable 

ferromagnetic behavior with estimated Curie temperature of 182 K [35]. Wu et al., 

carried out detailed first principal calculations on magnetic properties of transition 

metal (Mn, Fe, Co and Ni) doped MgO sheet, where, stable ferromagnetic behavior 

has observed from the 3d-orbital electrons of the transition elements doped in the 

MgO lattice [36]. Nagar et al., observed ferromagnetism at room temperature in V-

doped MgO nano particles, prepared by two step wet chemical process [37]. They 

varied the concentration of V-doping (0.5, 0.7, 0.9, 1, 1.1 and 1.5) in the MgO sample 

and found a drastic change in the value of saturation magnetization. The sample with 

1% Vanadium showed maximum magnetization in MgO sample, whereas it is less 

with higher and lower V-concentration [37]. The anomaly of magnetic properties is 

not clear as the theoretical studies and experimental results are different in MgO 

system. However, other research groups came out with the idea of defect mediated 

ferromagnetism in MgO system. Wang et al., reported positron annihilation studies of 

defects in MgO nanocrystals and its effect on ferromagnetism in the system [38]. The 

ferromagnetism has observed in MgO nanocrystals at room temperature and the 

source of magnetism was conjectured to be the interstitial defects, as the positron 

annihilation spectroscopy reveals that a large number of defects like atomic vacancies, 

vacancy clusters and defects in the grain boundaries are present in the nanocrystalline 

sample [38]. Ferromagnetism in undoped MgO samples was also reported by several 

groups, such as in the thin films of MgO prepared by sputtering followed by vacuum 

annealing [39] and thin films prepared by RF magnetic sputtering at 350 K [40]. The 
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MgO thin film prepared under oxygen partial pressure showed highest saturation 

magnetization while the films prepared under nitrogen partial pressure showed 

suppressed the magnetization in the sample [40]. Gu et al., reported a possibility of 

ferromagnetism in N-doped MgO, where, there is finite local magnetic moment foe 

the dopant with long range correlation between the two N atoms in the MgO lattice 

[41]. However, first principal studies carried out by Pesci et al., suggest that it is 

difficult to achieve room temperature ferromagnetism in N-doped MgO [42]. Sharma 

et al., discussed the ferromagnetic property of C and Mn co-doped MgO system, 

where the co-doped system shows strong long range ferromagnetic interaction [43]. 

Kuang et al., reported that the C-doped at intestinal site in the MgO lattice can not 

only generate a localized magnetic moment in the system, but it can also retain the 

ferromagnetism in the system [44]. There are several other reports of ferromagnetic 

behavior of MgO such as enhancement of magnetic moment in Al-doped system with 

the introduction of oxygen vacancy [45], ferromagnetism in pristine MgO system due 

to intrinsic atomic (cationic) vacancies [46-53]. 

In CuO system, Yang et al., reported ferromagnetism with Curie temperature 

80 K, where Mn has been doped at different concentration and the saturation 

magnetization increased with increasing dopant concentration [54]. Punnoose et al., 

reported ferromagnetic properties of CuO nanoparticles prepared by sol gel technique 

[55]. Filippetti et al., predected ferromagnetism in Mn doped CuO using first principal 

studies [56]. The double exchange interaction enables the ferromagnetic coupling both 

short and long ranges between the spins of Mn dopants [56]. Soon experimental 

verification came in light, where Mn doped polycrystalline CuO has been prepared by 

using standard solid state reaction with Mn doping varied upto 5 % [57]. The 
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ferromagnetism has been observed in the CuO sample with Mn concentration below 

1.25 % and also the XPS result reveals the Mn
2+

 state of dopant [57]. Moreover, Zhao 

et al., claimed ferromagnetism in Mn-doped CuO thin films fabricated on a thermally 

oxidized silicon substrate [58]. Both experimental and theoretical studies reveal 

presence of Mn
2+

 ions give rise to magnetism in the system and the super-exchange 

interactions of Mn-O-Cu-O-Mn coupling and Mn-O-Mn coupling contributes to 

ferromagnetic and anti-ferromagnetic coupling respectively [58]. However, 

Renganathan et al., claimed that the presence of defects and oxygen vacancies 

contributes ferromagnetism in undoped and Mn-doped monoclinic CuO nanoflakes, 

synthesized by wet chemical method [59]. Manna et al., reported room temperature 

ferromagnetism in pure and Fe-doped CuO nanoroads, synthesized by template free 

solution methods, where, pristine CuO nanoroads show weak ferromagnetism which 

gets enhances with the introduction of Fe within CuO lattice [60]. Ferromagnetism has 

been also observed in pure CuO powders prepared by sol gel method [61], CuO 

nonowires grown by thermal oxidation [62] and CuO nonosheets prepared by 

hydrothermal synthesis [63], which supports the argument that defect and vacancies 

induces ferromagnetism in CuO samples. 

In case of CdO system, Rajkumar et al., reported the possibility of 

ferromagnetism in Mn doped CdO nano-particles synthesized by sol-gel technique at 

room temperature [64]. Zhang et al., theoretically calculated the amount of 

magnetization in nitrogen atom doped CdO at different position [65]. Similarly, Ogale 

et al., reported ferromagnetic behavior of Co-doped SnO2 sample at higher 

temperature (TC = 650 K), with magnetic moment of ~7.5 µB per dopant [66]. 

Espinosa et al., studied ferromagnetic property in SnO2 based multilayer consisting of 
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SiO2, Si, Al, Mn or MnOX, where only Mn-doped system was found to be successful 

in inducing ferromagnetism at room temperature, other cases show paramagnetic 

behavior [67]. Zhang et al., observed ferromagnetism at room temperature in Ni-

doped SnO2 thin films prepared by sol-gel method [68]. The saturation magnetization 

decreases with increase in Ni concentration due to anti-ferromagnetic super-exchange 

interactions among the dopants present in the nearest neighborhoods [68]. 

Matsumoto et al., reported room temperature ferromagnetism in TiO2 thin 

films doped with Co with various concentrations, where, a net magnetic moment of 

0.32 µB per dopant was reported [69]. Chambers et al., also reported about 1.26 µB 

magnetic moment per dopant in epitaxial Co-doped anatase TiO2 by pulse laser 

deposition technique, grown on SrTiO3 substrate at room temperature [70]. Bryan et 

al., observed about 1.9 µB magnetic moment in Co-doped anatase TiO2 nanocrystals, 

where Co atoms are in Co
2+

 state produce stable ferromagnetism even at room 

temperature [71]. Duhalde et al., reported room temperature ferromagnetism in Cu-

doped TiO2 thin films grown by pulse laser deposition and the magnetic moment per 

dopant was calculated to be 1.5 µB [72]. Moreover, the ab-initio calculations suggest 

that oxygen vacancies near the dopant are crucial for generating magnetic moment in 

the Cu-doped TiO2 system [72]. Hong et al., observed room temperature 

ferromagnetism in V-doped anatase TiO2 thin films, grown on the LaAlO3 substrates 

by laser ablation techniques [73]. They also reported room temperature 

ferromagnetism in transition metals (V, Cr, Fe, Co, Ni) doped TiO2 thin films 

deposited on LaAlO3 substrates by ablation laser technique, but the maximum 

saturation magnetic moment is observed for V-doped sample [74]. 
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However, the contribution of magnetic property in the transition metal ion 

doped system has been observed from the dopants itself. As a result, the origin of 

ferromagnetic behaviors in these oxides was debatable. Venkatesan et al., [75], 

reported ferromagnetism in the thin films of HfO2 without any doping. Later, it has 

been observed by many groups that the induced magnetism can be associated with the 

defects into the system [76-78]. A stable ferromagnetism has been reported in nano-

crystalline semi-conducting oxides [76]. The source of magnetism was proposed to be 

the atomic vacancies in the samples. Also, stable room temperature ferromagnetism 

was experimentally observed in the nano-cyrstaline ZnO samples. The positron 

annihilation spectroscopy (PAS) reveals the presence of atomic vacancies in the 

sample, mostly Zn vacancies and combination of O-vacancies. The sample containing 

vacancy shows magnetic behavior [78]. Soon researchers identified the possibility of 

room temperature ferromagnetism in different wide band-gap semiconductors by 

doping non magnetic elements [79-87]. The source of magnetic moment in these 

classes of semiconductors is the p-orbital electrons. Moreover, it has been observed 

that room temperature ferromagnetism in various oxides (viz., TiO2, SnO2, MgO, ZnO 

etc.) can be generated simply by creating atomic vacancies in the system [88-93].  The 

detailed literature review on the ferromagnetic property of oxides under study i.e., 

TiO2, ZnO and SnO2 with non magnetic defects has been presented in the introduction 

section of chapter 3, chapter 4 and chapter 5 respectively. 

The present work aimed to investigate the magnetic property of various 

semiconducting oxides (viz. TiO2, ZnO and SnO2) by introducing non-magnetic 

defects into the system. Various p-block elements have been doped at O-site and 

magnetic moment has been calculated for all the system after structure optimization. 



11 
 

 

 

The details study for TiO2, ZnO and SnO2 system have been reported in chapter 3, 

chapter 4 and chapter 5 respectively. The formations of defects are very common in 

crystal, such vacancies also contribute to the net magnetic moment in some cases as 

discussed above. Hence, the effect of atomic vacancies has been studied explicitly in 

case of C-doped TiO2 and N-doped TiO2. Various ion beams (B, C, N, O) of different 

energies has been irradiated on the samples. The defects formation in the irradiated 

sample has been characterized by PAS wherever possible. The magnetic 

characterization is carried out using SQUID magnetometer.   

In case of TiO2, it is clear that both cation vacancies [90] and anion vacancies 

[88] give rise to ferromagnetic property. Similarly, for SnO2 system the cation 

vacancies are responsible for magnetization [93]. But in case of ZnO system, the only 

known experimental fact is that the atomic vacancies give rise to magnetism [78], but 

experimental evidence of the nature of atomic vacancies, which induces the 

magnetism, is not available. Apart from this, defects in zinc oxide material bears wide 

range of scientific interest [94-103]. Such as, the generation, migration or recovery of 

defects in ZnO is studied for the purposeful material design to meet technological 

requirements. On the theoretical side, correctly predicting the defective state of ZnO is 

still a challenge for the model calculations [80, 104, 105]. A large number of studies 

concerned with changes induced in ZnO system due to high temperature annealing 

[95-96], relatively fewer works exist on similar changes below 300 
o
C [98]. Specially, 

the samples annealed below 300 
o
C are defect rich and offer wide scope for tuning 

material properties. Such ZnO systems contain zinc vacancy (VZn) type defects in the 

form of clusters
 
[96], complexes [106] or pairs [105-107]. A section in chapter 4 of 

this thesis, we have tried to understand the types of defect formation in ZnO system at 
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higher temperature as well as in low temperature as the atomic defects have 

significant role in inducing ferromagnetism in ZnO [78]. Positron annihilation 

spectroscopy techniques in-situ ‘S-parameter’ measurement below 300 ˚C along with 

the ratio curve analysis for off-line coincidence Doppler broadening (CDB) spectrum 

of samples; annealed at different temperature have been carried out to understand the 

complex nature of defect formation in ZnO syatem. The change in defective nature of 

granular ZnO systems annihilated at various temperatures has also been assessed by 

measuring ex-situ photoluminescence (PL) measurements at cryogenic temperatures. 

 This thesis has been divided in six chapters. Chapter 1 is the introduction to 

the thesis which gives the insight of the subject starting from the scope of study and 

development of field followed by the objective of the study. The working principle 

and details of experimental and theoretical methodology used in this study are 

presented in chapter 2. Chapter 3, chapter 4 and Chapter 5 are the results and 

discussion part of the thesis. Three different oxide systems namely TiO2, ZnO and 

SnO2 have been taken to study the room temperature ferromagnetic property in non-

magnetic oxides. The study related to each oxide is presented in chapter 3, chapter 4 

and chapter 5. Finally, chapter 6 summarizes the thesis and the scope for future study 

has been briefly discussed.  
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Chapter-2 

Methods and Experimental Techniques 

2.1 Introduction 

In this chapter, both the theoretical methods and experimental techniques used in the 

thesis have been described. The ab-initio calculations are performed using Density 

Functional Theory (DFT) and the results are analyzed to predict the magnetic 

properties of the materials. According to the DFT prediction, the experiments are 

planned, sample preparation have been carried out and their characterizations have 

been done using different techniques (viz., PAS, PL, SQUID etc.) as described below. 

 

2.2 Density Functional Theory (DFT) 

Density functional theory commonly known as DFT is one of the most widely used 

and accepted theory both in condensed matter physics and material science. It is also 

the most successful method to solve many body problems to predict electrical, 

magnetic and optical properties in matter. It is governed by two simple theorems 

known as Hohenberg-Kohn theorems [108] which can be written as follows. 

i. The ground state energy is a unique functional of electron density. 

i.e. )]([ rnFE  ; n(r) is the electron density. Also there exists a unique 

electron density corresponding to each ground state. 

ii. The electron density that minimizes the energy of the overall functional is 

the true ground state density corresponding to the full solution of the 

Schrodinger wave equation. 
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i.e. E0 = min [E(n(r))] ; E0 is the ground state energy. 

Since, the DFT uses density as a variable, it depends only on three coordinates and the 

degree of freedom gets reduced to 3. Unlike the case of wave function (e.g. Hartree-

Fock method), where for n particles system, the degree of freedom becomes 3n. DFT 

offers an excellent tool to bring many-body equation into a single one-body like 

problem using the famous Kohn-Sham equation [109]. The Kohn-Sham equation for a 

body containing n-electrons is given in equation (1). 
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Where, the first term in equation (1) represents kinetic energy of electrons, Vc(r) is the 

coulomb potential due to the nucleus without electron-electron interactions, Vee is the 

potential from electron-electron interaction and VXC is the exchange interaction 

potentials arising from the interaction from ions and other nucleus present in nearby 

surrounding. Thus, the total energy can be written as  

][)}]()(){(.[][][ 3 nErVrVrnrdnTnE XCeeC   ….. (2) 

Where, EXC is the exchange interaction energy to be estimated using different 

approximations. The most widely used approximations are Local Spin Density 

Approximation (LDA/LSDA) and Generalized Gradient Approximation (GGA). In 

LDA the potential depends upon local electron density as given by equation 3, 

whereas in GGA the potentials depend upon the gradient of electron density along 

with the local electron density given by equation 4. 
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In practical applications, the contribution of inner core electrons is replaced by 

pseudo-potential. Pseudo-potential as the name suggests, is not an exact potential 

contribution for the atom under consideration but the value of potential for core 

electrons with nearest noble gas configuration. While solving the K-S equation, the 

basis set is divided into core region and outer region. The wave functions of core 

electrons are localized and rapidly varying near nucleolus, but the valence electrons 

have a plan wave behavior away from nucleolus. Also, the wave functions of core 

electrons do not change in chemical bonds, only the valence electrons play significant 

role in the chemical bonds formation. Thus, the inner cores are replaced by pseudo-

potential and the plane wave part is solved by applying proper precautions. So, to 

begin with the computation in DFT, a density is assumed and effective potential is 

calculated by calculating individual potential contribution, the K-S equation is solved 

and the wave function is found out for the system. Using the wave function, the 

density is re-calculated, if it matches with initial guess under the tolerance limit-self-

consistency is achieved, total ground state energy can be calculated. But, if the initial 

and final densities do not match, new density is constructed and used as initial density 

guess, this process continues till the self-consistency is reached. There are number of 

packages (like VASP, ABINIT, Quantum EXPRESSIO, WIN2K, CASTEP etc.) that 

use the concept of density functional theory and pseudo-potentials to solve K-S 

equations. In the present work, the theoretical simulations using density functional 

theory have been calculated using VASP (Vienna Ab-initio Simulation Package) build 

in MedeA software. 
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2.3 Ion beam irradiation technique  

Energetic ions beam of desired energy can be obtained with the help of 

accelerators.  These ions beams are irradiated on materials to prepare different class of 

materials. Depending upon the energy of ion beam, various phenomena can occur 

inside the materials. For keV range ion beam, mostly surface sputtering and atomic 

vacancies can be formed while, for higher energetic particles, most common 

phenomenon is doping/implantation of projectile in the sample along with generation 

of atomic vacancies in the sample. In the present case, the ion beam of various 

energies is used for doping of various atoms as well as generation of vacancy defects 

in sample. The ions beam with energy range of 10 keV to 1.2 MeV has been obtained 

using RIB facility at VECC, Kolkata [110-111]. The part of schematic diagram of the 

RIB facility, up to which the beam is taken, has been shown in Figure 2.1.  

 

Figure 2.1 Schematic layout of RIB facility at VECC. 
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First of all, ions source is generated at Electron Cyclotron Resonance Ion 

Source (ECRIS), where gas or pallets are inserted to produce desired ions. The ions 

formed in the ECRIS are accelerated using strong extraction voltage (kV), that moves 

out with the kinetic energy equivalent to extraction voltage times the electronic charge 

of ions. The ions beam is focused using quadruple magnet at the Faraday Cup (F_1) 

placed in the beam line. The F_1 measures the total beam current of all the ions that 

comes out of the ECR source. Bending magnet present after the ECRIS only allows 

the desired ions following the mass selection (mass number/charge of ion) method. 

Depending upon the charge state of the ions and the extraction voltage, desired ions 

with desired energy can be obtained after the bending magnet. After the bending 

magnetic again there is one quadruple magnet that focuses the selected ion beam in 

faraday cup (F_2). The faraday cup measures the selected ions beam current. The 

faraday cup can be removed and the sample holder can be placed in the beam line. In 

the present work, 10 keV B
+
 and 50 keV N

4+
 beam has been irradiated in the sample 

after the bending magnetic and before the radio frequency quadruple LINAC (RFQ). 

However, the 1.2 MeV C
4+

 ion beam has been irradiated after the RFQ. After passing 

through the RFQ, the energy of ions beam becomes 100 keV/A. Hence, for carbon 

ions with mass number (A=12), the energy of carbon ions after RFQ becomes 1.2 

MeV. The ion beam that comes out of the RFQ is again focused at the faraday cup 

(F_3) using a quadruple magnet present in the beam line. The beam current if the ions 

falling at the sample has been measured using the faraday cup and the sample holder 

is placed in the beam line by removing the Faraday cup. The beam current of the ions 

has been fixed about 1-10 µA at the sample. The ions fluence (number of ions falling 

in the sample per cm
2
) has been monitored using the current integrator, which 
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measures the number of electron passing through it. The charge deposited at the 

sample due to irradiation of charged ions gets neutralized by passing current through 

the current integrator, where current integrator is grounded. In order to minimize the 

loss of sputtered ions and electrons, cylindrical suppressors are used with negative 

suppression voltage. Highly energetic, 96 MeV oxygen ions beam has been obtained 

using 15D pelletron facility at Inter University Accelerator Centre (IUAC), New Delhi, 

India. 

 

2. 4 Positron Annihilation Spectroscopy (PAS) 

Positron annihilation spectroscopy is non-destructive and one of the most 

reliable techniques to identify and characterize defects in solids. It has many 

advantages in condensed matter physics. No special sample preparation is required 

and it is inexpensive and commercially available technique. The information is carried 

out by the annihilation of positron inside the matter and causes no damage in the 

sample. The positrons can be obtained from the natural radioactive source (like 
22

Na, 

64
Cu, 

58
Co etc.) or can also be produced in the lab using accelerators.  

When an energetic positron is inserted inside the condensed matter system, it 

first slows down to thermal energy (thermalisation) and loses its energy. The time 

taken for the thermalisation process inside matter is few pico-seconds. The mean 

implantation range varies from 10 to 1000 um. This depth ensures that positrons carry 

out the information for the bulk of the sample. Finally, after reaching the thermal 

equilibrium, the positron annihilates with nearby electron and dominantly giving rise 

to two 511 keV gamma in 180 degrees apart as shown in the Figure 2.2. 
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Figure 2.2 Schematic diagram of positron from a source entering the sample and 

different mechanism occurring in the sample.  

 

 The positron inside the materials can capture electrons from the surrounding 

electrons and a bound state can be formed. As the size of the positronium is twice the 

size of hydrogen atom, the positronium will only formed for open volume defects 

whose size is at least two times larger than the size of hydrogen atom. The 

positronium formed can be either in singlet state (parapositronium) or in triplet state 

(orthopositronium). The energy splitting between these two states is only 8.4×10
-4

 eV. 

Parapositronium self annihilates into two photons (511 keV gamma 180˚ apart) in 

about 125 pico-seconds. This lifetime is same as the free positron lifetime in bulk of 

the sample. Orthopositronium decays via three gamma emission mode in vacuum. 

Life time of orthopositronium decay is around 142 ns, which is three orders of 

magnitude high as compare to that of parapositronium. Whenever the 

orthopositronium atom exists in a material, a competing mechanism called pick-off 

annihilation (positron of orthopositronium suffers 2-γ annihilation in collision with a 

foreign electron having opposite spin) is always present, which reduces the lifetime of 
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orthopositronium to few nanoseconds inside the condensed matter system. There are 

three main positron annihilation techniques namely, Positron Annihilation Lifetime 

Spectroscopy (PALS), Coincidence Doppler Broadening of positron annihilation γ-

radiation (CDB) and angular correlation spectroscopy techniques. Here we shall go 

through one by one for first two techniques, which are used in the thesis work. 

 

2. 4.1 Positron Annihilation Lifetime Spectroscopy (PALS) 

The 10 µCi 
22

Na is the most commonly used positron source for lifetime 

spectroscopy. The positron source is prepared on a thin material (nickel, mylor, 

kepton etc.) and it is sandwiched between two identical sample pallets as shown in 

Figure 2.3. The 
22

Na source emits positron and after ~3 ps emits a gamma ray with 

energy 1.276 MeV. The positron goes inside the sample and annihilates two 511 keV 

photon as described earlier. The detection of initial 1.276 MeV gamma acts as a start 

pulse and detection of 511 keV gamma ray serves as a stop signal. The time interval 

between the detection of 1.76 MeV and 511 keV photons is the life time of positron 

inside the sample. Thus, makes the experimental system to act as a clock that monitors 

the life time of positron. 

The 2γ- annihilation cross-section is derived by Dirac for the non-relativistic limit. 

The annihilation probability of positrons per unit time or annihilation rate (λ) is thus 

given by
ecnr 2

0

1



 ; Where, rO is the classical electron radius, 𝜏 is the 

positron lifetime, c is the velocity of light in vacuum and ne is the electron density at 

the site of positron. So, knowing the life time of the positron inside the sample, one 

can get the information of electron density distribution inside the materials. The whole 

lifetime spectrum is de-convoluted in three lifetime components (𝜏1, 𝜏2 and 𝜏3). 𝜏1 is 



21 
 

 

 

assigned to free annihilation of positrons from the bulk of the sample, 𝜏2 is assigned 

for atomic vacancies or small vacancy clusters and 𝜏3 is the lifetime corresponding to 

open volume defects or the lifetime corresponding to the formation of positronium in 

the sample. A schematic experimental set up of PALS is shown in Figure 2.3. The 

positron sample-source sandwich is placed in between two BaF2 detectors (timing 

resolution of 220 ps) coupled with the photomultiplier tubes. The photon quanta is 

detected by the BaF2 crystal and converted into weak electrical signal, which is pickup 

by photomultiplier tube and gives out a strong pulse that gets recorded in multi 

channel analyzer (MCA).  

 

 

Figure 2.3 Schematic diagram of positron annihilation life time spectroscopy (PALS). 
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2. 4. 2 Coincidence Doppler broadening of positron annihilation γ-radiation 

(CDB) 

As soon as the positron interacts with electron inside matter, the motion of thermalised 

positron is almost zero. The motion of electron-positron pair causes a Doppler shift in 

511 keV gamma photons. The amount of Doppler shift (∆E) is given by equation (5). 

pCosp
cp

E L
L  ;
2

…….. (5) 

Where, the kinetic energy of electrons (E) is p
2
/2m0, m0 is the rest mass of electron, p 

is the momentum of electron to which positron gets annihilated inside materials, (180˚ 

- θ) is the angle between the two 511 keV gamma ray photons. Measuring the Doppler 

shift in energy of annihilating photons, one can get the information of the momentum 

of electrons. Thus CDB measurements reflect the momentum distribution of electrons 

in the matter. The Experimental set up for CDB measurements is shown in Figure 2.4.  

 

Figure 2.4 Schematic diagram of experimental set up for coincidence Doppler 

broadening of the positron annihilation γ-radiation (CDB) measurements. 
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The sample source sandwich is placed between two HPGe detectors. The resolution of 

HPGe detector (efficiency 13%) used in our case is 1.10 keV for 514 keV γ-ray line 

from 
85

Sr source. The signal from HPGe detector (Preamplifier build inside HPGe 

detector) goes to amplifier and to the Analog to Digital Converter (ADC) and then to 

the Multi-channel analyzer (MPA). The coincident γ-quantum serves to reduce the 

background arising mainly from the 1.27-MeV γ-quanta of the β
+
-decay in the source. 

In this way the background can be suppressed by at least two orders of magnitude as 

shown in Figure 2.5. The signal to noise ratio for the two 511 keV gamma signal from 

two detector coincidence mode is 14000:1. The coincidence mode allows us to take ± 

∆E selection of Doppler shift as it has two 511 keV gamma in an opposite direction. 

Using ± ∆E selection of Doppler shift, the signal to noise ratio further improves to 

100000:1. 

 

Figure 2.5 Schematic diagram of peak to noise ratio improvement upon using 

different experimental technique. 
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The quantitative evaluation of coincidence Doppler-broadening spectrum can 

be carried out with specific line shape parameters which are called ‘S’ i.e., shape and 

‘W’ i.e., wings parameter. The S parameter is defined as the ratio of the area of central 

low-momentum part of the spectrum and the area below the whole curve as 

)6.(}.........)25.4511(/{})85.0511({ keVcountskeVcountsS   

 

Figure 2.6 Schematic diagram of different regions of energy distribution curve of 511 

keV photon that comes after the positron annihilation inside the sample. 

 

Equation (6) is used to calculate the value of S-parameter. It is the ratio of area 

between green color region to yellow color region as shown in Figure 2.6. As the 

defect concentration increases in the sample, the positron get annihilates with nearly 

free electrons in the outer cell as their wave function is spatially extended. The core 

shells electrons are localized inside and do not span inside the open volume. The 

increase of S-parameter directly indicates an increase of open defects inside the 

sample. The W parameter is taken in a high-momentum region far from the center. 

The W parameter is more sensitive to the chemical surrounding of the annihilation site 

than the S parameter, because the core electrons having a high momentum are 
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contributing mainly in the region of large energy deviations from the annihilation 

energy of 511 keV. 

2. 5 Photoluminescence Spectroscopy (PL) 

A Photoluminescence technique involves the measurement of energy distribution of 

emitted photon after the optical excitation. Technically two different kinds of 

luminance have been observed in matters, fluorescence (the emission time scale is in 

nano-sec) and phosphorescence (emission time scale lasts up to hours or even days). 

In fluorescence the exciton decays from excited states and reaches a lower vibrational 

energy state. Generally, the radiation thus emitted has less frequency than that of 

initial absorption. But phosphoresces occurs when two excited states of different spins 

have same energy. The selection rule forbids this transition but electron gets transfer 

between excited states kinetically (by non radiation transitions such as collisions).  

Then the electrons arrive in the ground state by losing its vibrational energy in terms 

of radiation in a slow rate. The analysis of energy distribution from PL spectrum gives 

information of defect species, defect concentration, possible stimulated emission etc. 

The defects will form some localized defects levels in the band gap which participate 

in the radiative transitions. PL energy associated with these levels is used to identify 

various defect species. Also the intensity of PL spectra provides relative information 

concentration. Photoluminescence spectroscopy is a powerful and non destructive 

technique which makes it more suitable for materials characterization. In the present 

work, Photoluminescence (PL) spectroscopy has been carried out at Indian Institute of 

Technology Khragpur (IIT Kgp) using 325 nm He-Cd laser as excitation source and a 

TRIAX 320 monochromator fitted with cooled Hamamatsu R928 photomultiplier 

detector. 
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2. 6 Superconducting QUantum Interference Devices (SQUIDs)  

The superconducting quantum interference device (SQUID) consists of two 

superconductors separated by thin insulating layers to form two parallel Josephson 

junctions. The interference between two junctions caused by the difference in the 

phase of the arrival of the currents through two different paths is read out. In the 

Figure 2.7, two junction ‘a’ and ‘b’ connected in parallel and the ends P and Q are 

connected to electrical instruments which measure any current flow. The external 

current Jtotal will be the sum of the currents through the two junctions. Let Ja and Jb are 

the currents through the junction a and b respectively and let δa and δb are the phase of 

current between a and b.  Now the phase difference between any routes must be same 

in any route for interference to occur. The phase difference between the P and Q 

through the route is δa plus the line integral of the vector potential along the upper 

route. 

 

Figure 2.7 Two Josephson junction in parallel with currents Ia and Ib flowing through it. 
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Thus, the phase difference between the P and Q through the route a is given by 

 

upper

aQP dsA
e

phase .
2


 …. (8) 

Similarly, the phase difference between the P and Q through the route b is given by 

 

lower

bQp dsA
e

phase .
2


 …. (9) 

Thus, the phase difference between the points P and Q is the total phase difference i.e.,  

 dsA
e

ba .
2


 …. (10) 

The closed line integral of ‘A’ is the magnetic flux ‘ϕ’ through the loop. 




e
ba

2
 …. (11) 

Hence, for any flux through this closed loop between two Josephson junction can be 

measured by measuring the phase difference between the Josephson junctions. The 

device may be configured as a magnetometer to detect incredibly small magnetic field 

small enough to measure the magnetic fields in living organisms. SQUID have been 

used to measure the magnetic fields in mouse brains to test whether there might be 

enough magnetism to attribute their navigational ability to an internal compass.  

The large sensitivity of the SQUID devices is associated with measuring changes in 

magnetic field associated with one flux quantum. One of the discoveries associated 

with Josephson junctions was that the flux is quantized in units of h/2e. If a constant 

biasing current is maintained in the SQUID device, the measured voltage oscillates 

with the changes in phase at the two junctions, which depends upon the change in the 

magnetic flux. Counting the oscillations allows us to evaluate the flux change which 

has occurred.  
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Chapter-3 

Defect induced ferromagnetism in TiO2 

3.1 Introduction 

As discussed in chapter one, TiO2 is one of the promising candidates for 

spintronics application. It is a wide band gap semiconductor with a band gap of 3.2 eV 

[112]. Due to this large band gap, TiO2 is used as UV absorber and with the 

incorporation of defects/impurities its band gap can be tuned for other wavelength 

absorption [113-114]. Also, the non-toxic and environmental friendly nature of TiO2 

makes it a very popular material [115]. Rutile TiO2 in pristine form show diamagnetic 

nature. But, in the recent decade, researchers have discovered ferromagnetism in TiO2. 

It has been identified that the defects can play a unique role in inducing 

ferromagnetism on non-magnetic semiconductors [81, 88, 90]. Peng et al., 

theoretically showed that an isolated Ti vacancy in TiO2 induces a magnetic moment 

of ~ 3 µB. While, isolated di-vacancy of titanium induces a moment of ~ 2 µB [116]. 

Yang et al., [117] reported a magnetic moment of 2.0 µB in anatase TiO2 upon 

substitution of oxygen by carbon atom. They also reported a significant magnetic 

moment in both anatase and rutile phases of TiO2 by replacing oxygen atoms by 

nitrogen. Bai et al., [118] studied ferromagnetic property of nitrogen doped at oxygen 

site (NO) in anatase TiO2 and reported a magnetic moment of 1.0 µB per N dopant. 

They have calculated the magnetic moment for five different distances in anatase TiO2 

and concluded that doping of nitrogen impurity leads to anti-ferromagnetic coupling 

of spins as the formation energy for opposite spin alignment is less than that of 
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parallel spin alignment. Despite of all these studies, there is no clear understanding of 

magnetic properties of p-block elements doped TiO2. In TiO2 intrinsic defects like 

oxygen vacancies, metal vacancies, metal interstitials, formation of Ti
3+

, formation of 

O
-
 etc. are present [119]. To have a complete understanding it is necessary to study the 

effects of atomic vacancies along with the doping of different atoms. 

In the present chapter, the magnetic property of various p-block elements doped TiO2 

as well as the effect of atomic vacancies in TiO2 system has been discussed. Both the 

oxygen and titanium sites have been chosen for doping. The effect of oxygen 

vacancies have also been considered explicitly for carbon and nitrogen doping for 

complete understanding of the process. Energetic ion beam have been irradiated for 

creating defects (vacancy and implantation/doping) in the sample. The vacancy 

defects characterizations have been carried out using PAS techniques and the 

magnetic measurements have been carried out using SQUID magnetometer. 

 

3.2  Computational Methodology 

Vienna ab-initio simulation (VASP) code [120-123], along with the MedeA 

software package have been employed for the theoretical calculation based on the 

density functional theory (DFT). A Tetragonal unit cell of rutile TiO2 having space 

group P42/mnm with optimized lattice constants of a = b = 4.59 Å and c = 2.96 Å has 

been used for calculations. The super cell size for all the calculations has been taken to 

be 2×2×3 unit cells (i.e., with 72 atoms in a super cell of rutile TiO2). The generalized 

gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange and 

correlation [124] method has been used throughout the calculations to study all the 

system. Periodic boundary conditions have been introduced along all the basis vectors. 
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In the pristine TiO2 supercell, two Ti atoms and two O atoms have been substituted 

systematically with various p-block elements (i.e., Ti24X2O46; X = B, C, N, Al, Si, P, 

Ga, Ge, As). Carbon and nitrogen doped TiO2 system have been studied explicitly to 

see the effect of oxygen vacancies in the system with different configurations (i.e., 

Ti24-mXm+nO48-n, n and m are integers). The oxygen vacancies (VO) are introduced at 

different configuration in the carbon doped TiO2 system (like carbon atom doped at 

O-site (CO), carbon atom doped at Ti-site (CTi), carbon atom doped at interstitial site 

(Ci)). Similarly, nitrogen doped TiO2 system with various configurations {i.e., TiO2 

with nitrogen doped at O site (NO), nitrogen doped at Ti site (NTi), nitrogen doped at 

interstitial site (Ninst), TiO2 with both oxygen and titanium vacancy (VO + VTi), 

nitrogen doped at O site with Ti vacancy (NO + VTi), nitrogen doped at Ti-site with O 

vacancy (NTi + VO) and nitrogen doped at O site as well as Ti Site (NO + NTi)} are 

taken for calculations for complete understanding of the process. Each structure has 

been geometrically relaxed until the maximum value of the unbalanced inter-atomic 

force component (Hellman-Feynman force) is less than 0.02eV/Å. The spin polarized 

density of states has been calculated for each optimized structure in the frame work of 

density functional theory. The induced magnetic moment for each system has been 

calculated. The Brillouin zone (BZ) of the super cells has been divided by 3×3×3 

Monkhorst-Pack (MP) k-points [125]. In all calculations, 400 eV mesh cut-off energy 

has been taken into account to expand the plane wave basis set, and 10
-5

 eV tolerance 

has been fixed as stopping criteria of the self-consistent loop to reach the electronic 

ground state. The spin-spin interactions study has been done by doping two dopants at 

two different positions, one in the same unit cell and other at the adjacent unit cell. 

The ground state free energy of both ferromagnetic state and anti-ferromagnetic state 
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has been calculated and compared to know the stability of ordered state in all the 

Ti24X2O46 cases. The ferromagnetic ordering has been achieved by aligning all the 

spins in one direction and G-type anti-ferromagnetic ground states have been 

considered to study the anti-parallel ordering. Local magnetic density (LMD) 

distribution has been calculated for spin polarized configuration. The simulations of 

energy loss and penetration depth for different ions irradiation has been carried out 

using SRIM software [126]. 

 

3.3 Experimental details 

Rutile-TiO2 (Alfa Aesar, Johnson Mathey, Germany) polycrystalline powder 

99.998% pure has been pelletized in the form of thick pallets (~0.5 mm - 0.7 mm) 

with high palletizing pressure (~220 MPa). The pallets were then annealed at high 

temperature (450 ˚C - 700 ˚C at different sittings) for 5 hours before irradiation. 

Irradiation experiment involving 96 MeV of 16 O
8+

 ions from IUAC 15 UD pelletron 

was carried out in the Materials Science Beamline of IUAC. The irradiation fluence is 

6 ×10
13

 ions/cm
2
. The beam has been scanned uniformly on 1 cm × 1 cm area of the 

sample. For another set of samples, 1.2 MeV C
4+

, 50 keV N
4+

 and 10 keV B
+
 ion 

beam produced from electron cyclotron resonance (ECR- 6.4 GHz) ion source of the 

radioactive ion beam facility, VECC, Kolkata has been irradiated uniformly over the 

surface of polycrystalline pallet at a fluence of 1×10
16

 ions/cm
2
. The irradiation 

process is carried out with a beam current of the order of few micro-Amperes. The 

vacancies defects formed due to irradiation of 96 MeV O
8+

 ions have been 

characterized using PAS (LT/CDB) techniques as described in chapter 1. The Doppler 

broadened lineshape of the electron-positron annihilation 511 keV γ- ray has been 
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measured using HPGe detector. The 12 % efficiency HPGe detector (Type, PGC 

1216sp of DSG, Germany) have an energy resolution of 1.15 keV at 514 keV of 
85

Sr. 

A 10 µCi 
22

NaCl source encapsulated in a 1.5 µm thin nickel foil has been used as a 

positron source. The magnetic measurements have been carried out using Quantum 

Design make SQUIDs magnetometer. 

 

3.4 Ferromagnetism in p-block elements doped TiO2 

Different p-block elements e.g., B, Al, C, Si, N, P, and As have been 

subsequently substituted in rutile TiO2 both at the oxygen site and Titanium site. The 

elements have been doped at two different positions at the oxygen site in TiO2, 

maintaining the distance between the two substitutional atom (XO) different, one is 

short position (1, 2) and the other is long position (1, 3) as shown in Figure 3.1.  

 

Figure 3.1 Carbon atom doped in short position (1, 2) and in long position (1, 3) in 

the 72 atom super cell of TiO2. 
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Substitution of any one of the p-block elements in the Ti site of rutile TiO2 results zero 

magnetic moment. The induced magnetic moment (µB) of (Ti12O23X)2 system with X 

= B, Al, C, Si, N, P, As; also for atomic vacancies VTi and VO has been plotted in 

Figure 3.2. Table 3.1 represents all the structure optimized parameter e.g., the 

optimized distance between the two doping site, total energy, induced magnetic 

moment and the defect formation energy Edf. The defect formation energy for doping 

of different ‘X’ (X= p block elements) in rutile TiO2 has been calculated using 

equation (12) [80-127]. 

)(2)(2)()()( 2241222312 OEXEOTiEXOTiEXEdf 
……….. (12) 

where, Edf(X) is the defect formation energy corresponding to doping of X (X= B, Al, 

C, Si, N, P, As), 22312 )( XOTiE  and 22412 )( OTiE are the total energy for XO doped TiO2 

and pristine TiO2 respectively; also E(X) and E(O) are the total energy corresponding 

to single doped atom and oxygen atom respectively.  

 
 

Figure 3.2 Induced magnetic moment of (Ti12XO23)2 (X = B, C, N, Al, Si, P and As) 

system and TiO2 system with single VTi and VO. 
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Table 3.1 Total energy, defect formation energy (Edf ) and induced magnetic 

moment for different elements doped at oxygen site (XO) of rutile TiO2. 

Name of 

the 

Element 

Doped 

Distance 

between 

two 

doped 

atoms 

(in Å) 

Effective 

magnetic 

moment 

(µB) 

Total 

energy 

after 

doping 

* FM, 

# AFM. 

Defect 

Formation 

Energy (Edf) 

*FM,  

# AFM. 

∆E 

=  

(EAFM-

EFM) 

( meV) 

Stable 

State 

(AFM/ 

FM) 

Boron 7.24 1.677 -634.551* 

-634.550 # 

9.222* -1 FM 

9.223 # 

Aluminum 

 

8.35 

 

0.43 -629.078* 

-629.078 # 

14.747 * 0 Both 

14.747 # 

Carbon 4.84 0.4 -635.311* 

-635.223 # 

8.635 * 

8.723 # 

-88 FM 

7.24 0.007 -635.311 * 

-635.163 # 

8.64 * 

8.78 # 

-148 FM 

Silicon 8.32 1.77 -631.376 * 

-631.373 # 

12.583 * -3 FM 

12.586 # 

 

Nitrogen 

7.14 2.0 -640.617 * 

-640.616 # 

3.367 * -1 FM 

3.368 # 

3.53 1.95 -640.612* 

-640.639 # 

3.372* 27 AFM 

3.344 # 

 

Phosphorus 

7.32 

 

2.0 -628.790 * 

-628.789 # 

15.215 * -1 FM 

15.216 # 

4.77 1.74 -629.256 * 

-629.328 # 

14.749 * 72 AFM 

14.677 # 

Arsenic 7.33 1.95 -625.717 * 

-625.719 # 

18.243 * 2 AFM 

18.241 # 

 

From Table 3.1 it is clear that due to doping of different p-block element in the 

same oxygen site of TiO2 the distance between the two doping site does not remain 

constant rather there is significant amount of structural deformation which is due to 

the size of the doped element. The optimized long distance between the two BO – BO 

is 7.24 Å, whereas it is 8.35 Å for AlO – AlO. Similar results have been observed in 

case of short distance doping. In case of Boron doped at oxygen site (BO) and 

Aluminum doped at oxygen site (AlO) magnetic moment arises due to the unpaired 
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electron (3d orbital electron) of Titanium. In the periodic table Al (valence electronic 

configurations of 3s
2
3p

1
) is just below B (valence electronic configurations of 2s

2
2p

1
) 

but the magnetic moment induced for BO is 1.68 µB while for AlO is 0.48µB. Similar 

result has been observed [80] in case of ZnO with BO and AlO, which has been 

explained with the help of electronegativity of the dopants. In case of CO (doping of 

carbon at oxygen site) the induced magnetic moment is 0.4 µB. Here the 2p electrons 

of carbon atoms are responsible for inducing magnetic moment in rutile TiO2. Doping 

of silicon atom at oxygen site induces magnetic moment of 1.77 µB, which is again 

due to the 3d electron of titanium atom. The much higher value of magnetic moment 

in case of SiO may be due to quite large atomic sizes of the Si, similar to ZnO case 

[80].
 
The doping of group 15 elements of periodic elements e.g., N, P, As, also 

induces a significant magnetic moment in TiO2. Here the magnetic moment comes 

from the p-orbital electron of the doped element. In all the three cases the magnetic 

moment is ~ 2 µB. Also, it has been seen that in TiO2 both oxygen vacancy (VO) and 

titanium vacancy (VTi) can induce magnetic moment in rutile TiO2. The creation of 

single VTi and single VO generates a moment of ~2.3 µB and ~1.4 µB respectively. To 

investigate the interaction between the magnetic moments, the calculations with two 

magnetization configurations, i.e., ferromagnetic (FM) and anti-ferromagnetic (AFM) 

states for all p-block element doped TiO2 systems has been done. Two different 

distances between the two defect sites (XO – XO) have been chosen for the above 

purpose. 

The atomic positions in both FM and AFM cases have been fully optimized and the 

total energy has been computed. The optimized long and short distances along with 

other parameter has been listed in Table 3.1. It is interesting to note that the induced 
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magnetic moments also depend on the distances between the two defect sites in the 

TiO2. For long distances, the magnetic moment induced by BO, AlO, CO, SiO, NO, PO 

and AsO are 1.68 µB, 0.43 µB, 0.007 µB, 1.77 µB, 2 µB, 2 µB and 1.95 µB respectively. 

It can be seen from the Table 3.1 that the defect formation energy for spin parallel 

state and spin anti-parallel state for all the above system unless CO is within +2 and -3 

meV. This indicates that spin-spin interaction has very little effect on this defect 

length. The spin polarized total density of states (DOS) for all p-block element doped 

TiO2 system have been compared in Figure 3.3.  

 

Figure 3.3 Comparison of total density of states for pristine TiO2 and different p-

block elements (B, C, N, Al, Si, P and As) doped TiO2 system. 
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The total DOS is symmetric for pristine TiO2 system, which indicates an equal 

number of up spin electronic states and down spin electronic states. As a result, TiO2 

system is perfectly diamagnetic and shows no magnetic moment in its pristine form. 

However, it is clear from Figure 3.3 that the doping of p-block element brings 

asymmetry in total DOS of TiO2, which results in the generation of an effective 

magnetic moment in the system. Similarly, in the short distances (~ 5Å), only CO, NO 

and PO induces magnetic moment. No significant magnetic moment has been 

generated in other substitution. But in this length regime a strong spin-spin interaction 

has been observed. Anti-parallel spin state is favored in case of NO and PO while in 

case of CO the ground state free energy of ferromagnetic (spin parallel) state is about 

88 meV less than the corresponding anti-ferromagnetic state. 

 

Figure 3.4 The energy difference between ferromagnetic and anti-ferromagnetic 

state for different p block element doped (at oxygen site) TiO2 system. 
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The present ab-initio calculation reveals that doping of carbon atom at oxygen 

site gives a stable ferromagnetic state, which is in agreement with the results obtained 

by earlier theoretical calculations [86]. Figure 3.4 shows the energy difference 

between ferromagnetic state and anti-ferromagnetic state for all p-block element 

doped TiO2. It is clear from the Figure 3.4 that doping of boron, carbon and nitrogen 

in TiO2 favors ferromagnetic coupling.  Explicit studies for the effect of doping of 

boron, carbon and nitrogen in TiO2 have been presented in the following sections. 

 

3.5 Room temperature ferromagnetism in oxygen irradiated TiO2 

The energy loss profile for the 96 MeV oxygen ion beam in TiO2 has been 

simulated in SRIM software [126] as shown in Figure 3.5. The maximum penetration 

depth of oxygen ions is found to be ~ 65 µm (as shown in inset of Figure 3.5). The 

maximum nuclear energy loss of the O ion is 27 eV/Ǻ. So, only scattered point defects 

of both oxygen vacancies (VO) and Ti vacancies (VTi) are expected. A part of such 

generated defects will form pairs/complexes in the material; however, such events 

cannot be estimated by SRIM. The implantation depth, (x) of positron from the 

radioactive source 
22

Na is given by P(x) = exp ( x). 1/ is the characteristic 

penetration depth of a positron with specific energy (E). One can calculate 1/ which 

is approximately (Emax)
1.4

/16in m, if E is expressed in MeV and  is the density of 

the material in g/cm
3
. Emax is the maximum energy of the emitted positrons, e.g., for 

22
Na, Emax is ~ 0.54 MeV. In TiO2 with density 4.26 g/cm

3
, 1/ comes out to be ~ 58 

m. Thus in the present irradiated TiO2 sample, almost all the positrons have been 

annihilated in the radiation damaged region. 
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It is interesting that after irradiation the colour of the sample remain same 

(white) and the surface resistance increases from 1 × 10
7
  cm

−2
 to 2 × 10

7
  cm

−2
. 

Using density functional theoretical calculations, the band structure in the titanium 

vacancy (Figure 3.6) induced TiO2 has been shown to be p-type material, as the Fermi 

level shifts towards the valence band compared to the band structure of pristine 

system as shown in Figure 3.7. Similarly, the oxygen vacancy causes an upward shift 

of the Fermi level (Figure 3.8) and is considered to be effectively n-type material. 

This is due to the contribution of unbound 3d electrons of Ti atoms near the oxygen 

vacancy site. In the present case, sheet resistance increases due to irradiation, which 

favors formation of more VTis due to irradiation in TiO2.  Figure 3.9 shows the M vs 

H curve, at room temperature, for the oxygen irradiated rutile TiO2. It clearly indicates 

the ferromagnetic nature with a saturation magnetization of 0.132 emu g
−1

 and 

coercive field of 226 Oe. It is clear that due to irradiation of 96 MeV oxygen ion beam, 

a huge number of vacancy type defects have been generated in the TiO2 samples, 

which makes the sample ferromagnetic even at room temperature, this is again in 

agreement with our earlier observation [88]. 

 
Figure 3.5 Energy loss and defect profile for 96 MeV oxygen on TiO2 sample as 

simulated by SRIM/TRIM software. 
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Figure 3.6 Spin polarized density of states for TiO2 with VTi (Ti23O48). 

 

Figure 3.7 Spin polarized density of states for TiO2 pristine. 
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Figure 3.8 Spin polarized density of states for TiO2 with VO (Ti24O47). 

 

Figure 3.9 Magnetization vs applied field curve obtained from SQUID for 96 MeV 

oxygen irradiated TiO2 sample. 
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To identify the defects which are generated by the irradiation of energetic ion 

beam, positron annihilation spectroscopy has been employed. The positron 

annihilation lifetime spectrum for the oxygen irradiated polycrystalline TiO2 samples 

has been recorded as shown in Figure 3.10. Similar lifetime measurements have been 

performed for pristine and un-irradiated polycrystalline TiO2 samples. The measured 

positron annihilation lifetime spectrum for all the samples has been evaluated by a 

computer programme PATFIT 88 [127] with proper source corrections. For both the 

spectra, best fit (variance of fit < 1 per channel) has been obtained with three 

component fitting. The short lifetime component has been assigned to the free 

annihilation of positrons in the bulk of the sample, while the intermediate lifetime 

component is due to the annihilation of positron in the defect site (mainly Ti 

vacancies). The long lifetime component (τ3) originates from the formation of 

positronium at the sample surface or at the large voids inside the sample. All the 

lifetime components have been listed in Table 3.2.  

 

Figure 3.10 Positron annihilation lifetime spectra for oxygen irradiated rutile TiO2.  
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Table 3.2  Different positron lifetime parameters for un-irradiated and oxygen 

irradiated TiO2 samples. 

Sample τ1 (ps) I1 (%) τ2 (ps) I2 (%) τ3 (ps) I3 (%) 

TiO2 (SXL) 

Un-irradiated 

 

183 ± 3  

 

96 ± 0.1  

 

--  

 

--  

 

1300 ± 9  

 

4 ± 0.1  

TiO2 polycrystalline  

Unirradiated 

 

182 ± 3 

 

63 ± 3 

 

386 ± 9 

 

35 ± 3 

 

1791 ± 90 

 

2 ± 0.1 

TiO2 polycrystalline   

Oxygen Irradiated 

 

176 ± 8 

 

44 ± 3 

 

366 ± 9 

 

53 ± 3 

 

1854 ± 55 

 

3 ± 0.1 

 

For single crystal sample, the intensity of τ1 is 96 % and τ2 is 0%. The value of 

τ1 for the un-irradiated sample is 182 ps, which is very close to the bulk lifetime of 

positron, 178 ps for TiO2 [129-130]. The theoretically estimated positron lifetime in 

TiO2 is also in close agreement with the present data [131].  The intermediate positron 

lifetime (~ 366 ps) is due to the annihilation of positrons in VTi or VTi -VO vacancy 

clusters. The intensity of the intermediate positron lifetime component (I2) increases 

from 35 % to 53 % due to irradiation of 96 MeV oxygen ions, which clearly suggest 

the formation of Ti vacancy type defect in the TiO2. For further confirmation, 

coincidence Doppler broadening of positron annihilation lifetime spectroscopy has 

been employed. Figure 3.11 shows the ratio between the area normalized coincidence 

Doppler broadening spectra of un-irradiated and 96 MeV oxygen irradiated TiO2 

sample with the reference area normalized CDB spectra of 99.9999 % pure Al single 

crystal. It is clear from Figure 3.11 that in the irradiated TiO2 sample, positrons are 

less annihilating with the core electrons of Ti. The lesser number of annihilating 

photons in the region above pL ~ 10 × 10
-3

 moc  to pL ~ 18 × 10
-3

 moc indicates that a 

significant fraction of positron annihilation in the open volume defects in the form of 
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oxygen and Ti-vacancies. One can identify two prominent dip like features at pL ~ 11 

× 10
-3

 moc and pL ~ 16 × 10
-3

 moc which indicates that there are more Ti-vacancies. 

Figure 3.12 represents the ratio between the area normalized coincidence Doppler 

broadening spectra of 96 MeV oxygen irradiated TiO2 with that of un-irradiated TiO2. 

The ratio curve indicate a broad dip in the momentum range 5 × 10
-3

 to 22 × 10
-3

 m0c 

with two dips; one at 11 × 10
-3

 m0c and the other is at 16 × 10
-3

 m0c. Using the 

relation ε = pL
2
/ 2mo the energy of the electron (with which positrons are annihilating) 

coming out to be ~ 31 eV and ~ 65 eV. This clearly suggests that positrons are less 

annihilating with the 3p (32.6 eV) and 3s (58.7 eV) electrons of Ti. Thus from the 

above measurement it is re-confirmed that a large number of titanium vacancy (VTi) 

has been generated due to 96 MeV oxygen ion irradiation. 

 

Figure 3.11  Ratio curve constructed from the CDB spectrum for un-irradiated and 

irradiated TiO2 with respect to the CDB spectra of 99.9999 % pure Al 

single crystal. 
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Figure 3.12 Ratio curve constructed from the coincidence Doppler broadening 

spectrum for irradiated TiO2 with respect to the same for pristine sample. 

  

The defect induced room temperature ferromagnetism in rutile TiO2 has been 

theoretically understood by using ab-initio density functional theory. It has been 

already discussed in previous section (i.e., section 3.4.1) that both oxygen vacancy 

(VO) as well as titanium vacancy (VTi) induces magnetic ordering in TiO2. The defect 

formation energy is large (~20.5 eV) for VTi compared to VO (~ 8.5 eV), and the 

induced magnetic moment are ~ 2.2 µB and 1.4 µB respectively. In TiO2 the formation 

possibility of VO is larger than the VTi, but in the present case 96 MeV oxygen ions 

have been used to create a significant amount of VTi in TiO2. The spin polarized 

density of states of TiO2 with VTi, pristine TiO2 and TiO2 with VO has been shown in 

Figure 3.6, Figure 3.7 and Figure 3.8 respectively. It can be seen that unlike pristine 

system, the spin polarized density of states is asymmetric for both VTi and VO system. 

The asymmetry in total DOS in case of VTi comes from the contribution of 2p-orbital 
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electrons oxygen in the system. As a result, 2p-orbital electrons of neighboring 

oxygen atoms are mainly responsible for magnetization. Also, 3d-electrons of the 

neighboring Ti atoms contribute a small fraction. Whereas, in case of VO the 3d-

orbital electrons of nearby Ti atoms are responsible for induced magnetic moment in 

the TiO2 system. Figure 3.13 shows the spin polarized localized magnetic density 

around Ti vacancy (mainly due to oxygen 2p electron) as simulated by density 

functional theory. The local magnetic density simulations depicts that the 

magnetization is localized around the oxygen atoms surrounding VTi in the rutile TiO2 

system. 

 
 

Figure 3.13 Magnetization density (spin polarized) of TiO2 with VTi. 
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3.6 Room temperature ferromagnetism in carbon doped TiO2 

Ferromagnetic properties of carbon doped TiO2 system have been explicitly studied 

by considering different atomic vacancies along with doping of carbon atom in the 

lattice. The doping of carbon atom at oxygen site generates a significant amount of 

magnetic moment in the system. Carbon atom (1s
2
 2s

2
 2p

2
) when doped at O-site gets 

two electrons from nearby Ti-atoms and becomes 2s
2
 2p

4
 in the valence shell. As a 

result, C-atom contributes ~2µB magnetic moment in the TiO2 system. The oxygen 

atoms present in the neighboring site make a small contribution in net magnetization 

due to the effect of polarization. Presence of different vacancies inside the system 

greatly influences the generation of magnetic moment in TiO2. The magnetic moment 

induced in TiO2 system with different configurations is shown in Figure 3.14.  

 

Figure 3.14 Induced magnetic moment for carbon doped TiO2 system with different 

configuration. 

Doping of one carbon atom at oxygen site generates about 2.2µB magnetic moment. 

The magnetic moment generated in the carbon doped rutile TiO2 system favors spin 

parallel alignment [81]. The 2p-orbital electrons of doped carbon atom are the primary 
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source of magnetism, a small contribution of magnetic moment comes from 

neighboring oxygen atoms. Presence of one oxygen vacancy attached to carbon atom 

reduces the moment significantly (as in case of CO+ VO). In case of CO+ 2VO_S, one 

more oxygen vacancy is created near the carbon atom slightly increases the total 

moment in the system. The increase comes from the contribution of 3d-orbital 

electrons of Ti atoms surrounding vacancies. Change in the position in 2
nd

 oxygen 

vacancy in the TiO2 matrix (CO+ 2VO_F) further increases the moment in the system. 

This extra contribution comes from the effect of single oxygen vacancy in the system. 

The creation of oxygen vacancy induces a significant magnetism in TiO2 [88]. The 

magnetic moment generated due to substitution of carbon at oxygen site is enhanced 

with the presence of oxygen vacancy, as magnetic moment generated from both the 

cases gets added up in the system. Doping of carbon atom at titanium site does not 

induce any magnetic moment in the system. Removal of oxygen atom attached to C-

atom doped at Ti-site also does not contribute any moment in the system. The 

incorporation of nitrogen atom in the interstitial site generates a significant moment in 

TiO2 [132] but C-doped at interstitial site do not show any change in magnetic 

moment. Also, no significant improvement has been observed for C doped at 

interstitial site together with other configuration (Ci +CO+ VO) in the TiO2 system. 

The values of defect formation energy (Edf), Fermi energy and Fermi energy 

difference with pristine TiO2 have been shown in Table 3.3. The formula represented 

by equations (13) [80,127] has been used to calculate the Edf in all the systems in rutile 

TiO2. 

)()()()()()OCTi( 22412n48-n+mm-24 CEnmTimEOnEOTiEEEdf 
... (13)
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Where E(Ti24O48) represents total energy of pristine system and E(Ti24-mCm+nO48-n) is 

the total energy of defect bearing system. Similarly, E(O), E(Ti), and E(C) are the free 

energy value of single oxygen atom, titanium atom  and carbon atom respectively. It 

can be noted from the Table 3.3 that defect formation energy for TiO2 with carbon 

doped at O-site is only ~ 4 eV which makes the system feasible. The carbon atom can 

easily occupy in the already present oxygen vacancies. 

Table 3.3 Defect formation energy, Induced magnetic moment, Fermi energy and 

Fermi energy shift for carbon doped at oxygen site with different configurations in 

TiO2 

TiO2 System Defect 

Formation 

Energy (eV) 

Induced 

Magnetic 

Moment (µB) 

Fermi 

Energy 

(eV) 

Fermi 

Energy 

shift (eV) 

CO (Ti24CO47) 4.04 2.27 5.78 2.35 

CO + VO (Ti23NO46) 11.14 0.09 5.41 1.98 

CTi + VO (Ti23 CO47) 14.47 0.00 5.19 1.76 

Ci  (Ti24CO48) -4.13 0.03 7.12 3.69 

CO +2VO_N (Ti24CO45) 20.53 0.32 6.87 3.44 

CO +2VO_F (Ti24CO45) 20.86 0.83 6.88 3.45 

Ci + CO+VO (Ti24C2O46) 5.92 0.07 7.04 3.62 

 

The spin polarized density of carbon doped TiO2 at interstitial site and carbon 

doped TiO2 at oxygen site has been shown in Figure 3.15 and Figure 3.16 

respectively. The spin polarized density of states for pristine TiO2 has symmetric 

behavior (as shown in Figure 3.7 above) as a result it is perfectly diamagnetic in 

nature. But, the total density of states for carbon doped TiO2 has asymmetric behavior. 

The asymmetry comes from 2p orbital of carbon, along with 3d-orbital of Ti-atom and 
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2p-orbital of O-atom. The asymmetry in density of states ensures the presence of 

unpaired electrons in the system. The unpaired electrons give rise to magnetic moment 

in the system. Similarly, in case of TiO2 with carbon atom at interstitial site, 2p orbital 

of carbon has asymmetric density of states but it has very little effect in the total 

density of states and yields no net magnetism in the system. 

 

Figure 3.15 Spin polarized density of states for TiO2 with Ci. 

 

Figure 3.16 Spin polarized density of states for TiO2 with CO. 
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Figure 3.17 Magnetization density (spin polarized) distribution in TiO2 with CO. a) 

with one C-atom doped at o-site with atomic bonds present in figure, b) 

with two C atoms doped at O-sites and no atomic bonds in figure. 

 

The magnetization density (spin polarized) distribution for C-doped TiO2 has 

been shown in Figure 3.17. It can be observed that the magnetic density is mainly 
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localized around the dopant atom and a small fraction is present around the 

neighboring oxygen atoms. Thus, the result of local magnetic density distribution is in 

agreement with that obtained from density of states. Both calculations show the 

carbon atom as the source of magnetism in C-doped TiO2 system. The doping of 

carbon in TiO2 introduces some new states above valence band leading to the shift in 

the Fermi level in all system. This makes the carbon doped system n-type and 

enhances the conductivity. 

Figure 3.18 (a) represents the simulated energy loss profile of carbon ions 

irradiated TiO2 using SRIM. From the SRIM simulation it has been found that the 

nuclear energy loss is dominant up to 17 keV; whereas, the electronic energy loss (Se) 

and the nuclear energy loss (Sn) at 1.2 MeV C
4+

 ions on TiO2 have been found to be 

131.0 eV/Å and 1.0 eV/Å respectively. Atomic vacancies in a system are generated by 

the nuclear energy loss mechanism of the irradiated ions [133]. As a result, fewer 

atomic vacancies are generated at the surface of the sample for 1.2 MeV C
4+

 ions and 

it increases with depth of the sample due to the decrease in energy of irradiated ions. 

This behavior was also verified utilizing TRIM and is shown in Figure 3.18 (b). From 

the vacancy profile in Figure 3.18 (b), it has been observed that both VTi and VO have 

been created in TiO2 when irradiated with 1.2 MeV C
4+

 ions, but the number of 

oxygen vacancies generated is more in comparison to titanium vacancies. Figure 3.18 

(c) depicts the distribution of carbon ions with the depth of the sample. From this 

figure it has been observed that the 1.2 MeV carbon ions can penetrate upto 1.78 µm 

and the maximum ion distribution occurs at a depth of 1.52 µm in polycrystalline TiO2 

sample. The variation of Magnetization (M) with Field (H) for the C
4+

 irradiated TiO2 

sample is shown in Figure 3.19. 
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Figure 3.18 SRIM simulation for C
4+

 irradiated TiO2 (a) energy loss profile, (b) 

vacancy formation profile and (c) distribution of carbon ions with target depth. 

 

 

Figure 3.19 Magnetization vs field graph for 1.2 MeV carbon implanted rutile TiO2. 



54 
 

 

 

 The behavior of the M vs H curve is a hysteresis loop at room temperature 

(~300 K). From the hysteresis curve the values of saturation magnetization (Ms) and 

coercive field (HC) has been found to be 7.5 ×10
-2

 emu/g and 156 Oe respectively. The 

value of magnetization (M) is higher than the earlier reported experimental value [88] 

(~ 4 ×10
-4

 emu/g), with oxygen vacancies. The higher value of saturation 

magnetization in C
4+

 ion irradiated rutile TiO2 is possibly due to the contributions of 

magnetism from carbon atoms located at lattice site. The hysteresis curve as obtained 

from the present experimental data at room temperature (300 K) is a clear sign of the 

presence of room temperature ferromagnetism in 1.2 MeV carbon ions 

irradiated/implanted rutile TiO2. 

 

3.7 Room temperature ferromagnetism in nitrogen doped  rutile TiO2  

Ferromagnetic properties have been theoretically studied in N-doped rutile 

TiO2 with the entire possible configuration. The induced magnetic moment for 

different nitrogen doped TiO2 system is shown in Figure 3.20. Only the configuration 

with NTi+VO (N_Ti23O47); NO (Ti24NO47) and Ninst (Ti24O48N) give rise to non-zero 

magnetic moment in TiO2. All other configuration does not give rise to a net magnetic 

moment in the system. The nitrogen doped at oxygen site give rise to highest magnetic 

moment of 1.01µB from 2p orbital electrons of N-atom along with a small contribution 

from 3d orbital electrons of nearest Ti atoms. The other two systems with NTi + VO 

(N_Ti23O47), and Ninst (Ti24O48N) give rise to 0.24µB and 1.0µB respectively. The 

primary source of magnetism in both case are 2p-orbital electrons of dopant along 

with 3d orbital electrons nearby Ti-atoms. 
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Figure 3.20 The induced magnetic moment for nitrogen doped TiO2 system with 

various configurations. 

 

The defect formation energy (Edf), the Fermi energy and Fermi energy 

difference with pristine TiO2 in all the cases have been tabulated in Table 3.4. The Edf 

in all the systems in rutile TiO2 has been calculated using the formula given by 

equations (14) [80, 127]. 

)()()()()()ONTi( 22412n48-n+mm-24 NEnmTimEOnEOTiEEEdf 

... (14)
 

Where 
dfE is the defect formation energy corresponding to different TiO2 system under 

study and m and n are integers which can take values 0 or 1. Ti24-mNm+nO48-n, and 

22412 )( OTiE are the total energy for different TiO2 system under investigation and pristine 

TiO2 respectively. Also, E(N), E(Ti), and E(O) are the free energy corresponding to 

single nitrogen atom, titanium atom  and oxygen atom respectively. 
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Table 3.4 Defect formation energy (Edf), Fermi energy and induced magnetic moment 

for different nitrogen-doped TiO2 system. 

Sl 

no. 

TiO2 System 

 

Defect 

Formation 

energy 

(eV) 

Fermi 

Energy 

(eV) 

Difference 

of Fermi 

Energy with 

pristine (eV) 

Remarks 

on 

Fermi 

energy 

shift. 

Magnetic 

moment 

(µB) 

1 Pristine 

(Ti24O48) 

- 

3.43 0 

-  

0.00 

2 VTi and Vo  

(Ti23O47) 

 

27.048 3.01 -0.42 

 

p-type 

 

0.00 

3 NTi (Ti23NO48) 

 

 

14.48 7.08 3.64 

 

n-type 

 

0.00 

4 NO (Ti24NO47) 

 

 

1.8 
3.44 0.02 

 

n-type 

 

1.01 

5 NTi  and NO 

(Ti23N2O47) 
 

15.74 3.16 -0.26 

 

p-type 

 

0.00 

6 NTi and Vo  

(Ti23 N O47) 

 

17.83172 

 

5.32 

 

1.89 

 

n- type 

 

0.24 

7 NO + VTi 

(Ti23NO47) 

 

22.5017 

 

2.79 

 

-0.64 

 

p-type 

 

0.00 

8 Ninst 

(Ti24NO48) 

 

-3.02447 

 

4.39 

 

0.97 

 

n- type 

 

1.00 

 

It can be seen from Table 3.4 that the defect formation energy is lowest for 

Ninst system followed by NO system. This clearly indicates that the substitution of 

nitrogen at oxygen site is energetically most suitable event to occur in rutile TiO2 after 

interstitial site occupancy. In both the above cases, the Fermi level shifts towards the 

conduction band as compared to the pristine system that further enhances the n-type 

semiconducting behavior in TiO2. Similarly, in other cases (i.e. NO + VTi, VO + VTi 

and NO + NTi) the Fermi level shifts towards valence band but no induced magnetic 

moment is observed. Two nitrogen atoms are doped at nearby titanium and oxygen 

site. After the structure optimization, the distance between them is found to be 1.12 Å. 

This shows that the nitrogen molecule can also be trapped inside TiO2. The bond 

length of nitrogen molecule inside TiO2 is comparable to the bond length of nitrogen 
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molecule as in case of Ge crystal [134]. The DFE for N2 inside TiO2 (i.e., Ti23N2O47) 

is 15.74 eV. However, it does not induce any magnetic ordering in rutile TiO2. 

Moreover, it has been observed that the TiO2 system doped with two nitrogen atoms at 

oxygen sites induces a significant magnetic moment (~2µB). Also, the spin-spin 

interactions study reveals a possibility of stable ferromagnetic coupling for two 

nitrogen atoms doped at O-site separated by a distance of ~7Å. The local 

magnetization density distribution for nitrogen doped at O-site and nitrogen atom 

doped at interstitial site in TiO2 structure is shown in Figure 3.21 (a) and Figure 3.21 

(b) respectively.  

 

 

 

Figure 3.21 (a) Local magnetic density in TiO2 with Ninst, (b) local magnetic density 

in TiO2 with NO. The blue color spherical balls represent Ti atoms and 

yellow color spherical balls represent O atoms, the red color patches 

represents the magnetic density distribution. 

 

It can be clearly seen that the local magnetic density distribution is mostly 

around the dopant in both the cases and a small contribution is coming from 
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neighboring Ti and O atoms. The nitrogen atom (1s
2
 2s

2
 2p

3
) when doped at oxygen 

site gets only two electrons from nearby Ti atoms and becomes 2s
2, 

2p
5
 in the valence 

shell. The one unpaired electron left in 2p states of N atom contributes to magnetic 

moment of 1.0 µB in TiO2 system. The spin polarized density of states for TiO2 with 

NO and TiO2 with Ninst has been shown in Figure 3.22 and Figure 3.23 respectively.  

The spin polarized density of states for nitrogen doped TiO2 is asymmetric.  

The asymmetry comes from 2p orbital of nitrogen, thus give rise to magnetic moment 

in the system. Similarly, 2p orbital of the dopant cause asymmetry in total density of 

states for Ninst in TiO2. However, the density of states for pristine TiO2 is perfectly 

symmetric as discussed in earlier sections. The local magnetic density obtained is also 

in good agreement with the result obtained from density of states (DOS) for all the 

cases. 

 

 

Figure 3. 22 Spin polarized density of states for TiO2 with NO. 
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Figure 3. 23 Spin polarized density of states for TiO2 with Ninst. 

 

 

Figure 3.24 SRIM simulation for N
4+

 irradiated TiO2 (a) The energy loss profile, 

(b) defect generation profile and (c) nitrogen ions distribution with target depth. 
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The energy loss profile of nitrogen ions when irradiated on TiO2 has been 

presented in Figure 3.24 (a). The nuclear energy loss is dominant up to 22 keV. The 

values of the electronic energy loss and the nuclear energy loss for 50 keV N
4+

 ions on 

TiO2 are 29.2 eV/Å and 12.8 eV/Å respectively. TRIM simulations has been used to 

generate the vacancy profile in 50 keV N
4+

 ions irradiated TiO2 and it is shown in 

Figure 3.24 (b). From TRIM simulations it is clear that both VTi and VO have been 

created in TiO2 when irradiated with 50 keV N
4+

 ions. However, the numbers of VO 

are greater in number than VTi. Figure 3.24 (c) represents the distribution of Nitrogen 

ions with the target depth. The penetration by 50 keV N ions is upto 250 nm with 

maximum ion distribution at 145 nm. The Magnetization (M) V/s Field (H) curve 

obtained for N
4+

irradiated TiO2 is shown in Figure 3.25. The M-H curve is a 

hysteresis loop at room temperature (T~300K) with the values of saturation 

magnetization (Ms) and cursive field (HC) are 9.6×10
-3

 emu/g and 338.86 Oe 

respectively. The ferromagnetic hysterias loop obtained at room temperature (300 K) 

clearly indicates the presence of room temperature ferromagnetism in nitrogen doped 

rutile TiO2. 

 

Figure 3.25 Room temperature magnetic hysteresis loop of N-irradiated TiO2. 



61 
 

 

 

3.8 Room temperature ferromagnetism in boron doped TiO2 

Theoretical calculations under the framework of DFT suggest that there is a 

significant induced magnetic moment in boron doped oxide TiO2. The magnetic 

moment generated for boron atom doped in various oxides is described in the earlier 

section 3.3.1. The primary source of magnetism in all the cases is the 2p orbital 

electrons of boron along with a small contribution from 2p orbital electrons of oxygen 

atom in the neighborhood of the dopant. Boron atom has the electronic configuration 

of 2s
2
 2p

1
 in its valence shell. When oxygen gets substituted by boron atom, it pulls 

the electrons from the neighboring metal ion as the electronegativity of boron is 2.04 

[135]. There is a transfer of two electrons towards boron atom from neighboring metal 

ion. Now the boron atom has the electronic configuration of 2s
2
, 2p

3
 in its valance 

shell. Thus leaves three unpaired electrons in the boron atom inside the oxide system. 

These unpaired electrons in 2p orbital of boron generate ~ 3µB magnetic moment per 

boron atom doping for ZnO, details will be discussed in chapter 4, section 4.5. 

However, in case of TiO2, there is an extra oxygen (with electro negativity 3.44 [135]) 

attached with the metal ion. The oxygen atom pulls more electron cloud towards itself 

and boron atom pulls fewer electrons as compared to the case of ZnO system. This 

leads to the generation of less magnetic moment in the TiO2 system. 

Free energy calculated for spin ordered system has been compared between 

ferromagnetic system and anti-ferromagnetic system. It has been found that the 

ground state energy of ferromagnetic state is lower as compared to anti-ferromagnetic 

state for B-doped TiO2 system. It can be clearly observed from Figure 3.26 that, in 

case of boron doped TiO2, there is asymmetry both in total DOS and partial DOS 

around Fermi energy level. The asymmetry in DOS indicates there is uneven 
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distribution of spin polarized electrons. The partial DOS analysis reveals 2p orbital of 

boron atom doped inside the system produces a maximum asymmetry. 

 

Figure 3.26 Partial and total density of states in boron doped system TiO2. 

 
Figure 3.27 Local magnetic density (spin-polarized) distribution in boron doped TiO2. 
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Spin polarized density of states calculations have been performed for boron 

doped at O-site in TiO2 system. The spin polarized DOS for B doped TiO2 system has 

been plotted in Figure 3.26. Also, 2p orbital electrons of boron atom contribute a 

significant moment in all the boron doped systems. It can be observed from the total 

DOS distribution in B-doped system that there has been generation of donor like states 

above valence band. Thus makes the boron doped system more n-type semiconductor 

as compared to the pristine system. Also, the Fermi level shifts towards conduction 

band in B-doped system as compared to that of pristine TiO2. The local magnetic 

density distribution has also been simulated at spin-polarized condition and is 

represented in Figure 3.27. It can be seen from local magnetic density calculation that 

the major contribution of magnetism comes from boron atom; along with a small 

contribution from neighboring oxygen atoms and the titanium atoms. According to 

theoretical prediction under the framework of DFT, the boron doped TiO2 samples 

have been prepared.  

The energy loss profile of boron ions when irradiated on TiO2 has been 

presented in Figure 3.28 (a). The nuclear energy loss dominates over electronic loss 

leading to the generation of significant amount of atomic vacancies. TRIM 

simulations has been used to generate the vacancy profile in 10 keV B
+
 ions irradiated 

TiO2 and it is shown in Figure 3.28 (b). From TRIM simulations it is clear that both 

VTi and VO have been created in TiO2 when irradiated with 10 keV B
+
 ions. However, 

the numbers of VO are greater in number than VTi. Similarly, distribution of boron 

ions with the target depth has been shown in Figure 3.28 (c). The penetration by 10 

keV B
+
 ions in polycrystalline TiO2 sample is found to be ~ 80 nm and maximum ion 

distribution is found in the range of 20 - 50 nm. 
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Figure 3.28 SRIM simulation for B
+
 irradiated TiO2 (a) The energy loss profile, (b) 

defect generation profile and (c) boron ions distribution with target depth. 

 

Figure 3.29 Magnetization vs magnetic field plot for boron implanted TiO2. 
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The magnetic measurements have been carried out for B
+
 implanted oxide 

samples. The magnetization versus field (M vs H) plot obtained by SQUID 

magnetometer for rutile TiO2 systems is shown in Figure 3.29. The value of 

saturation magnetization, remanent magnetization and cursive field has been 

calculated and are found to be 0.109 emu/g, 0.0287 emu/g and 160.46 Oe respectively. 

Thus the hysteresis loop obtained confirms the presence of room temperature 

ferromagnetism in 10 keV B
+
 ion irradiated TiO2 sample. 

 

3.9  Conclusions 

Possibility of room ferromagnetism in rutile-TiO2 has been studied by 

employing both theoretical and experimental methods. The theoretical calculations 

under density functional theory predicts that a significant amount of magnetic moment 

gets generate into the TiO2 by doping different p-block elements. The sources of 

magnetism are the p-orbital electrons of dopant atom when sits at the oxygen site. 

However, when doped at Ti-site, these elements do not produce any magnetic moment 

in the system. The spin-spin interactions study reveals that only B, C, N and P atom 

doped system gets ferromagnetic coupling between the net-spins of two dopant atoms 

present at O-site. The generation of Both VTi and VO generates a significant amount of 

magnetic moment in the system. The magnetic moment generated by the creation of 

vacancies gets added up with that produced from the external dopant in the system. 

The theoretical predictions are verified with the experimental results. A strong 

ferromagnetism has been found experimentally for TiO2 sample containing Ti-

vacancy and also N-implanted, C-implanted and B-implanted rutile TiO2 samples. 
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Chapter-4 

Defect induced ferromagnetism in ZnO 

4.1 Introduction 

ZnO is a wide band gap semiconductor with a band gap of 3.3 eV and it is also 

diamagnetic material in pristine form. It is one of the first materials where 

ferromagnetic property has been predicted theoretically. But, in the recent decade 

researchers have discovered ferromagnetic property in undoped [77, 78] as well as 

non magnetic impurities doped ZnO system [80]. H. Pan et al., theoretically calculated 

the values of induced magnetic moment of 2.02 µB per carbon atom when it is doped 

at oxygen site in ZnO [84]. They also reported experimental value of 1.5 – 3.0 µB 

magnetic moments in carbon atom doped ZnO thin films by pulsed laser deposition 

technique [84]. Shen et al, theoretically predicted ferromagnetism in nitrogen doped 

ZnO [136]. Later, it has been shown that there is an enhancement of room temperature 

ferromagnetism by co-doping of nitrogen in carbon doped ZnO samples [137].  

Despite of these studies, the origin of magnetic property in p-block elements doped 

ZnO system is not clearly understood and needs further investigations. Also, the 

investigations on origin of room temperature ferromagnetism in ZnO highlight the 

importance of atomic vacancies (mainly Zn vacancies) in generating vacancies. So, 

there is an urge to understand the generation of atomic vacancies in ZnO as the 

vacancies plays vital role in the origin of ferromagnetism in undoped ZnO system. 

  In the present chapter, the magnetic property of various p-block elements 

doped ZnO along with the spin - spin interaction study to find the possibility of 
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ferromagnetism in these systems have been discussed. Both the oxygen and Zinc sites 

have been chosen for doping. Formation of vacancies in ZnO has been studied 

explicitly as they have a key role in generating ferromagnetic behavior in ZnO system. 

Both in-situ and ex-situ PAS measurements along with low temperature 

photoluminescence studies have been carried out for complete understanding of the 

process. Energetic ion beam has been irradiated for creating defects (vacancy and 

implantation/doping) in the sample. The magnetic measurements have been carried 

out using SQUID magnetometer. 

 

4.2  Computational Methodology 

Vienna ab-initio simulation (VASP) code [120-123], along with the MedeA 

software package have been employed for the theoretical calculation based on the 

density functional theory (DFT). A Wurtzite unit cell of ZnO having space group 

P63mc with optimized lattice constants of a = b = 3.25 Å and c = 5.2 Å has been used 

for calculations. The super cell size for all the calculations has been taken to be 3×3×3 

unit cells (i.e., with 108 atoms in a super cell ZnO). The generalized gradient 

approximation (GGA) with Perdew-Burke-Ernzerhof (PBE) exchange and correlation 

[124] method has been followed throughout the calculations to study all the system. 

Periodic boundary conditions have been introduced along all the basis vectors. In the 

pristine ZnO super-cell, two Zn atoms and two O atoms have been substituted 

systematically with various p-block elements (i.e., Zn54X2O52; X = B. C, N, Al, Si, P, 

Ga, Ge, As) and also, one atomic vacancy has been created (VZn or VO). Each 

structure has been geometrically relaxed until the maximum value of the unbalanced 

inter-atomic force component (Hellman-Feynman force) is less than 0.02eV/Å. The 



68 
 

 

 

spin polarized density of states has been calculated for each optimized structure in the 

frame work of density functional theory. The induced magnetic moment for each 

system has been calculated. The Brillouin zone (BZ) of the super cells has been 

divided by 3×3×3 Monkhorst-Pack (MP) k-points [125]. In all calculations, 400 eV 

mesh cut-off energy has been taken into account to expand the plane wave basis set, 

and 10
-5

 eV tolerance has been fixed as stopping criteria of the self-consistent loop to 

reach the electronic ground state. The spin-spin interactions study has been done by 

doping two dopants at two different positions, one in the same unit cell and other at 

the adjacent unit cell. The ground state free energy of both ferromagnetic state and 

anti-ferromagnetic state has been calculated and compared to know the stability of 

ordered state in all the Zn24X2O52 cases. The ferromagnetic ordering has been 

achieved by aligning all the spins in one direction and G-type anti-ferromagnetic 

ground states have been considered to study the anti-parallel ordering. Local magnetic 

density (LMD) distribution has been calculated for spin polarized configuration. The 

simulations of energy loss and penetration depth for different ions irradiation has been 

carried out using SRIM software [126]. 

 

4.3  Experimental details 

Wurtzite structured (Sigma-Aldrich, Germany) polycrystalline powder 99.99% 

pure ZnO has been pelletized in the form of thick pellets (~0.5 mm - 0.7 mm) with 

high palletizing pressure (~220 MPa). The pallets were then annealed at high 

temperature (450 ˚C - 700 ˚C at different sittings) for 5 hours before irradiation. 

Irradiation experiment with 10 keV B
+
 ion beam produced from electron cyclotron 

resonance (ECR- 6.4 GHz) ion source of the radioactive ion beam (RIB) facility, 
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VECC, Kolkata has been irradiated uniformly over the surface of polycrystalline 

pellet at a fluence of 1×10
16

 ions/cm
2
. During the irradiation process, the beam current 

for the ions has been kept in the order of ~ 1 µA. The magnetic measurements have 

been carried out using Quantum Design make SQUIDs magnetometer. 

   The Doppler broadened lineshape of the electron-positron annihilation 511 

keV γ- ray has been measured using HPGe detector as described in Section 3.3. The 

source sample sandwich has been placed inside an oven type furnace (30−600 °C with 

± 2 °C at the sample site) for the in-situ temperature dependent DB spectrum 

measurement. The experimental set-up is schematically depicted in Figure 4.1. The 

DB spectra have been analyzed by evaluating the S-parameter defined by the ratio of 

the counts in the central area of the 511 keV photo peak (|511 keV − Eγ| ≤ 0.85 keV) 

and the total area of the photo peak (|511 keV − Eγ| ≤ 4.25 keV). For this particular 

time sequential in-situ measurement the counts have been recorded for 10 minutes 

interval, optimized between the requirement of statistics and observable changes in S-

parameter due to defect migration time, if any. The total counts (recorded in a dual 

ADC based multiparameter data acquisition system, MPA-3 of FAST ComTec., 

Germany) under the 511 keV peak during this time period is 1×10
6
. 
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Figure 4.1  Schematic diagram of the set up for in-situ temperature (above 300 K) 

dependent Doppler broadening spectroscopy. 

 

For the off line CDB spectrum measurement at room temperature (RT), 

samples have annealed at 182 
o
C and 286 

o
C, exactly in the same sequence followed 

in case of in-situ measurement. The only difference is that both the samples have been 

furnace cooled down to RT. Similarly for another set up, the pallets have been 

annealed at two different temperatures 325 
o
C and 450 

o
C for four hours and then 

furnace cooled to room temperature. The source sample sandwich has been placed in 

between two identical HPGe detectors. The Ratio curve from the measured spectrum 

has been constructed with respect to the same of a ZnO single crystal (hydrothermally 

grown, MTI Corporation, USA). Other details of the experimental set-up along with 

the data analysis have been reported in ref. [138]. 
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  Photoluminescence (PL) spectrum at 10 K have been recorded using 325 nm He-

Cd laser as excitation source (output power 45 mW) and a TRIAX 320 

monochromator fitted with cooled Hamamatsu R928 photomultiplier detector.  

4.4  Ferromagnetism in p-block elements doped ZnO 

Different p-block elements e.g., B, C, N, Al, Si, N, P, Ge, Ga and As have 

been substituted in ZnO both in O-site and Ti-site respectively. The elements have 

been doped at two different positions of oxygen in ZnO, maintaining the distance 

between the two substitutional atoms (XO) different, one short and the other at long 

position. Substitution of any one of the p-block elements in the Zn site of ZnO results 

zero magnetic moment. The induced magnetic moment of Zn54X2O52 system (with X 

= B, C, N, Al, Si, N, P, Ge, Ga, As) and ZnO with VZn and VO has been plotted in 

Figure 4.2.  

 
Figure 4.2 Induced magnetic moment for Zn54 X2 O52 (X = B, C, N, Al, Si, N, P, Ge, 

Ga and As) system and ZnO system with single VZn and VO. 
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Table 4.1Total energy, optimized doping distance, defect formation energy (Edf) and 

induced magnetic moment for different elements doped at oxygen site (XO) of ZnO. 

Name of the 

Element 

Doped 

Distance 

between two 

doped atoms 

(in Å) 

Induced 

magnetic 

moment 

(µB) 

Defect 

Formation 

Energy (Edf) 

(eV) 

*FM  # AFM. 

∆E = 

(EFM-

EAFM) 

( meV) 

 

B 

 

 

5.14 5.91 11.36422 31.5 

11.33276 

8.00 2.01 11.44201 -0.4 

11.44245 

 

 

C 

5.20 4.04 6.19424 0.0 

6.19424 

8.04 4.04 5.9326 -5.8 

5.9385 

 

 

N 

5.17 1.58 2.34261 -107 

2.34707 

7.94 1.72 2.36187 -4.5 

2.469644 

 

Al 

4.68 0.019 14.78046 0.0 

14.78046 

 

Si 

9.85 4.30 13.62607 -31.5 

13.65758 

11.47 4.59 13.88773 -16.18 

13.90391 

 

P 

6.11 

 

1.88 9.63777 -1.4 

9.63917 

7.94 

 

2.15 9.60347 -0.2 

9.60367 

 

Ge 

 

4.89 4.11 15.1015871  

-33.09 15.13468 

 

7.94 

 

4.54 

15.341693  

-10.09 15.35178 

As  

7.94 

 

2.34 

12.10406  

-21.65 12.125714 

 

Table 4.1 represents the structure optimized parameters of viz., optimized 

distance between the two doping site, induced magnetic moment and the defect 
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formation energy Edf. The defect formation energy for doping of different ‘X’ (X= p 

block elements) in ZnO has been calculated by the following formula given in 

equation (15) [80, 127]. 

)(2)(2)()()( 5425254 OEXEZnOEXOZnEXEdf  ………….. (15) 

where, Edf(X) is the defect formation energy corresponding to doping of X (X= B, C, 

N, Al, Si, N, P, Ge, Ga and As), )( 25254 XOZnE  and 54)(ZnOE are the total energy for 

XO doped ZnO system and pristine ZnO respectively; also E(X) and E(O) are the total 

energy corresponding to single doped atom and oxygen atom respectively.  

From Table 4.1, it is clear that due to doping of different p-block element in the same 

oxygen site of ZnO the distance between the two doping site does not remain constant 

rather there is significant amount of structural deformation which is due to the size of 

the doped element. In case of boron at oxygen site (BO) and aluminum at oxygen site 

(AlO) magnetic moment arises due to the dopant and a small contribution comes from 

the unpaired electrons (3d electron) of Zinc atom. In the periodic table, Al (valence 

electronic configurations of 3s
2
3p

1
) is just below B (valence electronic configurations 

of 2s
2
2p

1
), but the magnetic moment induced for BO is 5.9 µB while for AlO is 0.019µB. 

Similar result has been observed [80] in case of ZnO with BO and AlO, which has been 

explained with the help of electronegativity of the dopants. In case of CO (doping of 

carbon at oxygen site) the induced magnetic moment is ~4 µB. Here the 2p electrons 

of carbon atoms are responsible for inducing magnetic moment in ZnO. Doping of 

silicon and Ge atoms at oxygen sites induce magnetic moment of ~4.5 µB, which is 

again due to the dopant and a small contribution comes from 3d orbital electron of Zn 

atom. The slightly higher value of magnetic moment in case of SiO may be due to 

quite large atomic sizes of the Si, similar to ZnO case [80].
 
The doping of group 15 
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elements of periodic elements e.g., N, P, As, also induces a significant magnetic 

moment in ZnO. Here the magnetic moment comes from the p-orbital electron of the 

doped element. In all the three cases the magnetic moment is ~ 2 µB. To investigate 

the interaction between the magnetic moments, the calculations with the two 

magnetization configurations, i.e., ferromagnetic (FM) and anti-ferromagnetic (AFM) 

states for all p-block element substituted ZnO system have been carried out. Two 

different distances between the defect sites (XO – XO) have been chosen for the spin-

spin interaction study. The atomic positions in both FM and AFM cases have been 

fully optimized and the total free energy has been computed. The optimized long and 

short distances along with other parameter has been listed in Table 4.1. It is interesting 

that the induced magnetic moments depend also on the distances between the two 

defect sites in the ZnO.  

 

Figure 4.3 Energy difference between ferromagnetic and anti-ferromagnetic states for 

various p-block elements doped ZnO system. 
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The present ab-initio calculation reveals that doping of carbon atom at oxygen 

site gives a stable ferromagnetic state, which is in agreement with the results obtained 

by earlier theoretical result [84]. Figure 4.3 shows the energy difference between 

ferromagnetic state and anti-ferromagnetic state for all p-block element doped ZnO. It 

can be easily observed from Figure 4.3 that the free energy for parallel spin alignment 

is less for all the cases except Al and Ga doped ZnO system. The spin polarized 

density of states of pristine ZnO and ZnO doped with various p-block elements (viz., 

B, C, N, Al, Si, P, Ga, Ge and As) have been shown in Figure 4.4. 

 

Figure 4.4 Spin polarized total density of states for various p-block elements doped 

ZnO. 
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The density of states for pristine ZnO is symmetric which corresponds to an 

equal number of up spin electrons and down spin electrons in the system and thus 

yields zero magnetic moment. But, the spin polarized density of states of ZnO with B, 

C, N, Si, P, Ge and As have asymmetric nature in DOS yielding a non zero magnetic 

moment in the system. The creation of one cationic vacancy (VZn) generates a moment 

of 1.1 µB but no significant moment is found for anionic vacancy (VO). 

 

4.5   Room temperature ferromagnetism in boron doped ZnO 

As discussed in section 4.4, theoretical calculations under the framework of DFT 

suggest that there is a significant induced magnetic moment in boron doped ZnO. The 

primary source of magnetism in all the cases is the 2p orbital electrons of boron along 

with a small contribution from 2p orbital electrons of oxygen atom in the 

neighborhood of the dopant. Boron atom has the electronic configuration of 2s
2
 2p

1
 in 

its valence shell. When oxygen gets substituted by boron atom, it pulls the electrons 

from the neighboring metal ion as the electro negativity of boron is 2.04 [135]. There 

is a transfer of two electrons towards boron atom from neighboring metal ion (unlike 

the case of TiO2 where the metal ion is attached to one more O-atom and it does not 

get two electrons from the metal ion). After this, the boron atom has the electronic 

configuration of 2s
2
, 2p

3
 in its valance shell. Thus it leaves three unpaired electrons in 

the boron atom inside the oxide system. These unpaired electrons in 2p orbital of 

boron generate ~ 3µB magnetic moment per boron atom doping for ZnO. Spin 

polarized density of states calculations have been performed for pristine system and 

boron doped at O-site in ZnO system. The DOS distributions in pristine ZnO system 

and B-doped ZnO system have been compared as shown in Figure 4.5 (a) and Figure 
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4.5 (b) respectively. Both the partial DOS and total DOS distribution are symmetric 

for the pristine system. The symmetry in DOS distribution indicates the presence of 

equal number of up spin electrons and down spin electrons in the system. Hence, there 

are no unpaired electrons in the system; as a result, there is no significant magnetic 

moment in the pristine system. But in case of boron doped system, there is asymmetry 

both in total DOS and partial DOS around Fermi energy level. The asymmetry in DOS 

indicates there is uneven distribution of spin polarized electrons. 

 

 
 

Figure 4.5 Partial and total density of states distribution a) pristine ZnO and b) boron 

doped ZnO system. 
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The partial DOS analysis reveals 2p orbital of boron atom doped inside the 

system produces a maximum asymmetry. Also, 2p orbital electrons of boron atom 

contribute a significant moment in all the boron doped systems. Comparing the total 

DOS in the B-doped system, it can be observed that there has been generation of 

donor like states above valence band. This makes the boron doped system more n-type 

semiconductor as compared to the pristine system. Also, the Fermi level shifts towards 

conduction band; this indicates n-type behavior. The local magnetic density 

distribution has also been simulated at spin-polarized condition and is shown in 

Figure 4.6. It can be observed from local magnetic density calculation that the major 

contribution of magnetism comes from boron atom; along with a small contribution 

from neighboring oxygen atoms and the metal atoms. 

 

 

Figure 4.6 Local magnetic density distributions for boron doped ZnO, the 

magnetization is localized around the dopant. 
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The energy loss profile of boron ions when irradiated on ZnO has been 

presented in Figure 4.7 (a). The nuclear energy loss dominates over electronic loss 

leading to the generation of significant amount of atomic vacancies. TRIM 

simulations has been used to generate the vacancy profile in 10 keV B
+
 ions irradiated 

ZnO and it is shown in Figure 4.7 (b). From TRIM simulations it is clear that both 

VZn and VO are created in ZnO when irradiated with 10 keV B
+
 ions. However, the 

numbers of VZn are greater in number than VO, unlike the case of TiO2 where the 

numbers of VO were greater than VTi. Similarly, distribution of boron ions with the 

target depth has been shown in Figure 4.7 (c). The penetration by 10 keV B
+
 ions in 

polycrystalline ZnO sample is found to be ~ 90 nm and maximum ion distribution is 

found in the range of 20 - 40 nm. 

 

Figure 4.7 SRIM simulations for B
+
 irradiated ZnO (a) The energy loss profile, (b) 

defect generation profile and (c) boron ions distribution with target depth. 
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Magnetic characterization for 10 keV B
+
 ions irradiated ZnO has been carried out at 

room temperature and is depicted in Figure 4.8. The behavior of the M vs H curve is a 

hysteresis loop at room temperature (~300 K). From the hysteresis curve the values of 

saturation magnetization (Ms) and coercive field (HC) has been found to be 1.3 × 10
-3 

emu/g and 387 Oe respectively. The hysteresis curve as obtained from the present 

experimental data at room temperature confirmed the presence of room temperature 

ferromagnetism in 10 keV B
+
 ions irradiated/implanted rutile ZnO. This result agrees 

with the report by X.G. Xu et al., on intrinsic RTFM in B-doped ZnO thin films 

prepared by pulsed laser deposition technique [79]. 

 

 

Figure 4.8 Magnetization vs magnetic field plot for 10 keV B
+
 ion implanted ZnO. 
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4.6  Defect generation study in granular ZnO 

4.6.1 Defects generation and recovery in polly-crystalline ZnO 

 Figure 4.9 represents the results of in-situ S-parameter measurement during 

the increase of temperature in three steps from room temperature to 286 
o
C. 

Measurements at 100 
o
C for 180 minutes do not induce noticeable change. Increasing 

the temperature to 182 
o
C causes an increment of S-parameter which eventually 

saturates after 90 minutes. Further, increasing the temperature at 286 
o
C induces 

another notable increase of the S-parameter. The corresponding increase stops more or 

less in a similar time scale compared to the earlier one. 

 

Figure 4.9 Variation of S-parameter with heating time during in-situ DB spectrum 

measurement of polycrystalline ZnO. 
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The enhancement of S-parameter with time at 182 
o
C is due to removal [139] of 

loosely bound hydroxyl (-OH) and carbon related species from the system and thereby 

increasing the open volume defects in the system. After certain time, the removal is 

complete and the increase of S-parameter stops. For annealing at 286 
o
C several 

competing processes start. The dominating process is the migration and agglomeration 

of defects in the form clusters and pairs [94]. The most probable defects are VZn-VO, 

2VZn-VO and VZn-VO types depending on the local free energy minimization subject to 

the availibity of particular defect types. At the same time, recovery of defects can take 

place, particularly for 286 
o
C annealing of ZnO. The recovery of isolated VZn defects 

[104] is predicted to be around 266 
o
C. Several techniques, other than PAS have also 

detected recovery of defects for annealing above 250 
o
C [107]. Finally, both recovery 

and generation of VO has been noted [99] during an in-situ EPR and PL investigation 

of ZnO nanostructure. The present PAS results, however, indicates net increase of 

open volume defects in the system due to annealing at 286 
o
C. In materials with 

nanoscale grain size, positrons mostly diffuse and annihilate near the grain surface 

regions [96-98]. As the average grain sizes of the present samples (~ 70 nm) are of the 

order of diffusion length of positrons in ZnO (~ 52 nm) [140], it is expected that 

majority of the positrons annihilate near the grain boundary region. However, careful 

measurement of positron lifetimes in similar ZnO systems [141] indicates that a 

fraction of positrons annihilate at small size vacancies in the bulk also. The present 

experiment indicates that a vacancy migration takes place due to annealing at 286 
o
C 

from the bulk towards the grain boundary region. So increase of S-parameter indicates 

increase of open volume defects in the vicinity of grain surfaces.  
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 To identify the chemical nature of defects near the grain surface, CDBS 

spectrum has been measured with high statistical accuracy (peak to background ratio ~ 

10
5
:1). The respective ratio curves with respect to ZnO single crystal has been shown 

in Figure 4.10. One can identify two prominent dip like features at pL ~ 17.6 × 10
-3

 

moc and pL ~ 26.6 × 10
-3

 moc. Ratio much lower than 1 in the region above pL = 12 × 

10
-3

 moc indicates significant fraction of positron annihilation in the open volume 

defects. So dip above pL = 12 × 10
-3

 moc represents more open volume defects in the 

sample. Assuming positrons are thermalized before annihilation and using Virial 

theorem approximation (in the atom the expectation value of the kinetic energy of an 

electron, Ekin, is equal to the binding energy of the electron), one can calculate [142] 

the Ekin using pL = (2 m0 Ekin)
1/2

.  In this situation, the two dips correspond to Ekin = 

79.2 eV and 135.4 eV respectively. These two values Ekin are very close to the binding 

energies of zinc 3p and 3s electrons respectively [143]. The published electron 

binding energy data for Zn 3p3/2, Zn 3p1/2 and Zn 3s levels are 88.6 eV and 91.4 eV 

and 139.8 eV respectively [143]. Another identifiable feature is noticed for pL ~ 14.1 

× 10
-3

 moc which corresponds to Ekin = 50.8 eV. This is due to annihilation of 

positrons with the electrons of O-2s atoms with electron binding energy 41.6 eV [143]. 

This is interesting because isolated VOs bear generally positive charge in ZnO and are 

invisible to positrons [96]. Possibility of sensing VO defects arises when they are part 

of some neutral or negatively charged defect complexes [144] such as VZn-VO, 2VZn-

VO or VZn-2VO types. Clustering of VZn and VO defects in the temperature range 182-

286 
o
C is clearly manifested in Figure 4.10. This observation is in conformity with the 

second stage increment of S-parameter as shown in Figure 4.9. It can be understood 

that migration and simultaneous agglomeration [145] of VZn and VOs near the grain 
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boundaries. The lifetime of the defect trapped positrons (as reported earlier [96, 97]) 

of granular ZnO does not represent annihilation from isolated VZns only, rather 

indicate larger open volumes combining VZn and VOs. Most recent experiments reveal 

that when a VZn is formed in ZnO, appearance of VO in the vicinity is very much 

likely [144]. 

 

Figure 4.10 Area normalized ratio-curves (constructed from CDB spectrum) for 

differently annealed ZnO with respect to the ZnO single crystal. 

 



85 
 

 

 

 

Figure 4.11 PL spectra of the 182 
o
C and 286 

o
C annealed ZnO. Inset shows same 

spectra with NBE peak normalized to 1. 

 

Figure 4.11 represents room temperature (RT) PL spectra of the two samples. Both 

the samples exhibit near band edge (NBE) at ~3.24 eV and broad deep level emissions 

(DLE). The NBE peak at RT is asymmetric in nature and it is due to an overlapping of 

free exciton (FX) along with its phonon assisted transitions and defect related 

emissions which persist up to RT. After annealing at 286 
o
C, the NBE as well as DLE 

PL has increased significantly. It can be understood that non-radiative defect sites are 

partly recovered due to annealing at 286 
o
C [147]. However, the S-parameter shows an 

increase (Figure 4.9)
 
due to annealing at 286 

o
C. It is possible that point defects in the 

grain interior migrate to disordered grain boundary regions and the bulk of the 
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material become relatively less defective and thereby increasing the overall PL 

emission. Also the broad DLE peak shifts to higher energy due to annealing at 286 
o
C 

(Figure 4.11 inset). 

 

Figure 4.12 Sub-band gap PL emissions from the defect energy levels for (a) 182 
o
C 

and (b) 286 
o
C annealed ZnO samples. Both the spectra have been fitted 

with several Gaussian peaks. 

 

    The deconvolution of possible PL emissions (assuming Gaussian peak shapes) 

comprising DLE in both the samples has been shown in Figure 4.12. The 1.88 eV, 
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2.08 eV and 2.79 eV peaks can be found in both the samples. PL peak at 1.88 eV 

exists with very low intensity in the 286 
o
C annealed sample. The PL emissions at ~ 

2.29 eV and 2.51 eV are less probable in the 286 
o
C annealed sample the spectrum of 

which bear highest emission weight ~ 2.41 eV. Exactly opposite feature is observed 

for the 182 
o
C annealed sample. The PL emission around 2.41 eV in ZnO is generally 

attributed to the signature of singly ionized oxygen vacancies [98, 148]. The same ~ 

2.8 eV is related with zinc interstitial (IZn) type defects [149]. Thus the increase of PL 

emissions at 2.41 eV and 2.79 eV for 286 
o
C annealed sample is consistent with the 

theoretical prediction [17] and recent experimental results [150] of co-existing IZn and 

VO defects in ZnO. It can also be concluded that VO generation already takes place 

below the annealing temperature 286 
o
C. An in-situ PL monitoring in ZnO 

nanoparticles has also reported similar result [99]. The 2.51 eV PL emission, which is 

proposed to be due to VZn type defects [151], is quenched for the 286 
o
C annealed 

sample. The situation is similar for the PL peak ~ 2.29 eV for polycrystalline ZnO 

[152]. So, three emissions, 1.88 eV, 2.29 eV and 2.51 eV have their origin from VZn 

defects or their clusters. Annealing at 286 
o
C breaks such VZn defects and opens 

threefold possibility. The first one is the recovery of a fraction (unknown) of such 

defects [104]. A part of VZn defects can club with another VO to form VZn-VO in the 

bulk [145] which is energetically favorable too [153]. Some of the di-vacancies will 

migrate to the near surface (grain) defect sink. The probabilities of any of the three 

processes depend on the requirements of local free energy minimization. The PL 

emission ~ 2.08 eV has emerged with increased weight in the 286 
o
C annealed sample 

spectrum. Earlier, this particular PL peak has been attributed to either IO or zinc 

deficient state in ZnO [154, 155]. Without ruling out such possibilities, 2.08 eV PL 
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emission has been assigned in granular ZnO, observed here, with bulk VZn-VO defects 

to keep track with theoretical prediction and experimental results [153, 156]. This 

emission can also originate through a radiative emission pathway from doubly 

positive VOs which reside in the depletion region of the grain boundaries [146].  

 Figure 4.13 represents 10 K PL spectra of the 182 
o
C and 286 

o
C two samples. 

In contrast to samples annealed at relatively higher temperatures [157], the PL peak 

for IZn related donor bound emission (DBX) at 3.365 eV is very weak in these samples. 

The most intense peak at 3.311 eV is due to free to bound transition (free electron 

from conduction band to shallow acceptor states, FA transition) due to some typical 

VZn defects [157, 158]. Dominant FA transition is representative of abundant 

acceptors in ZnO sample. This particular peak shows a significant increase due to 286 

o
C annealing. The difference of PL intensity (286 

o
C annealed sample and 182 

o
C 

annealed sample) at particular photon energy is shown in the right inset of Figure 

4.13. The main difference is noticed ~ 3.311 eV. This is interesting as the ratio curve 

of the 286 
o
C annealed sample shows much lower ratio above pL = 20 × 10

-3
 moc. It is 

a clear indication of lower positron annihilation with core electrons of zinc atoms and 

presence of more VZn related defects. The exact nature of the acceptor (indeed shallow 

but localized [158]) contributing to FA transition cannot be identified by PAS or PL 

data, however, it is clear that certain complex of VZns containing VO as well is 

involved. The single crystalline ZnO does not show FA PL peak even when artificially 

VZn and VO defects are incorporated [138]. So defects in the vicinity of grain suface 

are responsible for FA transition. As FA intensity is seen to increase with more VZn 

related signal in the ratio curve, one can speculate that 2VZn-VO defects or VZn-VO 
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with a negative charge state is required for FA transition to occur. More investigation 

on this issue is necessary. 

 

Figure 4.13 10 K PL spectra of both the ZnO samples. Left inset shows the expanded 

region of 3.32 eV to 3.45 eV. The right inset shows the difference of 

NBE PL intensities between 286 
o
C and 182 

o
C annealed samples. The 

difference is highest around 3.311 eV. 

 

The other VZn related emissions such as 2.51 eV and 1.88 eV can be solely due 

to VZns or their clusters [151, 159]. As VOs starts to appear in the system, formation of 

bulk VZn-VO becomes energetically more favourable and 2.51 eV and 1.88 eV 

emissions become relatively week (Figure 4.13). Also two other prominent PL peaks 

are noticeable in the NBE region. Peak at 3.212 eV can be associated with donor 
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acceptor pair (DAP) luminescence [160]. This is expected to be shallow donor (IZn) to 

shallow acceptor transition. Simple calculations [160] of acceptor activation energy 

(EA) using the FA and DAP peak energy positions yield 126 ± 10 meV and 209 ± 10 

meV, respectively. Both the EA values are in the range of VZn related acceptors [104, 

160]. Annealing at 286 
o
C induce more favorable FA and DAP transitions.  The other 

PL peak at 3.324 eV is due to some other type of defects and this emission, along with 

3.311 eV PL contributes to the RT NBE spectrum [157]. Altogether, changes of PL 

properties with annealing of granular ZnO are in conformity with PAS results. 

 

4.6.2 Defect characterization in ZnO annealed at higher temperature 

Investigation have been carried out on two granular ZnO samples annealed at 

325 
o
C and 450 

o
C. Annealing temperatures have been so chosen to unearth annealing 

of open volume defects containing VZn and VOs. Figure 4.14 shows the ratio curve of 

the two ZnO samples with respect to ZnO single crystal. As mentioned earlier, ratio 

much lower than 1 in the region above pL = 12 × 10
-3

 moc indicates significant fraction 

of positron annihilation in the open volume defects, mostly VZns. It is also clearly 

visible that a fraction of vacancy defects present in 325 
o
C annealed ZnO have 

recovered due to 450 
o
C annealing. The concomitant changes in PL have been 

investigated at low temperature. Figure 4.15 represents 15 K PL spectra of the two 

samples. Usual features [138, 157] of ZnO PL at low temperatures have not been 

discussed here, only the differences of the spectra are highlighted. The PL peaks for 

donor bound emission (DBX) at 3.365 eV, free exciton (FX) at 3.378 eV and two 

common donor acceptor pair emissions (DAP) at 3.216 eV and 3.237 eV have been 

observed for both the samples.  
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Figure 4.14 Ratio curves of the annealed ZnO with respect to that of the single 

crystalline ZnO. 

 

Figure 4.15 Near band edge PL spectrum at 15 K for the 325 
o
C and 450 

o
C annealed 

ZnO. The inset shows the corresponding deep level emissions. 
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It is interesting that the 325 
o
C annealed sample with higher defective sites (as 

probed by PAS) shows overall higher PL emission. It is possible only when scattered 

defects such as VOs appear in the bulk of the grain for 450 
o
C annealed sample. Such 

defects generate fluctuating potentials in the grain interior and there by quenching the 

overall luminescence. On the contrary, most of the defects in 325 
o
C annealed samples 

are segregated near the grain boundaries and grain interiors are relatively defect free 

yielding more emission. The free electron transition to localized acceptor states (FB 

transition) is common in poly or nanocrystalline ZnO. It has been reported earlier that 

such localized acceptors are VZns. Here, the FB transition is found at 3.315 eV. Huge 

reduction of the intensity of FB transition has been found for 450 
o
C annealing (in fact, 

if one plots the difference of intensities of PL spectra of the two samples, the main difference 

between the two spectra comes out to be at 3.315 eV).  It can be clearly stated that the 

origin of FB transition in ZnO is related to VZn defect clusters as also envisaged earlier 

[161, 162]. However, it has been found that such clusters contain oxygen vacancies as 

highlighted in Figure 4.14 (region inside the ellipse). The recovery of a fraction of 

defects for 450 
o
C annealing is clearly observed both by PAS and from the defect 

level (or deep) PL emission (inset of Figure 4.15) of the samples. In our opinion, the 

outermost layer of the grain surface is highly defective and should be non-

luminescent. The inner side of this non-luminescent layer is formed due to vacancy 

migration from the grain interior and a vacancy decoration, which is energetically 

favorable from local free energy consideration, appears in the crystal. One of such 

defects has been claimed as basal plane stacking faults [161, 162]. It can only be 

inferred that both VZn and VO exist in the core of such defects and the defective zone is 

luminescent in nature. Any perturbation by irradiation [157] or annealing [163] which 
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can recover the VZn part of such vacancy decoration reduces 3.315 eV PL of ZnO. 

More investigation on this agenda is necessary. 

4.7  Conclusion 

Ab-initio calculations under density functional theory predict that a significant 

amount of magnetic moment gets generated into the ZnO just by doping various p-

block elements. The primary sources of magnetism are the p-orbital electrons of 

dopant atom and a small contribution comes from the neighboring O-atoms present 

around the dopant. The spin-spin interactions study reveals that B, C, N, Si, P, Ge and 

As atom doped system has lower ground state free energy for ferromagnetic ordered 

system over anti-ferromagnetic ordered system. The theoretical predictions are found 

in harmony with experimental observations for boron ions irradiated/implanted ZnO 

system. The formation of defects has been studied explicitly in ZnO samples at 

various temperature by employing both in-situ and ex-situ positron annihilation 

technique. The PAS studies revels that the carbon and loosely bounds hydroxyl bound 

species get removed around from the sample when heated ~90 minutes at 180 
o
C. 

Further annealing the sample at 286 ˚C leads to the formation of vacancies in the form 

of clusters and pairs (such as VZn-VO, 2VZn-VO or VZn-2VO types) and also the 

vacancy migration and agglomeration. The PL measurements also indicate the 

formation of vacancy in the granular ZnO sample. It has also been observed that due 

to annealing temperature difference of 125 
o
C (from 325 

o
C to 450 

o
C), huge change 

occurs in low temperature photoluminescence (PL) of ZnO. Significant reduction of 

free to bound (FB) transition ~ 3.315 eV is observed for increasing the annealing 

temperature. It has been conjectured that ~ 3.315 eV PL in ZnO is related to particular 

decoration (unknown) of both Zn and O vacancies.  
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Chapter-5 

Defect induced ferromagnetism in SnO2 

5.1 Introduction 

SnO2 is a wide band-gap semiconductor with band gap of 3.6 eV [164]. 

Punnoose et al., reported room temperature ferromagnetism in SnO2 and 

paramagnetism in SnO after doping iron at different concentrations [76]. They further 

reported room temperature ferromagnetism in chemically synthesized Co-doped SnO2 

nanoparticles [165]. Hong et al., observed ferromagnetism in laser ablated undoped 

SnO2 thin films grown on the LaAlO3 substrate at room temperature [92]. The reason 

behind the ferromagnetic ordering is conjectured either by oxygen vacancy or by Sn 

vacancy [92]. However, it has been shown both theoretically as well as experimentally 

that very high order of room temperature ferromagnetism can be induced by creating 

Sn vacancies into the pristine SnO2 sample [93]. Albanese et al., [166] detected a 

strong electron paramagnetic resonance (EPR) signal in nitrogen doped SnO2. The 

paramagnetic property observed by nitrogen doping was found to be consistent with 

the first principle calculation [166]. Despite of all these studies in SnO2, there is no 

clear understanding of magnetic property in p-block elements doped SnO2 system. 

In the present work, ab-initio calculations under the framework of density 

functional theory have been performed to understand the magnetic properties of SnO2. 

Possibilities of ferromagnetism in SnO2 have been studied after subsequently doping 

different p-block elements (B, C, N, Al, Si, P, S, Ga, Ge, As) at oxygen site and also 
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for atomic vacancies (VSn and VO). Two different doping distances have been 

considered to dope the p-block elements for complete understanding of the process. 

5.2  Computational Methodology 

Vienna ab-initio simulation (VASP) code [120-123], along with the MedeA 

software package has been used for the theoretical calculation based on density 

functional theory (DFT). The generalized gradient approximation (GGA) with 

Perdew-Burke-Ernzerhof (PBE) exchange and correlation [124] method has been 

followed to study all the systems. A super cell with a size of 2×2×3 tetragonal 

structured unit cells, i.e., with 72 atoms has been taken for all the calculations as 

shown in Figure 5.1. The optimized lattice parameters for SnO2 unit cell are a = b = 

4.736 Å and c = 3.186 Å (close to the experimental values [167] a = b = 4.738 Å; c = 

3.186 Å) and α = β = γ = 90˚.  Periodic boundary conditions have been introduced 

along all the basis vectors. Two oxygen atoms in the pristine SnO2 super-cell have 

been substituted systematically by X = B, C, N, Al, Si, P, S, Ga, Ge and As atom (i.e., 

Sn24X2O46). Each structure has been geometrically relaxed until the maximum value 

of the unbalanced inter-atomic force component (Hellman-Feynman force) converged 

to values below 0.02 eV/Å. The spin polarized density of states has been calculated 

for each optimized structure using density functional theory and hence the induced 

magnetic moment, free energy and Fermi energy for the system have been calculated. 

In all calculations, 400 eV mesh cut-off energy has been taken into account to expand 

the plane wave basis set, and 10
-5

 eV tolerance has been fixed as stopping criteria of 

the self-consistent loop to reach the electronic ground state. The Brillouin zone (BZ) 

of the super cells has been divided by 3×3×3 Monkhorst-Pack (MP) k-points [125]. 
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Figure 5.1 Super-cell of pristine SnO2 with 2×2×3 unit cell, the blue color spheres are 

the Sn atoms and yellow color spheres are O atoms. The (a, b) and (a, c) 

positions are chosen for short distance doping and long distance doping 

respectively. 

In the super-cell, two atoms of same p-block element have been doped at two 

oxygen sites present in adjacent unit cells. Distance between two dopants is ~ 4Å, 

marked as position (a, b) in Figure 5.1. Similarly for long distance doping, two 

oxygen atoms in the super-cell separated by a distance ~ 7Å, labelled as (a, c) have 

been chosen. Spin-spin interaction calculations have been carried out to study the 

magnetic coupling (ferromagnetic or anti-ferromagnetic). The ferromagnetic ordering 

has been achieved by aligning all the spins (dopant as well as the nearby oxygen 

atoms) in same direction. The spin contribution of the Sn atom and the remaining 

oxygen atoms are either negligibly small or zero. On the other hand, G-type anti-

ferromagnetic ground state has been attained by aligning the spins of two dopants as 

well as the nearby oxygen atoms in anti-parallel direction. The ground state free 
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energy of both ferromagnetic state and anti-ferromagnetic state has been compared to 

know the favored state in all Sn24X2O46 cases. Local magnetic density distribution has 

been calculated for spin polarized configuration. 

5.3 Ferromagnetism in p-block elements doped SnO2 

 Theoretical calculations under the framework of density functional theory have 

been carried out to study magnetic properties in different SnO2 systems. Pristine SnO2 

when doped with some p- block elements at oxygen site generate a significant amount 

of magnetic moment. The amount of magnetic moment induced in various p-block 

elements doped SnO2 system and SnO2 with VSn or VO is shown in Figure 5.2. B, N, 

P and As when doped at two different oxygen sites in pristine SnO2 system produce a 

magnetic moment of 2 µB, 1.9 µB, 2 µB and 2 µB respectively. The p-orbital electrons 

of dopants along with neighboring oxygen and tin atoms are the main source of 

magnetization in the system. However, the other p-block elements (C, Al, Si, S, Ga, 

Ge) do not produce any significant magnetic moment in Sn24X2O46 system. Two 

different doping distances have been chosen to study the spin-spin interactions in the 

system. The optimized doping distance, defect formation energy and change in Fermi 

energy after doping are tabulated in Table 1. The creation of one cationic vacancy 

(VSn) generates a moment of ~ 3.7 µB but no significant moment is found for anionic 

vacancy (VO). Spin-spin interactions study shows that stable ferromagnetism is 

obtained only for short distance P and As doped systems. The optimized distance 

between two P and As atoms doped at short position are calculated to be 4.4 Å and 4.6 

Å respectively. The difference of ground state energy between parallel and anti-

parallel spin ordered systems for B, N, P and As doped at long as well as short 

position are calculated and plotted in Figure 5.3. The difference in ground state free 
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energy between ferromagnetic spin ordered system and anti-ferromagnetic system is 

found to be - 404.4 meV and - 277.5 meV for phosphorus and arsenic doped SnO2.  

 

Figure 5.2  Induced magnetic moment in p-block elements doped Sn24X2O46 (X = B, C, 

N, Al, Si, P, S, Ga, Ge, As) system & SnO2 system with single VSn and VO. 

  

Figure 5.3 Difference of ground state energy between ferromagnetic and anti-

ferromagnetic system for B, N, P and As doped SnO2. ‘S’ denotes short 

position and ‘L’ denotes long position doping. 
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Table 5.1 Optimized doping distance, induced magnetic moment, Fermi energy shift 

and defect formation energy for two B, N, P and As doped at short and long 

position in SnO2. 

Doped element Optimized 

distance (Å) 

Induced 

Magnetic 

Moment (µB) 

Fermi Energy 

shift (eV) 

Defect 

Formation 

Energy (eV) 

B 4.52 1.99 0.70 17.019 

7.01 1.8  17.019 

N 4.13 1.94 -0.18 2.606 

6.19 1.94  2.606 

P 4.55 1.98 1.15 14.471 

6.64 1.98  14.470 

As 4.68 1.99 1.68 17.903 

6.49 1.99  17.882 

 

 The spin polarized total density of states (DOS) for all p-block element doped 

system has been plotted and a comparison is made as shown in Figure 5.4. From 

Figure 5.4 it can be seen that the total density of states is perfectly symmetric for 

pristine SnO2, C, Al, Si, S, Ga and Ge doped SnO2 system. This symmetry indicates 

the presence of equal number of up-spin electrons and down spin electrons in the 

system; as a result, no net magnetic moment is found in these systems. But in case of 

B, N, P and As doped system, the total density of states plot has asymmetrical nature. 

This clearly indicates there is discrepancy in number of up-spin electrons and down-

spin electrons in these systems which confirm the existence of some unpaired 

electrons in the system. The presence of unpaired electrons gives rise to magnetic 

moment in the system. However, from spin-spin interaction study, it has been known 

that only P and As doped SnO2 system favors ferromagnetic coupling. 
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Figure 5.4 Comparison of total density of states for p-block elements doped SnO2. 

 

 The partial DOS and total DOS for P atom doped SnO2 and As doped SnO2 

system have been plotted in Figure 5.5 (a) and Figure 5.5 (b) respectively.  It can be 

observed that both the system have asymmetrical partial DOS. The primary source of 

magnetic moment in these systems is the valence orbital electrons of the dopant atom 

and a small contribution comes from neighboring Sn and O atoms. The strong 

coupling of p-orbital electrons of dopant atom and oxygen atom can be observed from 

the asymmetry of states around the Fermi level. The doping of both phosphorus atom 

as well as arsenic atom at oxygen site makes the SnO2 system n-type as the Fermi 

level shifts towards conduction band by an amount 1.15eV and 1.68eV respectively. 
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The local magnetic density distribution in P doped and As doped SnO2 system is 

shown in Figure 5.6 (a) and Figure 5.6 (b) respectively. 

 

  

 

Figure 5.5 Spin polarized density of states for a) P doped SnO2; b) As doped SnO2. 
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Figure 5.6 Local magnetic density distributions in SnO2 system with a) two P atoms 

doped at short position and b) two As atoms doped at short position. 
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It is clear from the local magnetic density distribution (the red color cloud around the 

dopant) that the magnetic moment is primarily localized around the dopants and a 

small amount of distribution is present around the neighboring oxygen atoms. The 

results of local magnetic distribution calculation support the outcome from density of 

states calculation. Both the calculation depicts the dopants as the main source of 

induced magnetic moment in SnO2 system. The defect formation energy for all the p-

block elements doped system has been calculated using equation (16) [80, 127].  

)(2)(2)()()( 24246224 XEOESnOEOXSnEXEdf 
……….. (16)

 

Where, )(XEdf
 is the defect formation energy, )( 46224 OXSnE  is the free energy of 

system under consideration, 242 )(SnOE is the free energy of pristine SnO2, )(OE is the 

free energy of isolated oxygen atom and )(XE is the free energy of isolated atom of 

the dopant. The defect formation energy of two P doped SnO2 and two As doped SnO2 

systems has been found to be 14.5 eV and 17.9 eV respectively. It is interesting to 

note that two nitrogen atom doping in SnO2 has only 2.6 eV defect formation energy. 

Also, nitrogen doped at oxygen site makes the SnO2 system a p-type semiconductor as 

the Fermi level shifts towards the valance band by an amount of 0.18 eV which is also 

in agreement with earlier studies [168, 169]. 

 

 

 

 

 

 

 



104 
 

 

 

5.4  Conclusion 

Magnetic properties of SnO2 has been theoretically studied by systematically 

doping of various p-block elements (viz., B, C, N, Al, Si, P, S, Ga, Ge, As) at oxygen 

site. Density functional theory has been applied to calculate the spin polarized density 

of states, magnetic moment in all the systems. A significant amount of magnetic 

moment has been found in B, N, P and As doped SnO2 systems. However, spin-spin 

interactions study reveals that only P and As doped SnO2 system produced stable 

ferromagnetic spin ordering at ground state. In all other cases (i.e., B, C, N, Al, Si, S, 

Ga, Ge), either the spin-spin coupling is very weak or anti-ferromagnetic coupling 

dominates in Sn24X2O46 system. The primary source of magnetism in all the cases is 

the p-orbital electrons of the dopant atom along with nearby oxygen atoms. The 

ferromagnetic property in phosphorus and arsenic doping in SnO2 has been found for 

the first time. The value of induced magnetic moment for both phosphorus as well as 

arsenic doped at oxygen site in SnO2 system is found to be ~1µB per dopant. This 

property of ferromagnetic ordering in SnO2 system can be used for spintronics 

applications in future. 
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Chapter-6 

Conclusion and future outlook 

6.1 Conclusion 

Room temperature ferromagnetism has been studied in different 

semiconducting oxides both theoretically and experimentally. Theoretical calculations 

have been carried out under the framework of density functional theory to study 

magnetic properties in different oxide systems (viz. TiO2, ZnO and SnO2). The 

outcome of DFT based calculations have been analyzed to predict the magnetic 

property by creating defects (both atomic vacancies and doping) into the oxide 

systems. Different samples were prepared using ion beam irradiation techniques. The 

vacancies generated in the samples have been characterized using Positron 

annihilation spectroscopy (both lifetime measurement technique and coincidence 

Doppler broadening technique have been employed) and photoluminescence 

spectroscopy. The magnetic behaviors in the sample have been characterized using 

SQUID magnetometer. 

Various p-block elements which are nonmagnetic in nature have been doped at 

oxygen site in above mentioned three oxides. A significant amount of magnetic 

moment is found in these systems for most of the cases. The source of magnetism has 

been found to be the valence orbital electrons of the dopants (i.e. p-orbital electrons). 

A small amount of magnetic contribution comes from the oxygen atoms in the 

neighborhood of the dopant. It is interesting to note that in these systems, neither there 

are partially field d-orbital electrons nor the magnetic contribution comes from d-
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orbital electrons; rather the magnetism is observed without having any unpaired 

electrons in the d-orbital in any of the atoms present in these systems. This kind of 

unique magnetic behavior is known as d
0
 magnetism (as discussed in chapter 1). Here, 

it has found that the oxide systems under study (TiO2, ZnO and SnO2) shows d
0
 

magnetism on doping with most of the p-block elements. 

In TiO2, a stable magnetic moment can be generated by doping B, C, N, Al, Si, 

P and As at oxygen site. However, after spin-spin interaction studies, it has been 

found that only B, C, N, Si, P and As doped system favors ferromagnetic coupling. 

Doping of p-block element at Ti-site does not produce any magnetic effect in TiO2 

system. Similarly, in ZnO, doping of B, C, N, Si, P, Ge and As doped at O-site 

produced stable magnetic moment and also the ferromagnetic ground state is more 

stable in all cases. However, in case of SnO2 only B, P and As doped system produced 

magnetic moment. Among them, only P and As doped system have lower ground state 

free energy for ferromagnetic system over that of anti-ferromagnetic one. It has also 

been found that generation at both atomic vacancies (i.e. VTi and VO) can produce 

magnetism in TiO2. In the case of Ti vacancy, the nearest O-atoms become O
-
 from 

O
2-

 which leaves one unpaired electron in the atom. Thus, p-electrons of neighboring 

oxygen atoms are mainly responsible for magnetization in the system. Similarly, in the 

case of O vacancy a single oxygen vacancy in TiO2 supplies two extra electrons to the 

nearest Ti ions, which has been shared by the two nearest Ti ions and hence the Ti
4+

 

(empty 3d state) becomes Ti
3+

 (one 3d electron). This single 3d electron of the Ti
3+

 

plays a major role in introducing ferromagnetic ordering of the system. 

Experimentally, stable room temperature ferromagnetic behavior has been 

observed in TiO2 with atomic vacancies. 96 MeV O
8+

 ion beam has been irradiated on 
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TiO2 sample to create enough atomic vacancies. The PAS characterization reveals the 

creation of large number of Ti vacancies in the irradiated sample. The magnetic 

measurement shows ferromagnetism in the irradiated sample at room temperature. 

Similarly, experimental evidence of room temperature ferromagnetism has been found 

for 1.2 MeV C
4+

 and 50 k eV N
4+

 ions irradiated TiO2 sample. The observed values 

saturation magnetizations are greater than the earlier reported values, where the source 

of magnetism is oxygen vacancies. The increase in magnetization can be associated 

with the dopant atoms sitting at the O-site in both the samples. 

Room temperature ferromagnetism has been also observed in 10 k eV B
+
 ions 

beam irradiated TiO2 and ZnO samples. DFT based calculations predicts 

ferromagnetism in both the samples on doping of B-atoms at O-site. The primary 

source of magnetism in both the cases is found to be the 2p orbital electrons of boron 

along with a small contribution from 2p orbital electrons of oxygen atom in the 

neighborhood of the dopant. However, the induced magnetic moment in TiO2 and 

SnO2 is ~1 µB per dopant, whereas for ZnO it is about 3µB. This discrepancy can be 

understood from the fact that boron atom has the electronic configuration of 2s
2
, 2p

1
 

in its valence shell. When oxygen gets substituted by boron atom, it pulls the electrons 

from the neighboring metal ion as the electro negativity of boron is 2.04. There is a 

transfer of two electrons towards boron atom from neighboring metal ion which 

makes the electronic configuration of the boron atom 2s
2
, 2p

3
 in its valance shell. Thus 

leaves three unpaired electrons in the boron atom inside the oxide system. These 

unpaired electrons in 2p orbital of boron generate ~ 3µB magnetic moment per boron 

atom doping for ZnO. However, in case of SnO2 and TiO2, extra oxygen (with electro 

negativity 3.44) attached with the metal ion. The oxygen atom pulls more electron 
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cloud towards itself and boron atom pulls fewer electrons as compared to the case of 

ZnO system. This leads to the generation of less magnetic moment in the TiO2 and 

SnO2 systems.  

The generation of atomic vacancies has been crucial in ZnO system. 

Unambiguous identification of defects present in semiconducting oxides is extremely 

important to explain defect induced modification of photoluminescence, conductivity, 

magnetism, catalytic efficiency and several others. In-situ Doppler broadening of 

electron positron annihilated γ-ray line shape measurement for granular ZnO material 

shows interesting changes in the S-parameter when temperature is increased above 

room temperature. Annealing at steady temperatures, 182 
o
C and 286 

o
C, S-parameter 

increases with time but tends to saturate in a time scale ~ 90 minutes. The first phase 

of S-parameter increase has been understood as removal of carbon and loosely bound 

hydroxyl groups. Vacancy migration and agglomeration related increase of S-

parameter has been observed during 286 
o 

C annealing. Off-line PL measurements of 

samples annealed at 182 
o
C and 286 

o
C (similar time scale as in in-situ experiment) 

show drastic changes of defect level emissions at room temperature. Clear evolution 

of 2.41 eV PL emission in 286 
o
C annealed sample is observed which indicates the 

presence of stable oxygen vacancies. Agglomeration of a fraction of zinc and oxygen 

vacancies can be responsible for the increase of open volume defects and the S-

parameter. Most probable origin of 2.08 eV PL emission in granular ZnO is from zinc-

oxygen divacancies. 10 K PL spectra of the samples show huge increase of 3.311 eV 

PL emission in 286 
o 

C annealed sample. In the light of the previous reports on this 

topic, it is clear that 3.311 eV PL emission in ZnO arise from defects. The particular 

defect center is a typical decoration of vacancies (with a core of both zinc and oxygen 
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vacancy) near the grain boundary region. The defects generation in granular ZnO has 

been further studied by annealing the samples at two different temperatures (325
 o

C 

and 450 
o
C). Ratio curve analysis shows that granular ZnO samples contain both Zn 

and O vacancies. Such defects exist as agglomerates of several vacancies and start to 

recover above 400 
o
C annealing. It has also been observed that due to annealing 

temperature difference of 125 
o
C (from 325 

o
C to 450 

o
C), huge change occurs in low 

temperature photoluminescence (PL) of ZnO. The widely discussed free to bound 

transition in ZnO (~ 3.315 eV at 15 K) has been correlated with presence of open 

volume defects in the system.  

 

6.2 Future prospect 

Both theoretical calculations and experimental observations show room 

temperature ferromagnetism in various semiconducting materials. However, it has 

been observed that most of dopants give rise to n-type conductivity in addition to 

ferromagnetic property in these semiconductors. RTFM along with p-type 

semiconducting property is vital for spintronics application in these oxide materials. 

Further studies in the search of RTFM in p-type direct band gap semiconductors may 

lead to the realization of new class of devices in future.  
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