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Introduction 

In this chapter an overview of the dilute magnetic semiconductor is presented. It briefly 

describes the importance of non-magnetic dopant in dilute magnetic semiconductors. Moreover 

provides motivation and short outline of the chapters presented in this dissertation. 
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1.1 Introduction and background 

Since research in magnetic semiconductors initiated the beginning of last century it has been 

noticed that in many semiconductor crystals, substitution of transition metal elements for a host 

element adds local magnetic moments to the systems’s low-energy degrees of freedom
1, 2

. These 

doped systems are known as diluted magnetic semiconductors (DMSs). The study of DMS 

flourished in last two decades, when high quality samples became available for experiments and 

nowadays DMS are widely believed to be the ideal material for spintronics. The term 

“spintronics” stands for spin transition electronics, which could be the next step in the 

development of integrated circuits and high-frequency devices used for information processing 

and communications. The emerging field of spin-electronics means to incorporate the electronic 

spin and charge degrees of freedom into a single device 
3-5

.  

1.2 Diluted magnetic semiconductor (DMS) materials 

Two major criteria are considered when selecting the most promising materials for 

semiconductor spintronics. First, ferromagnetism should be retained at practical temperatures, 

namely at room temperature. Second, it would be a major advantage if there were already an 

existing technology base for the material in other applications. A breakthrough in research on 

magnetic semiconductors was the discovery magnetic behaviour in chromium spinels
6
 and 

europium chalcogenide
7
 films. These films were grown with built-in magnetic atoms and showed 

very low Curie temperature Tc (50 K or lower)
8
. Later on, interest spread to transition metal 

(mainly Mn) doped II-VI, IV-VI and II-V compound semiconductors. A game changer in the 

field was the introduction of molecular beam epitaxy (MBE) by Munekata et al.
2
 who 

successfully grew the III-V material InMnAs, and observed ferromagnetism in p type InMnAs. 

In 1996, Ohno et al. 
9
 made the first Mn doped dilute magnetic semiconductor (Ga, Mn)As. 

However, the magnetic transition temperature of GaMnAs is still below room temperature, i.e 

170K. So an important step for DMS to be used in real applications is to improve Tc. Many new 

DMS materials have been discovered in recent research, such as Mn doped CrAs
10

, (Ti,Co)O2,
11

 

(Zn,Co)O
12

 and  Co-doped SnO2 
13

. 
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1.3 Issues with transition metal doped based DMS and search for 

non-magnetic dopants  

A particular incentive for the experimentalists were the calculations of Diet et al.
14

 who showed 

that Mn-doped ZnO would exhibit ferromagnetism above room temperature. Sato et al.
15

 have 

also reported ferromagnetic ordering of 3d transition metal (TM) ions in ZnO
16

. There has been a 

wide distribution in the magnetic properties reported for transition metal doped ZnO, TiO2, 

SnO2, In2O3 and Cu2O etc.
17, 18

 Experiments have now covered a broad range of parameters, 

including various TM dopants, compositional variations, preparation techniques and growth 

conditions, and post-growth processing. The observed results are often conflicting and non-

reproducible between research groups. The discrepancies in the observed properties and in their 

interpretation likely stem from the different growth techniques and insufficient characterization. 

Most of the difficulties arise in determining if the material is a true DMS (TM atoms randomly 

substituting cation lattice sites) or if ferromagnetism originates from TM clustering or dopant-

induced secondary phases. In any case, the results indicate that the underlying mechanisms of 

ferromagnetism in oxide diluted magnetic semiconductors (ODMS) such as ZnO and SnO2 

discussed in this thesis, are quite sensitive to the growth conditions and must be clearly described 

by careful analysis. It was noticed that ferromagnetism (FM), albeit weak, could sometimes be 

seen in systems with no dopants but only some native defects i.e. ZnO,
19

 SnO2;
20

 in some cases 

there were non-magnetic
21-24

 dopants that generated or enhanced the FM and in other cases non-

magnetic co-dopants or defects could be observed to cooperate to develop and stabilize 

ferromagnetism
25, 26

. These effects were found to depend on the microstructure, i.e. grain or 

particle size
24

 and grain boundary area
27

, as well as on the type and concentration of various 

defects, namely cation
12

 and anion
28

 vacancies or interstitials
29

. Thus the search for DMS opened 

up the entirely new area of defect ferromagnetism and the so-called d
0
 ferromagnetism centred 

on the possibility that ferromagnetic semiconductors could be developed by suitable control of 

dopants and engineered defects that avoid the problems of phase segregation and clustering 

encountered in conventional magnetically doped semiconductors.  
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1.4 Crystal structure of ZnO and SnO2 

ZnO is a II-VI compound semiconductor whose ionicity resides at the borderline between a 

covalent and an ionic semiconductor
30

. It crystallizes in the hexagonal wurtzite-type structure 

shown in Figure 1.1. It has a polar hexagonal axis, the c-axis, chosen to be parallel to z. The 

primitive translation vectors a and b lie in the x–y plane, are of equal length, and include an 

angle of 120°. The point group is in the various notations 6 mm or C6v, the space group P63mc or 

C
4
6v. One zinc ion is surrounded tetrahedrally by four oxygen ions. The primitive unit cell 

contains two formula units of ZnO.
31

 At room temperature the values of the primitive translation 

vectors are, a =b= 3.249 Å and c= 5.206 Å (JCPDS card no. 36-1451).  

 

Figure 1.1 Unit cell of the crystal structure of ZnO; yellow = Zn; blue = O. (From Wikipedia.) 

SnO2 (cassiterite) is known to crystallize in the rutile structure formed by a tin atom in the centre, 

surrounded by six oxygen atoms at the vertexes. The tin atom is bonded to four oxygen atoms 

with the same bond length in the basal plane and with another two apical oxygen atoms (Figure 

1.2). The sublattice of Sn
4+ 

ions is body centred tetragonal, c being much smaller than a, c/a = 

0.644 and the space group P42/mnm or D
4h

14 (SG136)
32

 under ambient conditions. The calculated 

equilibrium lattice parameters for rutile SnO2 are a=4.738Å and c=3.187Å (JCPDS File No. 41-

1445 Å). 
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Figure 1.2 Crystal structure of tetragonal SnO2, Grey (big) and red (small) spheres are Sn and O 

atoms respectively
33

. 

In the case of SnO2, nanoparticles have been selected as the preferred form for the system due to 

the ease of preparation and the availability of the preparation facilities as well as the notion that 

applications would ultimately very often require the incorporation of the DMS in the form of 

small particles. 

1.5 Motivation of the thesis 

The search for reproducible and verifiable ferromagnetic behaviour in the ODMS system is far 

from over. Following the prediction of magnetism without TM impurities, K, N, Mg, and C-

doped SnO2 moved into the focus of interest
27, 34-36

 and experimental reports clearly 

demonstrated room temperature FM induced by light elements in ZnO
37

. However, the exact 

nature of magnetism in these semiconductor oxides is still under debate.  

It remains an intriguing question in itself as to how a non-magnetic dopant can develop a 

magnetic moment in these systems. Defects play an important role and the dopants can also 

combine with some of the structural defects and the parent atoms in complexes. How this 

influences the development of long-range ferromagnetic order is up to now not fully understood 

and anomalous features such as high TC’s in combination with low moments are yet to be 

explained.  

The main focus of this thesis is the development of ferromagnetism in ZnO and SnO2 in the 

presence of non-magnetic dopants, namely carbon in ZnO thin films and powders, and Zn, Li in 

SnO2 nanoparticles, and the role that defects play in this regard.  
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There still exists the specific question of whether substitutional or interstitial defects play a major 

role in stabilizing ferromagnetism. The issue needs further detailed study because the models
38, 39

 

predict p-type or hole dominated ferromagnetism which is most intimately connected to the 

presence of the cation (i.e. zinc or tin) vacancies.  

Non-magnetic elements can induce magnetism but the observed magnetism is also linked to the 

presence of native defects. However, the formation energies of native defects, which are 

important for magnetism, are very high.
40, 41

 Oxygen vacancies (Vo) have lower formation 

energies but neutral VO does not induce magnetism in oxides
42-44

. Hence to realize defect 

magnetism experimentally requires reducing the defect formation energy of the host material 

(ZnO and SnO2 in our case). We chose C, Zn, Li as dopants and shall describe in this thesis how 

they modify the formation energies of native defects in ZnO and SnO2.  

There are few reports which systematically investigate the ferromagnetic properties of C-ZnO
45-

47
, Zn doped SnO2

48
, Li-doped SnO2

49, 50
 so far. Questions that still need an answer are how C-

doping of ZnO and Zn or Li-doping of SnO2 helps to stabilize the cation vacancies and 

ultimately to stabilize ferromagnetism. While a non-magnetic dopant itself and the cation 

vacancy can both be considered hole dopants, an oxygen vacancy, the other major defect in these 

systems, is an electron donor and its role also requires elucidation.  

Another issue we addressed was to determine how, and up to what concentration, these non- 

magnetic dopants can be incorporated, so as to retain the phase, avoid clustering, and lead to 

enhancement of ferromagnetism of the ZnO and SnO2 hosts.  

1.6 Thesis organization 

This dissertation is organized as follows: 

Chapter 2 details the synthesis techniques used for the preparation of thin films and 

nanoparticles. The general principles underlying the operation of the characterization tools and 

the experimental details for each characterization technique are discussed. 

Chapter 3 reports on the deposition C-doped ZnO thin films by electron beam evaporation and 

on their structural, electronic and magnetic properties. Role of C on ferromagnetism of ZnO thin  
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films by stabilizing native cation magnetic defects (in our case Zn vacancy) will be discussed. 

Chapter 4 focuses on the effect on ferromagnetism of C-doped ZnO powders sintered in either 

reducing (95 % Ar + 5 % H) or nitrogen atmosphere. The study of the structural, electronic, 

magnetic and optical properties of these materials are reported and the role of carbon-related 

defects for the stabilization of the magnetic moment in the presence native point defects is 

illustrated. 

Chapter 5 reports on Sn1−xZnxO2 (x≤0.1) hierarchical architectures synthesized by a 

solvothermal route. Detailed results of the structural, electronic and magnetic characterization of 

Zn-doped SnO2 hierarchical nanoparticles are explained in the light of recent computational 

studies that discuss the relative stability of ferromagnetic defects on various surfaces.  

Chapter 6 describes the results of Raman spectroscopy, photoluminescence and optical 

characterization of the Sn1−xZnxO2 (x ≤ 0.1) hierarchical architectures introduced in chapter 5.    

Chapter 7 concentrates on Sn1−xLixO2 nanoparticles synthesized by a solvothermal route and in 

particular on the development of ferromagnetism in SnO2 due to the non-magnetic dopant. Li 

incorporation as substitutional or interstitial defect is investigated by X-ray photoemission 

spectroscopy (XPS). Different size regimes of Sn0.96Li0.04O (0 ≤ x ≤ 0.1) are explored to 

understand their effect on ferromagnetism in SnO2. 

The Summary explains the main conclusions of our studies and gives a perspective for further 

work. 
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Synthesis and experimental techniques  

 

This chapter outlines the key experimental techniques utilized to collect the results presented in 

this thesis. First three different preparation techniques are discussed in detail, namely electron 

beam evaporation, which was used to prepare the C-doped ZnO thin films, solid state synthesis 

employed for C-doped ZnO bulk material and solvothermal synthesis for the preparation of Zn 

and Li doped-SnO2 nanoparticles. In the following we report the instrumental parameters and 

conditions applied for the different experimental techniques. The electrical resistivity, carrier 

concentration and mobility of the films were measured with a Hall measurement setup. The 

structure of all the samples was investigated by X-ray diffraction, their composition studied by 

X-ray photoelectron spectroscopy and their magnetic properties probed by the magnetic property 

measurement system.  The morphology of the nanoparticles was analysed by scanning electron 

microscopy and transmission electron microscopy. Raman, UV/Vis and photoluminescence 

spectroscopy gave additional insight on the properties of Zn-doped SnO2 nanoparticles. 
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2.1 Experimental techniques 

2.1.1 Thin film growth by electron beam evaporation  

Electron beam (e-beam) evaporation technique was used to grow thin films of ZnO and C-doped 

ZnO. This physical vapour deposition technique consists in bombarding a target anode with an 

electron beam to emit atoms into high vacuum. Figure 2.1(a) shows schematic diagram of e-

beam setup.  

Figure 2.1 Schematic diagram of (a) electron beam evaporation and (b) thermal evaporation 

setup
1
. 

The electron beam is generated by thermoelectric emission from a tungsten filament, 

accelerating the electrons by a high electric field and then focussing and steering them by magnet 

lenses towards a crucible that contains the material of interest. The energy of the electron beam 

is transferred to the material, which causes it to sublime or evaporate. Many metals, such as 

aluminium, will melt first and then start evaporating, while ceramics will sublimate. The vapour 

is intercepted by the substrate as sketched in Figure 2.1(a). 

Growth conditions 

The base pressure attained in the chamber was about 2.3 × 10
-6

 mbar and the evaporation source-

to-substrate distance 12 cm. The thickness of the films and the deposition rate were controlled 

https://en.wikipedia.org/wiki/Anode
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with the help of an in-situ quartz crystal thickness monitor. The nominal thickness of the films 

investigated was about 300 nm and the deposition rate 5 Å/sec. 

Glass substrates: Pristine ZnO and C-doped ZnO thin films were deposited on different glass 

substrates, namely soda lime and Corning glass 0120 (Precision Electronic Glass).  

Cleaning of the substrates: The substrates were cleaned to remove all organic and inorganic 

residues on the substrate’s surface before thin film deposition. The substrate was washed with 

IPA (isopropanol alcohol) in an ultrasonic bath for 30 min.  Following that, always in the 

ultrasonic bath, it was cleaned successively with ion exchanged distilled water, acetone and 

ethanol and finally blown dry with N2 gas before being fixed on to the substrate holder. 

Ohmic contacts: Aluminium ohmic contacts to the ZnO and C-doped ZnO thin films were 

prepared by thermal evaporation; a schematic diagram is shown in Figure 2.1(b) 

Carbon layer: A pulsed arc discharge technique was used to deposit a carbon layer on the 

undoped ZnO film grown by electron beam evaporation. C was sputtered from graphite anodes 

by an energetic ion beam (Ne). A pulsed voltage was applied with the help of a 12 µF capacitor, 

which was charged with a power supply in series with a resistance of 1.43 MΩ. The discharge 

voltage was about 0.4 kV, applied with a repetition rate of 0.12 s
-1

. Figure 2.2 shows the 

schematic diagram of pulsed arc discharge technique.  

 

Figure 2.2 Schematic diagram of pulsed arc discharge technique
2
.  

2.1.2 Synthesis by solid state reaction  

A solid state reaction was used to prepare the ZnO and C-doped ZnO polycrystalline bulk solids 

under different conditions. In general it is necessary to heat the reacting powders to much higher 



Synthesis and Experimental Techniques                                                      Chapter 2 

14 
 

temperatures (often to 1000−1500  C) in order for the desired reaction to occur at an appreciable 

rate. These high temperatures are required because a significant amount of energy is required to 

overcome the lattice energy so that a cation or anion can diffuse into a different site. The 

feasibility and the rate of reaction depend on the reaction conditions, the surface area of the 

solids, their reactivity, the structural properties of the reactants and the thermodynamic free 

energy change associated with the reaction.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.3 Various steps in a conventional sintering method for processing of bulk materials. 

1. Grinding the mixed powder for 3 h to 

generate a homogeneous mixture. 

2. Sintering the mixture at 1000 
o
C in a 

box furnace under continuous flow of 

different gases for 5 h and then cooling 

down to room temperature under 

ambient conditions. 

Stoichiometric quantities of 

precursors depend on the material 

formula. 

High purity chemical powders  

of carbon, ZnO. Precursor Chemicals 

Mixing 

Sintering 

Grinding thoroughly  

Grinding 

Crystalline sample 
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Mixed metal oxides, sulfides, nitrides, and aluminosilicates are examples of compounds, which 

are typically prepared in this way. The advantage of the solid state reaction method is that 

precursors are available in abundance and at a low cost for powder production on the industrial 

scale. The steps involved in the preparation of a polycrystalline solid using this method include: 

 appropriate amounts of reactants are weighed;  

 a homogenous mixture of the reactants is achieved through grinding. Grinding is essential 

to ensure that particle sizes are reduced and that particles of different chemical species 

are in contact with one another because the reaction occurs at these contact points. 

 A heat treatment is performed for several hours depending on the material characteristics. 

The reaction crucible must be able to withstand high temperatures and be sufficiently 

inert to the reactants. Common crucibles are silica (usable up to 1157  C), alumina 

(usable up to 1927  C), zirconia (usable up to 2027  C), or magnesia (usable up to 2427 

 C). 

The detailed steps of the fabrication process of ZnO and C-doped ZnO through solid state 

reaction are summarized in Figure 2.3. 

2.1.3  Solvothermal synthesis of nanoparticles 

Solvothermal synthesis is very similar to the hydrothermal route where the reaction takes place 

in a Teflon-lined stainless steel autoclave, the only difference being that the precursor solution is 

usually not aqueous. The solvothermal route unites the benefits of both the sol-gel
3
 and 

hydrothermal route
4
 and allows for the precise control over the size, shape distribution, and 

crystallinity of metal oxide nanoparticles or nanostructures. These characteristics can be altered 

by changing certain experimental parameters, including reaction temperature, reaction time, 

solvent type, surfactant type, and precursor type. 

Two series of nanoparticles samples were synthesized via the solvothermal route in a Teflon-

lined stainless steel autoclave setup shown in Figure 2.4. 

 Series No.1: Sn1-xZnxO2 (x =0.00, 0.02, 0.04, 0.06, 0.10) 

 Series No.2:  Sn0.96-xLixO2  ( x =0.00, 0.02, 0.04, 0.10) 

 

https://en.wikipedia.org/wiki/Hydrothermal_synthesis
https://en.wikipedia.org/wiki/Autoclave
https://en.wikipedia.org/wiki/Sol-gel
https://en.wikipedia.org/wiki/Sol-gel
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Figure 2.4 Teflon-lined cylindrical stainless steel autoclave. 

The detailed steps of the fabrication process of nanoparticles through solvothermal synthesis are 

summarized in Figure 2.5. 

 

Figure.5 The overall experimental procedure for pure SnO2 and for Zn or Li doped-SnO2 

nanoparticles. 
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2.2 Characterization techniques 

2.2.1 X-ray diffraction  

X-Ray diffraction (XRD) allows to identify the crystal structure of solids. The lattice constant, 

the average crystal size, strain, and texturing, etc. can be extracted from the diffraction data. 

XRD method is based on Bragg’s law
5
 given by: 

 nd sin2      1 

where d is the separation between the atomic planes,   is the angle of incidence of X-rays with 

respect to the plane, n is a positive integer, 1, 2, 3, 4 etc., representing the order of the diffraction 

and λ is the wavelength of X-rays. Figure 2.6 shows an incident beam of parallel X-rays 

impinging on the surface of the crystal at an angle   and is reflected from the set of parallel 

planes of atoms. The reflected X-rays will interfere constructively or destructively depending 

upon the path difference between the X-rays. When the path difference is an integral multiple of 

the wavelength of X-rays, constructive interference will take place and a characteristic 

diffraction pattern is produced. The measured diffraction pattern can then be compared with a 

known database of reference patterns to determine the crystal structure of the material.  

 

Figure 2.6 X-ray reflection from lattice planes illustrating Bragg’s law. 
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The XRD scans were performed at Quaid-i-Azam University’s Magnetism labs using a 

PANalytical Empyrean system. The major components of the X-ray diffractometer include: (a) 

an X-ray tube with Cu Kα source (λ = 1.540598 Å), (b) an X-ray detector, (c) a goniometer with 

a sample holder, and (d) a computer control. In a laboratory source, a beam of electrons emitted 

from a heated tungsten filament in a vacuum tube, operated at 45 kV and 40 mA, impinges on 

the Cu anode to create the X-rays. Samples were scanned over the range 20−80 . 

2.2.2 X-ray photoelectron spectroscopy  

X-ray photoelectron spectroscopy (XPS) is a surface sensitive quantitative spectroscopic 

technique based on the photoelectric effect: photoelectrons are emitted from the surface of a 

material when irradiated with photons having sufficient energy (hν). A scheme showing the 

principles of XPS is presented in Figure 2.7. The kinetic energy of the emitted photoelectrons is 

measured and the binding energy of the parent state is determined from the basic relation given 

in equation 2.2, if the kinetic energy, KE, of the electrons, the wavelength, λ, of the incident X-

rays and W the work function of the spectrometer are known.  

WKEhBE  
  

   .2  




c
       3  

 

Figure 2.7 A scheme showing the principle of X-ray Photoelectron spectroscopy (XPS). 
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The penetration depth of the incident X-ray photons for a given material is quite large. However, 

for a laboratory source, the electron mean free path of the photoelectrons is very small due to 

scattering, typically of the order of few nm. Hence, only those photoelectrons coming from first 

few atomic layers will escape without scattering and contribute to the XPS spectrum. This 

explains the surface sensitivity of the technique. XPS allows to determine the surface 

stoichiometry because the photoemission signal is directly proportional to the amount of atoms 

in the analysed volume which give rise to that signal. Moreover it allows to discriminate between 

atoms of the same element but in different chemical environment. In fact, the outgoing 

photoelectron is attracted by the hole it has left behind but this hole will be differently screened 

depending on whether the atom is situated in an electron poor or an electron rich environment. 

This screening will thus influence the kinetic energy of the photoelectron and if different 

environments are present, give rise to separate peaks in the spectrum. This is why XPS is also 

known as electron spectroscopy for chemical analysis (ESCA). 

XPS data were collected using a Surface Science SSX-100 ESCA instrument equipped with a 

monochromatic Al Kα X-Ray source (hν=1486.6 eV) and operating at a base pressure of 

≤ 3×10
-10 

mbar. The spectra were recorded with an electron take-off angle of 37° with respect to 

the surface normal. The diameter of the analysed area was 1000 μm; the energy resolution was 

1.26 eV (or 1.67 eV for a survey scan). Binding energies were referenced to the carbon 1s 

photoemission peak, centred at 284.6 eV
6
 unless stated otherwise. As substrate of the powder 

material a conducting Cu substrate was used. For the XPS measurements the powder sample was 

dispersed in ethanol and drop cast onto a Cu substrate to create a smooth homogeneous thin 

layer. For Li-doped SnO2 nanoparticles, for the detection of Li 1s which has a low scattering 

cross section and is present in low concentration, we measured at the periphery to minimise the 

charging effects and background signals (Figure 2.8). 

 

Figure 2.8 Sample prepared for XPS measurements. 
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Three different spots on were analysed on each sample to check for consistency of the data. A 

detailed analysis of the XPS spectra was done using the least squares curve fitting programme 

Winspec developed at the LISE, University of Namur, Belgium
7
. Curve fitting involved a 

background subtraction (linear or Shirley
8
 baseline) and peak deconvolution using a linear 

combination of Gaussian and Lorentzian functions with a 75-25% ratio, while taking the 

experimental resolution into account. Binding energies are reported ±0.1 eV. 

2.2.3 Scanning electron microscopy  

The scanning electron microscopy (SEM) is one of the most widely used techniques to 

characterize the surface morphology and cross section of thin films. In SEM the surface of the 

sample is imaged by scanning it with a beam of high energy electrons. Due to the interaction of 

the primary electron beam with the sample, various signals are generated, including secondary 

electrons (SEs), backscattered electrons (BSEs), Auger electrons, and X-rays. SE emission is 

very sensitive to asperities on the surface and it is this sensitivity that is exploited for imaging. 

Since the yield of the backscattered electrons increases monotonically with element’s atomic 

number, BSEs are useful to distinguish one element from another.  

The morphology and microstructure of the samples were investigated using a field emission 

scanning electron microscope (XL30 SEM-FEG, 5k-30kV) equipped with energy-dispersive X-

ray spectroscopy (EDS). The carbon tape was used for powder mounting; the powder was 

sprinkled onto the tape with the help of a spatula and pressed lightly to set. For last step the 

sample holder was also turn upside down and taped to remove any loose material. 

2.2.4 Transmission electron microscopy  

Transmission electron microscopy (TEM) is a powerful technique to characterize nanostructured 

(~1-100 nm) samples. An electron beam transmitted through an ultra-thin sample forms an 

image, which is magnified and focused onto an imaging device. Due to the small de Broglie 

wavelength of electrons
9
 TEM imaging can be performed with a much higher resolution than 

imaging with a light microscope. TEM gives information about the particle shape, morphology, 

size distribution and degree of agglomeration. TEM involves three main steps: a) generation and 

acceleration of electrons, b) focusing of the electrons using metal apertures and magnetic lenses 
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to obtain a monochromatic beam and c) interaction of the e-beam with the specimen. The high-

resolution transmission electron microscopy (HRTEM) data presented in this dissertation were 

collected using a FEI Tecnai G2 microscope operated at 200 keV. A small amount of 

nanoparticles powder was dispersed in ethanol and than the droplet of the dispersion was cast 

onto the carbon grid used for TEM analysis. 

2.2.5 Hall measurements 

Hall measurements provide a very simple and quick tool for determining the carrier 

concentration, the carrier type and mobility. This measurement is based on the Lorentz force 

acting on the moving electrons in the presence of a magnetic field
10

. The Lorentz force results in 

the development of Hall voltage in a direction perpendicular to both the applied electric and 

magnetic fields. To determine the mobility (μ) and the sheet density of charge carriers (nS), a 

combination of a resistivity measurement and a Hall measurement, called van der Pauw 

technique, is performed. First the resistances RA and RB were measured as shown schematically 

in Figure 2.9 (a) and (b). Subsequently a magnetic field was applied perpendicular to the 

substrate surface and the Hall voltage VH was measured (Figure 2.9 (c)). 

 

Figure 2.9 A schematic diagram showing Hall measurements in a four-point probe van der Pauw 

configuration. 

From these measurements sheet resistance (RS), mobility (μ) and the sheet density (nS) were 

calculated using following set of relations
10

.  

exp (-πRA/RS) + exp (-πRB /RS) =1 …………………………………………2.4  
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nS = IB/q|VH| ………     …………………………………………………...2.5  

μ = |VH|/ (RSIB) = 1/(q nS RS) …………………………………………….2.6  

For the Hall measurements it is important that the contacts are ohmic and small in size. 

Additionally, the sample should be uniform and its thickness should be known accurately to 

estimate the carrier concentration. Aluminium ohmic contacts to the thin films were prepared by 

thermal evaporation. The Hall measurement apparatus employed was a Ecopia model HMS-3000 

made by Bridge Technology. Electrical resistivity, carrier concentration and mobility were 

measured with a magnetic field of 0.32 T. Figure 2.10 (a) shows the spring clip board for use 

with the 0.32 T magnet kit; it has spring loaded clips and tips to make contact without using 

bonding wires. Figure 2.10 (b) shows the sample kit with the 0.32 T magnet. 

  

Figure 2.10 (a) Spring clip board, (b) 0.32 Tesla magnet kit. 

2.2.6 Raman spectroscopy 

Raman spectroscopy is a rapid and non-destructive analysis technique to investigate different 

vibrational, rotational, and other low-frequency modes in solids, liquids, gases or, when a Raman 

microscope is used, in nanoparticles
11

. This technique is based on inelastic scattering of 

monochromatic light incident from a laser source. Photons are first absorbed by the sample and 

then reemitted after a very short period. The frequency of the reemitted photons is either shifted 

up or down with respect to the original frequency and this shifting in frequency is called Raman 

effect. Raman spectra were recorded at 785 nm using a Perkin Elmer Raman Station 400F. The 

spot size for Raman and SERS measurements was 7.8x10
3
 μm

2
, or 0.78 μm

2
 when a microscope 
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with a magnification of 100x was used. Spectra were recorded typically with 1-5 exposures of 2-

40 sec unless stated otherwise. Further analysis of the Raman spectra involved manual baseline 

correction and normalization. 

2.2.7 UV/Vis spectroscopy 

To determine the band gap of our materials and in general study their optical properties, we 

collected diffuse reflectance spectra on a Perkin-Elmer Lambda 950 photo-spectrometer 

equipped with an integrating sphere of 160 mm diameter. To reject the background signal during 

the measurement this spectrometer is equipped with a double beam and a double 

monochromator; a photomultiplier tube and a PbS detector cover the full range of UV/Vis and 

NIR, respectively.. The Lambda 950 spectrometer covers the range of 175−3300 nm with a 

resolution of ~ 0.05 nm and scans from higher to lower wavelength. The reflectance 

measurements were calibrated using the standard “Spectralon”, a diffuse white plastic that 

provides a highly lambetian surface and reflects > 98 % of the light in the range 400−1500 nm 

and > 95% in the range 2000−2500 nm. If the sample is a diffusively scattering medium, the 

reflectance is affected by both absorption and scattering properties
12

, and the equation for total 

reflectance can be written as 

)2( SKKSK

S
R


 …………………………………………………2.7 

where R  stands for the reflectance of an infinitely thick sample, K for the light absorption 

coefficient and S for the light scattering coefficient. 

The ratio K/S can be described by the Kubelka-Munk (K-M) function, F(R), which can be 

derived from the above relation as 

     





R

R

S

K
RF

2

)1(
)(

2

…………….………………………............................2.8 

for K→0 (no absorption)  R∞→1, i.e. all light reflected; 

for S→0 (no scattering) R∞→0, i.e. all light transmitted or absorbed 
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For reflectance measurements the powder samples were pelletized using a hydraulic press. The 

samples were held normal to the incident light and reflectance spectra were measured using 

unpolarized light with wavelengths between 250 nm and 800 nm. The direct energy band gap of 

samples was determined from the reflectance spectra by plotting the square of the Kubelka-

Munk function,      , versus energy and extrapolating the linear part of the curve to          

whereas the indirect band gap was determined by extrapolating the linear part of the curve to 

            . 

2.2.8 Photoluminescence spectroscopy  

A photon with energy greater than the band gap energy can be absorbed and thereby raise an 

electron from the valence band up to the conduction band across the forbidden energy gap.  

 

 

 

 

 

 

 

 

Figure 2.11 Principle for photoluminescence
13

.  

In this process of photo-excitation, the electron generally has an excess energy, which it loses 

before coming to rest at the lowest energy in the conduction band. As it relaxes to the ground 

state, energy is emitted from the material in the form of photons. Thus the energy of the emitted 

photons is a direct measure of the band gap energy, Eg. The process of photon excitation 

followed by photon emission is called photoluminescence and is shown in Figure 2.11. The 
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measurement of photoluminescence from semiconductors has become an important 

characterization method and provides information on doping levels, alloy compositions, band 

gap and edge effects, etc.
13

. For PL investigations the samples were excited at 380 nm by the 

second harmonic of a mode-locked Ti:sapphire (Mira 900) laser. Steady-state spectra were 

recorded with a Si-CCD detector from Hamamatsu. 

2.2.9  Magnetic characterization 

The magnetic properties of the samples studied in this PhD project were probed using a Quantum 

Design MPMS XL-7 SQUID magnetometer. A powder sample weighing 10-52 mg was filled 

tightly inside a gelatin capsule, ideal as sample container because of its low background. It is 

important to contain powder samples so the sample chamber is not contaminated (Figure 2.12). 

The straw containing the capsule at the centre was mounted on the end of the MPMS sample 

holder using thermal conductive tape, and the whole stick with sample was inserted slowly into 

the MPMS sample chamber after flushing with helium venting chamber 2-3 times. The working 

temperature of the MPMS varies from 2 K to 350 K and applied fields of +7 T to -7 T can be 

used. A picture of the apparatus is shown in Figure 2.13. A SQUID (superconducting quantum 

interference device) was used to measure the magnetic dipole moment of a sample as a function 

of temperature and field. There are three main components to the MPMS: a superconducting 

magnet, second-order gradiometer pick-up coils to detect the magnetic field of the sample, and a 

cryostat and sample heating system connected to a temperature controller. The pickup coils are 

inductively coupled to the SQUID sensor by a superconducting transformer. To create an 

alternating magnetic flux from the pickup coils, the sample stick is moved up and down by a 

motor to pass the sample through the coils. The alternating flux signal from the SQUID is 

detected in terms of an alternating voltage, which is further amplified and processed to give the 

magnetic moment in units of emu. The quantity of sample should occupy the minimum volume 

possible to obtain a good signal. Moments as low as 10
-7

 emu can be measured in the MPMS. 

 

Figure 12 Powder sample in gelatin capsule. 
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Figure 2.13 Quantum Design MPMS-XL7 in Solid State Materials for Electronics group at the 

Zernike Institute for Advanced Materials.  

2.3 Measurements performed  

S.No Measurement type Institution Measurement 

Performed by 
1 thin films preparation by e-beam evaporation  PCRET SA/MA/SKH 
2 carbon layer by pulse arc discharge technique PINSTECH SA/MA 
3 bulk sample preparation by solid state reaction QAU SA/MJ/SKH 
4 nanoparticles sample preparation via solvothermal 

method 

QAU SA 

5 structural characterization by XRD thin films PIASE SA 
6 structural characterization by XRD bulk powder and 

nanoparticles 

QAU SA/SKH 

7 Hall measurements of thin films CIIT SA/MA 
8 microstructural characterization via SEM, TEM, 

HRTEM 

ZIAM SA/MVD/JDH 

9 X-ray photoelectron spectroscopy of thin films and 

bulk powder 

UD SA/BA/GHJ/IS 

10 X-ray photoelectron spectroscopy of nanoparticles ZIAM SA/OI/PR 
11 Raman Spectroscopy ZIAM SA/OI 
12 UV/Vis reflectance  measurements   QAU SA 
13 UV/Vis absorbance  measurements   ZIAM SA/WG/MAL 
14 photoluminescence measurements  ZIAM SA/WG/MAL 
15 magnetic measurements of thin films  HU SA/SO 
16 magnetic measurements of bulk powder QAU SA/MJ 
17 magnetic measurements of nanoparticles  ZIAM SA/JB 
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Ferromagnetism in C-doped ZnO Thin Films* 

 

In this chapter we report on the observation of room temperature ferromagnetism in carbon-

doped ZnO thin films prepared by electron beam evaporation. Magnetization, Hall effect, X-ray 

photoemission spectroscopy and X-ray diffraction studies were conducted to investigate the 

source and nature of ferromagnetism. The samples were found to show n-type conduction with a 

carrier concentration which increases with C doping. The photoemission data give evidence for 

C substitution at the zinc site and are consistent with the formation of C-O bonds. The 

ferromagnetism is suggested to originate from Zn vacancies that are stabilized when C is 

incorporated at zinc sites. 

 

 

 

 

 

 

*
The results presented in this chapter were published in: 

S. Akbar, S. K. Hasanain, Manzar Abbas, S. Ozcan, B. Ali, S. Ismat Shah, 
 “

Defect induced 

ferromagnetism in carbon-doped ZnO thin films”, Solid State Communications, 151(1), 17–20 

(2011). 
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3.1 Introduction 

Ferromagnetism has been reported in nanoparticles or thin films of nonmagnetic materials 

without any dopant
1-3

. The question of why ferromagnetism occurs in doped semiconductors is 

complicated by the fact that most X-ray magnetic circular dichroism (XMCD) measurements do 

not detect any ferromagnetic moment on the transition metal dopants
4
, and instead clustering of 

the magnetic dopants has been suggested
5
. However, several recent studies of ferromagnetism 

associated with nonmagnetic dopants in semiconductors do not support clustering of magnetic 

ions
6, 7

. It is also known that intrinsic defects of the host play a critical role in stabilizing 

ferromagnetism in such systems. This stabilization may occur either by creating defects at the 

surface or at grain boundaries (associated with an enhanced density of states localized there) or, 

as in the case of Zn vacancies
2
, by altering the charge distribution in the vicinity of the vacancy 

and creating a moment on the O ion. Pan et al. observed room temperature ferromagnetism in C-

doped ZnO and their findings were confirmed by first-principle calculations
7
. They assumed that 

C substituted for the O atoms and a hole mediated mechanism was proposed for ferromagnetism 

in C-doped ZnO. On the other hand, Ye et al.
8
 reported that hole generation in C-doped ZnO 

powders actually resulted both in the decrease of the electron density and of the magnetic 

moment, and proposed an electron mediated mechanism for the same system. To our knowledge, 

X-ray photoelectron spectroscopy (XPS) measurements on these systems did not establish 

unambiguously whether C is substituting for O (CO) or Zn (CZn) 
9, 10

. Hsu et al.
11

 suggested that 

even if the C dopants are not at CO sites, C is still a novel dopant which drives ferromagnetism 

(FM) in ZnO by controlling the defects created by loss of carbon during suitable post-annealing 

of C:ZnO films. Mishra et al.
12

 reported an enhancement of FM in carbon-doped ZnO 

nanostructures as compared to pure ZnO. They observed that FM in carbon-doped ZnO arises 

from the creation of defects or the development of oxy-carbon clusters. From formation energy 

calculations they also confirmed from formation energy calculations that carbon substitution at 

oxygen site in ZnO lattice is thermodynamically rather unfavourable for the common 

environmental conditions in the experiment. A DFT study by Sakong et al.
13

 showed that in 

carbon-doped ZnO, carbon substituting at the zinc site (CZn) represents the defect with the 

highest absolute stability, followed by the CZn–Ci complex. Interstitial C in n-type ZnO prefers to 

form interstitial pairs or CZn–Ci complexes, which lowers the defect formation energy. These 
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authors identified in both p-type and n-type ZnO certain charge states of CZn–Ci complexes, 

which possess a spin magnetic moment and might explain why both p-type and n-type 

magnetism has been reported for C-doped ZnO. Amiri et al.
14

 showed that both Zn vacancies and 

the presence of C defects (substitutional, interstitial or combination of both) induce the 

ferromagnetism in C-doped ZnO and the mechanism of ferromagnetic coupling is the p–p 

interaction between C atoms and/or C and O atoms. The very limited experimental verification 

of ferromagnetism in C-doped ZnO and the obvious discrepancies between the results
7, 8

 suggest 

that more work needs to be done. In particular, it also needs to be determined whether the 

observed ferromagnetism is connected to C substituting for O or Zn or whether some defect 

structures with magnetic moment are formed. To elucidate these issues, we investigated the 

magnetic and electronic properties of C-doped ZnO thin films deposited by electron beam 

evaporation on different glass substrates.  

3.2 Experimental details 

Pristine ZnO and C-doped ZnO thin films were deposited on soda lime and Corning glass(0120) 

by electron beam evaporation as explained in chapter 2. The base pressure attained in the 

chamber was about 2.3 × 10
-6

 mbar and the evaporation source-to-substrate distance 12 cm. 

Three different targets were prepared by grinding ZnO (99.9 %) and graphite (99.9 %) powders 

together. The thickness of the films and the deposition rate were controlled with the help of an 

in-situ quartz crystal thickness monitor. The nominal thickness of the films investigated here was 

~300 nm and the deposition rate 5 Å/sec. All the films were deposited at room temperature and 

subsequently annealed at 500 °C in air for 1 h. Before annealing, the films were amorphous as 

verified by X-ray diffraction (XRD) (the technique is explained in chapter 2) and black in colour. 

After annealing, these films became crystalline and almost transparent with a slight milky shade. 

The carbon concentration was estimated by chromatography (CHNS scan). The nominally 1 at.% 

C sample was found to contain 0.25 at.% C while the nominally 3 at.% sample contained 

1.9  at.% carbon. The C-doped ZnO films with 0.25 and 1.9 at.% C will be referred to as samples 

#1 and #2 respectively. Another thin film of C-doped ZnO was also grown by a different 

technique. Initially, we grew a ~300 nm undoped ZnO film on the Corning (0120) glass substrate 

by electron beam evaporation. Next, we deposited a thin layer of carbon on it, using a pulse arc 

discharge technique
15

. Subsequently this type of film was annealed at 550 °C for 1 h in air. We 
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shall refer to this sample as sample #3 in the following. Electrical resistivity, carrier 

concentration and mobility were measured by the Hall effect setup described in Chapter 2. 

Aluminium ohmic contacts to the ZnO thin films were prepared by thermal evaporation. The 

crystal structures of the films and bulk samples were characterized by X-ray diffraction (XRD) in 

a 2θ range 20°–70° as described in Chapter 2. X-ray photoelectron spectroscopy (XPS) 

measurements were performed as described in Chapter 2. The binding energy was referenced to 

the C 1s peak at the binding energy of 285.0 eV unless specified otherwise. Magnetic 

measurements performed by Physical Property Measurement System (PPMS, Quantum design) 

as detailed in Chapter 2.  

3.3 Result and discussions 

3.3.1 X-ray diffraction analysis of thin films  

XRD results for the pure ZnO film, as well as for the C-doped samples #1, #2, and #3 are shown 

in Figure 3.1. (a-c) The observed peaks correspond to the Wurtzite structure, confirming the 

development of the desired phase. No unidentified peaks were observed. The intensity of the 

(002) peak shows that all the films preferentially exhibited the (002) orientation, which has been 

reported in the literature
16

. No other C phases were observed by XRD. Comparison of the 

relative intensities of the three main XRD peaks reveals that the intensity of the (002) peak is the 

highest in the pure ZnO thin film and decreases with C content. Figure 3.1 (b) shows a clear 

broadening of the XRD peaks with increasing C content, evidenced also by the plot of the 

increase in full width at half maximum (FWHM) values with carbon content presented in Figure 

3.1 (c). This broadening of the peaks may stem from the distortion of the host lattice due to the 

strain induced by C occupying zinc sites or interstitial sites. This indicates that the preferred 

growth of the films along the (002) direction becomes less dominant upon C incorporation. The 

lattice constants a and c, calculated from the (100) and (002) planes respectively, are shown in 

Figure 3.2 (a, b) for the different films.  
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Figure 3.1 (a) X-ray diffraction patterns of undoped and carbon-doped 300 nm thick ZnO films 

annealed at 500 °C. (b) The enlarged XRD patterns of undoped ZnO, #1, #2 and #3 C-doped 

ZnO samples. (c) Variation of full width half maximum (FWHM) values of the (002) peak with 

Carbon concentration. 

The lattice constants show a marked decrease for the #1 sample C-doped films (a = 3.246 Å, c = 

5.204 Å) as compared to the undoped films (a = 3.250 Å, c = 5.209 Å). However, sample #2 

showed a significant increase in both the lattice constants (a = 3.251 Å, c = 5.215 Å) as 

compared to the sample #1. An increase in 2θ values as compared to XRD data of pure ZnO has 

been reported earlier for C-doped ZnO nanocrystals
17

. We note that the radius of the Zn
2+

 ion is 

0.74 Å,
18

 while that of O
2−

 is 1.4 Å 19
. 
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Figure 3.2 Variation of lattice parameters (a) “a” and (b) “c” in carbon-doped ~300 nm thick 

ZnO films with different carbon concentration.  

On the other hand the possible ionic sizes of C are 2.60 Å for the −4 state
20

 and 0.30 Å for the +4 

state
21

; the covalent radius
22

 is about 0.77 Å. The decrease of the ZnO lattice constant for the #1 

sample composition suggests that C is incorporated at the Zn sites. Incorporation at the O sites as 

an anion would lead to larger lattice constants
8, 14

. The radius of covalent carbon is smaller than 

the radius of O
2−

; a reduction of lattice constant with carbon doping could therefore also be 

expected when carbon ions are incorporated into the O site of the ZnO lattice 
23

. However C 

substitution for Zn was confirmed by XPS results (vide infra) but there is no evidence for carbon 

substitution at the oxygen site (CO). The lattice constant c of the #2 sample is less than that of the 

undoped film but higher than that of the #1 sample. It is possible that in this case the C atoms 

may be at least partially incorporated into interstitial sites, leading to a larger lattice constant. 

3.3.2 Electrical measurements  

Hall effect measurements at room temperature were performed on both pure ZnO and on the #2 

sample in the configuration described in chapter 2. Our measurements showed n-type 

conductivity for both cases. For the C-doped sample an increased carrier concentration almost a 

factor of three was observed, from n = 5.7 × 10
16

/cm
3
 for the pure ZnO to n = 1.7 × 10

17
/cm

3
 for 

the #2 sample. The low resistivity values (58.0±0.2 and 23.0±0.2 Ohmcm for the pure and C-

doped films, respectively) confirm the good quality of inter-grain contacts in these films. n-type 
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conductivity in ZnO has been attributed to the presence of intrinsic defects such as oxygen 

vacancies (VO), and zinc interstitials (Zni)
24

. On the other hand O substituted with C are expected 

to act as acceptor impurity in ZnO. Both n-type
7, 8

 and p-type conduction
10

 have been reported in 

C-doped ZnO. Pan et al.
7
 have reported an increase in the electron concentration with C doping 

but argued that the holes expected to be formed by C doping were masked by the intrinsic 

electron defects. Ye et al.
8
 observed a decrease in the electron concentration and a degradation of 

ferromagnetism due to annealing in a nitrogen (hole generating) environment. Our Hall effect 

results are consistent with those of Ref. 8, in the sense that we observe n-type conductivity and 

find that the addition of C enhances the electron concentration.  

3.3.3 X-ray photoelectron spectroscopy analysis 

XPS allows to determine the ionic state of the constituents or the dopants and to infer the 

possible bonding of the dopants with the host. XPS data for the Zn 2p, O 1s and C 1s binding 

energy regions are shown in Figure 3.3 (a, b, c) for the samples #1, #2 and #3. The Zn 2p region 

in Figure 3.3(a) shows two peaks, which correspond to the reported binding energies (BE) for Zn 

2p3/2 and Zn 2p1/2 states
25

.  

The BEs of Zn 3p3/2 line for film #1 and film #3 is (1021.2 eV) while that of #2 is shifted to a 

higher value (1021.9 eV). It is significant to note that the former two films display stronger 

ferromagnetic properties than the latter, as will be discussed below. The C 1s spectrum, shown in 

Figure 3.3(c), can be de-convoluted into two peaks labeled as C1 and C2. The major peak at the 

lower binding energy C1 was attributed to the „„free carbon‟‟ (graphite or carbon contamination) 

at 285 eV, while the smaller peak at a higher binding energy C2 (286.5 eV) is due to C in the 

ZnO matrix. When C substitutes O, the C 1s binding energy shifts to a slightly lower value
7
. 

However, in the case of carbon atoms substituted at the zinc site, there is the possibility of the 

O-C–O bond (286.1 eV) with binding energies higher than for free carbon
9
. This situation can 

lead to the development of two main C-related defects, i.e. carbon substituting for Zn (CZn) or 

carbon substituting for Zn and combining with two interstitial oxygen atoms to form a carbon-

interstitial oxygen defects (CZn +2Oi). 
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Figure 3.3 XPS spectra of (a) Zn 2p, (b) O 1s and (c) C 1s core level regions of #1, #2 and (#3) 

samples. Data (black line) and fits (coloured line) are shown (for details see text). 

A major difference between these two types of CZn defects is that the carbon substituting for Zn 

is an n-type defect, while the C–O complex is of p-type
9
. It has been estimated

9
 that the 

formation energies of other defects such as CO (C substituted for O) are prohibitively higher and 

become more so at lower oxygen partial pressures. The absence of any lower binding energy 

peak in our XPS spectrum suggests that C is not substituting for oxygen. Our results are more 

consistent with the formation of C–O bonds and with the presence of C primarily in the +4 state 

as also supported by XRD results. The fundamental difference between C substituting for O and 

C substituting for Zn is that the former has been shown by density functional theory calculations
7
 

to be related to the stabilization of hole mediated ferromagnetism. The binding energy position 

of the C 1s peak correlates with the type of ferromagnetism: when it is lower than 250 eV, p-type 

ferromagnetism was observed
7
, while in the opposite case

8
, namely for binding energies higher 
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than that for free carbon, n-type ferromagnetism was observed. WC is the presence of C in a 

higher than divalent state, e.g. C
+4

 as explored by our XPS measurements.   

Continuing with the XPS analysis, we note that the O 1s spectra shown in Figure 3.3 (b) can be 

deconvoluted into two peaks at BE of 530.54 and 532.54 eV, respectively. These spectra are 

typical of ZnO, where the low binding energy component is attributed to O
2−

 ions of the Wurtzite 

structure of the hexagonal Zn
2+

 ion array, surrounded by Zn atoms
26

. The higher binding energy 

peak has been attributed to different reasons, e.g. oxygen vacancies, hydroxyl groups or absorbed 

oxygen
9
; it has been found to grow with low oxygen partial pressure and hence often been 

assigned to the presence of oxygen vacancies
27

. In our case where the films were annealed in 

ambient air, oxygen vacancies cannot be ruled out but the number of oxygen vacancies is 

expected to be low compared to that found for films annealed in a reducing atmosphere. This 

O 1s higher binding energy peak can also be attributed to the C–O bond in a defect complex that 

comprises of a carbon atom substituted for zinc (CZn) and two interstitial oxygen ions
9
.  

Thus our XPS results suggest that the C atoms are substituting for the zinc atoms and also 

indicate the possibility of defect complexes that involve C–O bonds
17

. 

3.3.4 Magnetization measurements  

The magnetic studies were performed on all four types of samples, the pure ZnO films, #1, #2 

and #3 sample. Each of these samples showed room temperature ferromagnetism. To eliminate 

any possible contribution to the observed ferromagnetism from the substrate, each substrate 

alone was studied separately. The room temperature (positive) moment of the glass substrate (not 

shown here) was determined to be ~1 × 10
−5

 emu at 1 kOe applied field; the moment becomes 

diamagnetic at higher applied fields. On the other hand the undoped ZnO films on the glass 

substrate showed a diamagnetic moment of ~ -9.8 ×10
−7

 emu at the same field. The Corning 

glass substrate had a diamagnetic moment of -1.2×10
−6

 emu at 1 kOe as shown in Figure 3.4 (a). 

The hysteresis loops for samples #1, #2 and #3 taken at room temperature are shown in Figure 

3.4 (b) without subtraction of the substrate contribution. 

From the data it is clear that at least for the #1 sample and the C-coating coated film (#3 sample) 

the ferromagnetic moment is well in excess of any contributions from the substrate. At 1 kOe, 

#1sample has a moment which is 50 times larger than that of the substrate itself, while 
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Figure 3.4 Hysteresis loops for (a) Undoped ZnO (on glass slide) and Corning glass at room 

temperature and #1, #2 and #3 samples at (b) 300 K and (c) 10 K 

#3 sample has a ferromagnetic signal of +7.8 × 10
−5

 emu (5.7 emu/cm
3
) where the substrate itself 

has a diamagnetic signal of the order of −1 × 10
−6

 emu. The ferromagnetic moment of the #2 

sample was about twice as much as the positive moment from the substrate; hence the 

contribution from C-doped ZnO may seem questionable. However considering that the ZnO 

matrix plus glass substrate combined have a diamagnetic contribution of ~ -9.8 × 10
−7

 emu, the 

observed ferromagnetic moment of ~ +2 × 10
−5

 emu (1.8 emu/cm
3
) in this sample also appears to 
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be quite significant. Thus for all these films room temperature ferromagnetism is clearly 

observable as a consequence of C incorporation into the ZnO matrix. The strongest moment is 

seen in the case of #1 sample. Pan et al.
7
 have shown that the saturation magnetization increases 

strongly between 0 and 1 at.% C doping, followed by a slow increase up to about 5 at.% but 

decreases for  higher C content. According to Zhou et al.
20

 the highest saturation magnetization 

is achieved at 2 at.% C and reduced values are observed for higher C doping. Earlier reports, 

both theoretical
14, 28

 and experimental
7, 20

, have shown a non-monotonic variation of the magnetic 

moment with increasing C content of ZnO thin films.  This behaviour has been interpreted as a 

sign for the carbon atoms distributing non-uniformly at higher concentrations. Thus we conclude 

that the decrease in the moment for our #2 composition is most likely due to the increased 

presence of C atoms in interstitial positions. Such interstitial C suppresses the magnetic moment 

since the single Ci defect is non-magnetic
13

.  

The temperature dependence of the magnetization was analysed for the C-coated ZnO film on 

the Corning glass substrate. The temperature dependence of the other films was not analysed due 

to the substantial temperature dependence of the magnetization of the glass substrate. The 

Corning glass substrate had a small diamagnetic contribution all the way to 50 K as shown in 

Figure 3.5 (a). Below 50 K the moment of the substrate begins to show a significant upturn.  

Hence the M(T) data selected for fitting were confined to the temperature region T > 90 K. The 

data were fitted with the Bloch law M(T) = M(0) (1-(T/Tc)
n
) expected for a spin wave 

contribution. The result of the fit is shown in Figure 3.5 (b). The parameters obtained from the fit 

were n=2.02±0.07 and Tc=501.0±8.6 K. The larger value of the Bloch exponent, i.e. 2 as 

opposed to the value of 1.5 expected for spin waves in a 3 dimensional system, has been 

observed often in systems with finite size effects such as nanoparticles and nanometer thick films 

and attributed to the quantization of spin wave and the occurrence of a size-dependent gap in the 

spin wave spectrum
29, 30

. The value of Tc obtained from the fit is consistent with the observation 

of ferromagnetism at room temperature and its high value of 501 K indicates strong 

ferromagnetic coupling. Hence the analysis of spin wave behaviour in the C doped films appears 

to suggest 3-d ferromagnetism with a more rapid decrease of moment with temperature than in a 

bulk ferromagnet, possibly due to the finite size of the ferromagnetic regions. 
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Figure 3.5 (a) Temperature dependence of magnetization of a carbon-coated ZnO film and of the 

Corning glass substrate. The applied field was 1 T. (b) Bloch law fit to the M-T data of (a), 90 

K<T<300 K. 

3.4 Conclusions 

Our data clearly shows the presence of RT ferromagnetism in C-doped ZnO thin films that 

exhibit n-type conductivity. Several scenarios may be invoked to explain the mechanism of this 

FM and the other trends in the XPS and XRD measurements. At this stage it is however possible 

to draw some broad conclusions from the available data. We note that many of the recently 

studied models are based on the substitution of C for oxygen and the consequent hybridization 

between Zn and C orbitals. The localized holes produced by the Zn-C bond generate the moment 

in this model. However our XPS data do not give any clear indication for Co defects (no C 1s 

component at lower binding energy than that of free carbon), which form the basis of this model. 

The XRD data indicating the reduction of the lattice constant are consistent with both CZn and 

Co. The presence of oxygen vacancies is also inferred from the XPS. In searching for alternate 

explanations consistent with the data we note that according to the defect induced 

ferromagnetism model, Zn vacancies in ZnO can lead to a spin polarized solution with magnetic 

moment of 2 µB/Zn vacancy. Furthermore co-doping of nonmagnetic ions, e.g. Li
31

, support FM 

in ZnO by reducing the formation energy of the zinc vacancy. In the same spirit we can consider 

the observed RT ferromagnetism in C-doped ZnO as being caused by the stabilization of the Zn 

vacancy by lowering its formation energy at Zn sites nearby the C atom
12, 32

. While a zinc 
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vacancy is generally a high energy defect, its formation is relatively easier on surfaces or in the 

presence of a suitable dopant
6
. A possible source for the stabilization of Zn vacancies by C is the 

presence of C in a higher than divalent state, e.g. C
+4

. This possibility cannot be ruled out in the 

light of our XRD measurements, which show a decrease of the lattice constant with C 

incorporation. The presence of C in a higher valence state would generate an excess of electronic 

charge and the excess charge can be compensated by the generation of zinc vacancies. 

We argue along the lines of references 
2, 3

 that Zn vacancies lead to unpaired O electrons in their 

immediate neighbourhood, which provide the moment, while the coupling between these 

unpaired O 2p electrons can then lead to the development of room temperature ferromagnetism. 

It therefore appears that room temperature ferromagnetism in n-type C-doped ZnO may occur, 

distinct from ferromagnetism in p-type C-doped ZnO, as an example of defect ferromagnetism 

generated by the stabilization of zinc vacancies.  

The possibility of ferromagnetism in C-doped ZnO with carbon substitution at the oxygen sites 

(Co) has been discussed by various authors
7, 8, 20, 23, 33-35

. Despite the fact that our XPS data do not 

show the expected Zn-C bond component at a lower binding energy, our XRD data are consistent 

with the expectations of this model. For example the substitution of O by C is expected to reduce 

the lattice constant due to the smaller size of the C ions compared to that of the O ions (the radii 

of O
2−

 and covalent carbon are 1.40 Å and 0.77 Å (respectively)
22

. Hence the reduction of lattice 

constant compared to ZnO is consistent with the expectation of C substituting at O sites in the 

ZnO lattice.
23

 In fact, the increase in the lattice constant with higher C concentrations can only be 

explained if C is assumed to occupy interstitial sites for higher concentrations
8, 20, 33, 36

. 

Furthermore our XPS measurements show the presence of a (weaker) peak at higher binding 

energy assigned to the presence of zinc oxy-carbide complexes. However in the literature this 

peak has also been interpreted as indicating the existence of carbon substituting for oxygen and 

resulting formation of Zn–C bonds
33

.  The bonding of C with Zn atoms leads to C 2p–Zn 3d 

hybridization and the resulting magnetic moment is due to the transfer of an electron from the d 

orbital of the Zn ion to the p orbital of the C ion. With the transfer of a d electron, the Zn d 

orbital changes from d
10

 (completely filled) to d
9
 (incompletely filled) state. Finally FM can be 

induced by the polarization of itinerant electrons originating from O vacancies
8
. The presence of 

O vacancies is not only expected but strongly suggested by our XPS measurements. Mishra et 

al.
12

 have discussed a different version of the defect-induced mechanism responsible for 
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ferromagnetism in C-doped ZnO. They have argued that the FM arises from the creation of 

defects or the development of oxy-carbon clusters.  

Hence it appears that while the specific mechanism is uncertain on the basis of these 

measurements, it is definitely a case of defect induced ferromagnetism where the substitution of 

C within a defect complex whereby Zn-C bond may be formed, or C as a stabilizer of Zn 

vacancy, could be leading to the stabilization of FM in C-doped ZnO. Some of the measurements 

to be described in chapter 4 shed more light on the role of electrons or holes in the mechanism of 

ferromagnetism prevailing in C-doped ZnO thin films. 
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Ferromagnetism in C-doped ZnO powder: the role of oxygen 

vacancies and carbon defects*
 

In this chapter we discuss defects in C-doped ZnO powders and their role as a source of 

ferromagnetism in these compounds. The samples were prepared by standard solid-state reaction 

and sintering in either reducing (95 % Ar + 5 % H) or nitrogen atmosphere. For the samples 

sintered in a reducing atmosphere X-ray diffraction and X-ray photoelectron spectroscopy data 

gave evidence for C substitution at Zn sites (CZn) and for carbon in interstitial sites (Ci). X-ray 

photoelectron and Auger spectroscopy studies also demonstrated the presence of oxygen 

vacancies, zinc interstitials (Zni) and defect complexes involving C-C bonds. Magnetization 

studies showed room temperature ferromagnetism in these powders, with the saturation 

magnetization being largest for compositions with high concentration of carbon defect 

complexes with (C-C) bonds and with high Zni concentration. We relate the Zni and the defect 

complexes with C-C bonds to the formation and stabilization of Zn vacancies and thus support 

the prediction that ferromagnetism in ZnO type oxides is associated with cation (zinc) vacancies. 

Samples sintered in nitrogen, an atmosphere which favours hole doping, showed instead 

diamagnetic behaviour.  

 

 

 

 
*
The results presented in this chapter are ready for submission:  

S. Akbar, S. K. Hasanain, M. Jamil, G. H. Jaffri and P. Rudolf "Ferromagnetism in carbon-doped 

ZnO powder: the role of oxygen vacancies and carbon defects". 
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4.1 Introduction 

In the previous Chapter we discussed that distinctly from ferromagnetism (FM) in p-type C-

doped ZnO, room temperature ferromagnetism (RTFM) may occur in n-type ZnO films because 

of Zn vacancies that are stabilized when C is incorporated at zinc sites. We argued that Zn 

vacancies could be the defects that lead to unpaired O electrons in their immediate 

neighbourhood, which couple, leading to the development of RTFM. In this context it becomes 

crucial to study the effect of different annealing atmospheres and investigate how the electron 

concentration is increased or decreased in each case. A second question that will be addressed is 

whether the type of FM observed in the case of thin films is also possible in bulk C-doped ZnO 

and if so, how it is affected by annealing in different atmospheres. There are reports
1, 2

 of 

ferromagnetism in C-doped ZnO thin films attributed to the substitution of C atoms at O sites 

(CO), whereby holes in O 2p states are responsible for the magnetic moment and the alignment of 

the moments in C-doped ZnO is achieved through the holes. However this hole mediated 

mechanism does not appear to be conclusive since also n-type FM has been demonstrated for C-

doped ZnO thin films
1
. Some reports

2
 have shown a variation of magnetic moment with carbon 

concentration, while we have suggested
3
 that defects such as Zn vacancies may be responsible 

for the ferromagnetism in C-doped ZnO with C atoms substituting at Zn sites. It has been put 

forward
4, 5

 that even when C dopants are not at CO sites, C is still a dopant which can make ZnO 

ferromagnetic. Won et al.
6
 have proposed a defect induced ferromagnetism based on their 

observations of RTFM in ZnO:C films with n-type conductivity and found evidence for C atoms 

at interstitial or Zn sites. Recently Kumar et al.
7
 have suggested a band gap mediated 

ferromagnetism in ZnO-C thin films whereby a lower band gap induces stronger magnetization. 

Zhang et al.
8
 have reported that the FM in Znx (ZnO)1-x granular films was derived from native 

point defects such as Zn interstitials or O vacancies. Ye et al.
9
 have observed RTFM in bulk 

carbon-doped ZnO prepared in an argon atmosphere and a reduction in FM when the samples 

were prepared in a nitrogen atmosphere. These authors have suggested that an electron mediated 

mechanism is a better explanation of ferromagnetism of carbon-doped ZnO materials than a hole 

mediated one. Computational studies on C-doped ZnO have also depicted the variety and 

complexity of possible routes to RTFM in this system
10-14

. Both interstitial C defects
14

 and a 

combination of substitutional and interstitial C defects in ZnO clusters lead to magnetic moments 
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(0.0–2.0 μB/C). Other DFT studies
11

 have shown that carbon substitution at zinc sites (CZn) have 

the highest absolute stability, followed by the CZn–Ci complex. Interstitial C in n-type ZnO 

prefers to form interstitial pairs or CZn–Ci complexes, The Ci–Ci interstitial pair is energetically 

more stable in the molecular form as compared to two single Ci and possesses a magnetic 

moment both as neutral and as singly charged species. Similarly Amiri et al.
13

 have shown that 

Zn vacancies and C defects (substitutional, interstitial or a combination of both) can induce 

ferromagnetism in C-doped ZnO with p–p interaction between C atoms and/or C and O atoms. 

Recently Dung et al.
15

 have provided experimental evidence for the substitution of carbon at 

both Zn and O sites to form C-O and C-Zn bonds.  

In the light of the varied results related to the electron or hole nature of ferromagnetism and the 

effects of different environments on the ferromagnetism and the stabilization of various defects 

that may play an important role in the defect ferromagnetism, we have studied the structural, 

electronic, optical and magnetic properties of bulk C-doped ZnO sintered in both oxidizing and 

reducing atmospheres. The effects of these preparation conditions on the various physical 

properties, and in particular on ferromagnetism were studied and correlated. An N2 atmosphere is 

known to favour holes, while a reducing atmosphere such as Ar/H2 generates electrons via the 

oxygen vacancies. X-ray photoelectron spectroscopy (XPS) measurements were performed to 

identify the substitutional sites of C and variations in O vacancy concentration. We discuss these 

results in the light of various models and show that in the bulk C-ZnO system electrons play a 

decisive role in promoting the ferromagnetism while a hole promoting environment is deleterious 

for the same.  

4.2 Experimental details 

A standard solid-state reaction was used to prepare C-doped ZnO samples Zn1-xCxO with a 

nominal carbon concentration of x=0.00, 0.05, 0.08, 0.10, 0.15. Fine powders of high-purity 

carbon and ZnO with prescribed molar ratio were ground for 3 h to generate a homogeneous 

mixture, which was light grey in colour. The mixture was then sintered at 1000 
o
C in a box 

furnace under continuous flow of forming gas Ar/H2 (95 % Ar + 5 % H) for 5 h and cooled down 

to room temperature under ambient conditions. Samples thus obtained were dark grey in colour. 

For comparison purposes another series of samples with nominal carbon concentration of x= 
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0.05, 0.10, 0.15 was prepared, where the sintering was conducted under flow of nitrogen (N2) for 

5 h. These samples were yellow in colour. After sintering all samples were again ground for 10-

15 minutes to obtain fine powders. To further explore the effect of other sintering environments, 

samples with x=0.15 composition were also prepared by sintering in pure Ar and O2 

environments.  Care was taken to handle all samples only with Teflon tweezers and spatulas to 

avoid magnetic contamination.  

The structural characterization was performed by X-ray diffraction (XRD), as reported in 

Chapter 2. Experimental details for X-ray photoelectron spectroscopy, magnetic measurements 

and optical characterization by diffuse reflectance spectroscopy are given in Chapter 2.  

4.3 Result and discussion 

4.3.3 Structural characterization by X-ray diffraction 

Figure 4.1 shows XRD patterns for C-doped ZnO powders sintered in N2 and Ar/H2 atmospheres. 

Figure 4.1(a) shows diffraction peaks at 2θ equal to 31.8, 34.4, 36.3, 47.6, 56.6, 62.8, 66.4, 67.9, 

69.2, 72.6 and 77.0º, which can be identified as corresponding to the (100), (002), (101), (102), 

(110), (103), (200), (112), (201), (004) and (202) planes of the hexagonal Wurtzite structure of 

ZnO. No diffraction peaks of other impurity phases were detected. The lattice parameters a and c 

were calculated from the XRD peaks corresponding to the (100) and (002) planes for both 

samples (Figure 4.2 (a, b)) and found to be in good agreement with those reported for the 

hexagonal Wurtzite structure of ZnO (JCPDS card no. 36-1451, a = 3.249 Å and c= 5.206 Å). 

With increasing C content the two lattice parameters a and c shrink for both the Ar/H2 and N2 

sintered samples; the only exception to this trend was the sample with x=0.05, annealed in Ar/H2, 

where no significant change of the lattice constants was observed. The observed decrease in the 

lattice parameters is consistent
3, 16

 with the C atoms substituting Zn because the cationic radius of 

C
+4

 (0.30 Å)
17

 is much smaller than that of Zn
+2

 (0.74 Å)
18

 but the presence of interstitial carbon 

atoms cannot be ruled out. Janotti and Van de Walle have established that among the defects in 

ZnO, oxygen vacancies have the lowest formation energy
19

. Therefore, sintering the sample 

either in vacuum or in a reducing atmosphere (forming gas) at high temperatures leads to an 

increase in the number of oxygen vacancies, which act as n-type dopants. 
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Figure 4.1 XRD pattern for C-doped ZnO powders: (a) Zn1-xCxO with x=0.15; (b) enlarged view 

of the (100) and (002) diffraction peaks of Zn1-xCxO with x=0.00, 0.05, 0.08, 0.10, and 0.15 

sintered in N2 (top panel) and Ar/H2 (bottom panel).  

Oxygen vacancies also contribute to the compression of the ZnO lattice along with carbon 

substitution at Zn sites or covalently bound carbon
20, 21

 at the O site. It is noticeable that the 

decrease of the lattice constants is larger for samples sintered in Ar/H2 as compared to those 

sintered in nitrogen. We understand this based on ionic/atomic sizes, in fact 

the atomic radius of N is close to that of O and N can substitute at the O lattice positions. An N
-3

 

ion (1.71 Å)
22, 23

 occupying an O
-2

 (1.40 Å)
24

 lattice site can also compensate for O vacancies 

and may account for the smaller decrease in lattice parameters in the case of samples sintered in 

N2. Figure 4.1 (b) shows a clear broadening of the XRD peaks with increasing C content for the 

samples annealed in Ar/H2. This broadening may be due to the distortion of the host lattice 

caused by the strain induced by the occupation of the Zn sites by C ions or the presence of 

carbon precipitates or clusters. For Zn1-xCxO with x=0.15 sintered in Ar/H2 extra broadening and 

a shoulder peak at lower θ were observed indicating the appearance of other phases and the 

deterioration of crystallinity. Hence we did not proceed to prepare samples with concentrations 

above x=0.15. For Zn1-xCxO with x=0.15 sintered in N2 such broadening was not observed; this 

may be due to C partially substituting at O sites and partially at zinc sites and thereby causing 

lesser strain.  
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Figure 4.2 Variation of lattice parameters a and c for Zn1-xCxO sintered in (a) Ar/H2, (b) N2 as a 

function of carbon concentration (x);( c) Full width half maximum (FWHM) values of the 

diffraction peak associated with the (002) plane as a function of carbon concentration (x) in 

Zn1-xCxO. 

Moreover a smaller number of O vacancies in the case of N2 sintered samples could also account 

for the smaller broadening. Figure 4.2 (c) shows that the rate of increase of the full width at half 

maximum (FWHM) values of the diffraction peak associated with the (002) plane  with 

increasing of carbon content is slower for N2 sintered samples than for Ar/H2 sintered ones. 

To verify the purity of the samples and the absence of magnetic impurities at any stage during 

the sample preparation, Energy Dispersive X-ray Spectroscopy (EDX) was performed. EDX data 

demonstrated the presence of C, Zn and O as the only elements for samples sintered in Ar/H2, 

while for N2 sintered samples nitrogen is incorporated in the powder. EDX analyses for both 

series of samples (Ar/H2 and N2 sintered) confirmed that there is no trace of magnetic impurities 

within the instrumental detection limit of 1 %. 
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4.3.2 X-ray photoelectron spectroscopy analysis 

To explore the role of the defects on the magnetic properties, we need to identify what types of 

defects there are in each sample. XPS is a very useful analytical technique for this purpose 

because the intensity of a photoemission peak is proportional to the abundance of the atomic 

species generating it and the binding energy of a core electron depends on its chemical 

environment, allowing to distinguish different binding sites for the same type of atom. 

The typical XPS survey scan of Zn0.90C0.10O, shown in Figure 4.3, indicates the presence of zinc, 

oxygen and carbon as the main elements. Generally, when analysing ZnO, the C 1s peak of 

adventitious carbon at 284.6 eV is taken as a reference but this is not an option in the present 

case because we want to observe the change with carbon doping in ZnO host, hence all binding 

energies are referred to the Zn 2p3/2 peak at 1021.7 eV
25

. As in the spectrum of Zn0.90C0.10O 

presented in Fig. 4.3, no magnetic impurities were detected in any the XPS survey spectra (data 

not shown here) of the other samples. The absence of magnetic elements within the limits of the 

XPS sensitivity indicates that any observed ferromagnetism is intrinsic in nature.  

The XPS spectra of the Zn 2p, O 1s and C 1s regions, as well as the Zn LMM Auger peak  of the 

samples sintered in forming gas (Ar/H2) are shown in Figure 4.4. All XPS spectra were analyzed 

using the least-squares curve fitting program Winspec
26

 and deconvoluted for Lorentzian-

Gaussian fitting of asymmetric peaks by subtracting the Shirley background
27

 and fitting with a 

minimum number of peaks, taking into account the experimental resolution. When more than 

one component was used to fit a core level photoemission line, binding energies are reported 

±0.1 eV. The Zn 2p spectra do not show any variation as a function of C content, confirming that 

the main Zn species is always in the +2 oxidation state. There is no variation in the relative 

positions of these peaks for samples annealed in the reducing or in nitrogen atmosphere. Since 

Zn 2p3/2 peak shape does not show any shoulder indicative of a minority species, we resorted to 

the Zn LMM Auger peak to identify the presence of interstitial Zn (Zni) defects. Auger peaks 

show larger shape changes as a function of the chemical state of Zn atoms than XPS peaks 

because mostly three electrons are involved in a single Auger transition
28

. The Zn L3M45M45 

Auger peaks of Zn1-xCxO with x=0.05, 0.10 and 0.15 plotted in Figure 4.4 (b) were deconvoluted 

into two peaks located at 497.2  eV and 493.8 eV in binding energy, which are attributed to Zn-O 

bonds and Zni respectively 
28

.  
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Figure 4.3 The XPS survey scan for Zn0.90C0.10O - the arrow marks the Zn Auger peaks.  

Figure 4.4 XPS spectra  for Ar/H2 sintered Zn1-xCxO samples with x=0.05, 0.10 and 0.15, (a) Zn 

2p core level region, (b) Zn LMM Auger lines, (c) O 1s and (d) C 1s core level regions. 
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The relative area obtained from the peak deconvolution was utilized to extract the Zni defect 

concentration relative to the number of Zn-O bonds and the results are shown in the Figure 4.5(c) 

for Zn1-xCxO with x=0.05, 0.10 and 0.15. It is reported
28

 that in ZnO thin films Zn interstitials are 

usually found to be located between O
2-

 and Zn
2+

 positions accompanied by Zn vacancies (VZn) 

and that their concentration grows when the samples are sintered at high temperatures. These VZn 

defects may be responsible for ferromagnetic behaviour in ZnO systems
29

. The O 1s spectrum 

for Zn1-xCxO with x=0.05 sintered in forming gas (Fig. 4.4 (c)) comprises three contributions: O1 

at 531.2 eV is the most intense and can be attributed to O-Zn bond in the Wurtzite structure
30

; O2 

at 532.8 eV stems from O vacancies
7
 (VO) resulting from the desorption of loosely bound oxygen 

during annealing in the reducing atmosphere. Such vacancies are n-type donors and have an 

important role in the development of FM in the defect mediated FM. The O3 component at 

534.2 eV, which only appears for the lowest C dopant concentration, is generally attributed to the 

presence of chemisorbed surface hydroxyl
31

, CO3, absorbed H2O or absorbed O2.  

The C 1s spectra (Figure 4.4(d)) for all C-doped ZnO compositions were deconvoluted using 

three components, C1 (285.2 eV), C2 (286.6  eV) and C3 (289.1 eV). The C1 component is 

attributed to non-oxygenated C–C bonds and close in binding energy to aliphatic carbon. C2 

derives from C–O bonds
15, 16, 32, 33

. According to DFT studies, in ZnO carbon can substitute for 

oxygen (CO) or for zinc (CZn) or occupy an interstitial lattice site (Ci) but the CZn defect is by far 

the most stable one, Ci is less stable, while CO is energetically very difficult to form. The 

replacement of Zn by C in the tetrahedral symmetry leads to strong displacements of the 

neighbouring atoms; three neighbouring O atoms within the ab plane of the Wurtzite lattice get 

closer to the carbon, while the fourth O atom is pushed away along the c-axis. The C impurity 

interacts very strongly with one O atom and creates defect complexes that involve C–O bonds
34

. 

The C2 peak at 286.6 eV suggests that carbon atoms substitute for zinc (CZn) as observed in 

other C-ZnO systems
3, 15, 16

. There was no C 1s component that could be attributed to carbon 

atoms incorporated at O sites (CO) in the range 280-284 eV as claimed by Pan et al.
1
. The highest 

energy component C3 at 289.1 eV is most pronounced for the ZnO sample with the lowest C 

doping (x=0.05, Ar/H2 annealed) and attributed to the presence of carbonyl group C=O 
32

 as well 

as to  
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Figure 4.5 XPS spectral intensities of Zn1-xCxO as a function of C concentration  (x=0.05, 0.10 

and 0.15): intensity of (a) the O 1s components O1 (O bonded to Zn) and O2 (oxygen vacancy 

(Vo)), (b) the C 1s components corresponding to C-C defects and substitutional C-O bonds, (c) 

the Zn LMM Auger peak components corresponding to Zn bonded with O atoms (Zn–O) and 

interstitial Zn (Zni). 

COOR type groups. Figure 4.5 illustrates the intensity variation of the components of the O 1s 

and C 1s core level lines as well as of the Zn LMM Auger line as a function of carbon 

concentration. One notices that the O2 component in Figure 4.5 (a), which is due to oxygen 

vacancies (VO) induced by sintering in a reducing (Ar/H2) environment, increased in the x=0.10 

sample with respect to the x=0.05 one but did not change upon further doping. A similar non-

monotonic variation with increasing carbon concentration could be observed for the C-C defect 

component (Figure 4.5 (b)). This indicates that at higher carbon content (above x=0.05) more 

carbon is absorbed into the lattice, not only into substitutional sites (CZn) but also into interstitial 

sites and forming C-C complexes (Ci-Ci). Above the maximum limit of absorption of carbon, 

which in our case is Zn0.90C0.10O, the C-C component decreased and VO also declined. The 

concentration of Zni (Figure 4.5 (c)) initially increased with C content in the sample but 

decreased for Zn0.85C0.15O. We speculate that the concentration of Zni correlates with that of C-C 

bond defects. One must also not forget that the creation of a Zni defect is accompanied by the 

creation of a Zn vacancy. Sakong et al.
11

 have reported in their DFT studies that interstitial 

carbon (Ci) is a donor, whereas substitutional carbon (CO) is neutral or a deep acceptor. Both Ci 

and CO have high formation energies; however the Ci formation energy is lowered when it is 

bonded to another interstitial carbon or to a carbon substituting at a Zn site: Ci–CZn or Ci–Ci. The 

Ci–Ci interstitial pair is energetically more stable than two single Ci, and possesses a magnetic 

moment both in the neutral and singly charged state
11

. 
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Figure 4.6 XPS spectra of the C 1s core level region of Zn0.90C0.10O sintered in Ar/H2 and in N2. 

Finally, when C substitutes at a zinc site, the presence of interstitial carbon or of Ci-Ci complex 

defects is in itself a sign of a zinc vacancy (vacant cation site). Thus at C concentrations where 

XPS indicates more C-C defect bonds, the sample also has a higher Zn vacancy concentration.  

To summarize the trends seen in the XPS and XRD data for Ar/H2 sintered samples, the zinc 

interstitial (Zni) defect concentration followed the C-C defect concentration as a function of 

carbon content. A correlation exists between the lattice parameters calculated from the XRD data 

and the oxygen vacancy (VO) defect concentration estimated from XPS in that large VO 

concentrations are accompanied by a contraction of the lattice parameter.  

Figure 4.6 shows the comparison of C 1s spectra for Zn0.90C0.10O sintered in Ar/H2 and N2 

atmospheres. The C 1s binding energy increases from 285.7 eV for the former to 286.1 eV for 

the N2 sintered sample due to nitrogen incorporation in ZnO lattice
35

. In all C-doped ZnO 

samples the increased binding energy of C 1s line is an indication that most of the carbon is  

present in carbide form
9
.  

4.3.3  Magnetic analysis 

Magnetic studies were performed on both Ar/H2 and N2 sintered samples. Figure 4.7 (a) shows 

that Ar/H2 sintered pure ZnO and Zn0.90C0.10O as well as pure ZnO sintered in air exhibit typical 

diamagnetic behaviour at 300 K. Hence at the lowest C doping level studied (x=0.05) there is no 

evidence of ferromagnetism, confirming that the synthesis does not generate defects or  
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Figure 4.7 Room temperature M(H) curves* for (a) ZnO and Zn0.95C0.05O sintered in Ar/H2 and 

ZnO sintered in air, (b) Zn1-xCxO with x=0.08, 0.10 and 0.15 sintered in Ar/H2, (c) Zn1-xCxO with 

x=0.05, 0.10 and 0.15 sintered in N2 and (d) Zn0.85C0.15O sintered in O2, N2, Ar and Ar/H2 

atmosphere. 

impurities that can contribute to FM. Zn1-xCxO with x=0.08, 0.10 and 0.15 sintered in Ar/H2, i.e. 

samples with higher C content, were found to be ferromagnetic at 300 K, as seen in Figure 

4.7(b). The maximum magnetization values for Ar/H2 sintered samples were 1.3x10
-3 

emu/gm 

                                                           

*
All data in panels except the (a) ZnO (b) x=0.10 were measured by Mahvish Jamil. 
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(0.09 µB per carbon atom), 4x10
-3 

emu/gm (0.27 μB per carbon atom) and 3x10
-3

emu/gm (0.11 μB 

per carbon atom) for the Zn1-xCxO with x=0.08, 0.10 and 0.15 respectively.   

These values are larger than those obtained by Ye et al.
9
, which may be due to the fact that our 

samples were sintered in Ar/H2 atmosphere while the samples in ref. 9 were prepared in pure Ar. 

Preparation in the reducing atmosphere in our case is expected to lead to a higher concentration 

of O vacancies. There is an optimal range for C doping that gives maximum FM behaviour in the 

range x=0.08-0.15. The decrease in the ferromagnetic moment at high value of C (x=0.15) 

inconsistent with the literature
2
. In fact, it is expected that for higher carbon concentrations the 

carbon atoms occupy O substitutional sites, along with some carbon atoms substituting for Zn, 

thus compensating for oxygen vacancies and causing the moment to decrease with increasing 

carbon concentration. Our XRD data support this scenario because at high C content we do not 

find a proportionally large decrease in lattice constant anymore. In view of the reported role of 

the sintering environment on the ferromagnetism, Zn0.85C0.15O samples were prepared by 

sintering not only in Ar/H2 and N2 but also in pure Ar and O2. The M-H curves in Figure 4.7 (d) 

show that only the samples sintered in Ar/H2 give rise to a ferromagnetic hysteresis loop at room 

temperature, while a diamagnetic behaviour was observed for the samples sintered in O2, N2 and 

Ar atmosphere.  

Comparing how the saturation magnetization (Figure 4.8) and the C-C defect concentration 

(Figure 4.7(b)) vary with carbon concentration, it is obvious that M is large where the C-C 

concentration is large and vice versa. C-C produces the zinc interstitials, which further stabilize 

the magnetic cation vacancies (VZn). In the range where the C-C content is low, the C-doped 

ZnO has a larger concentration of substitutional C, identified by the C-O bond and the data in  

Figure 4.5(b) suggest that the moment is low when C substitutes at a Zn site.  
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Figure 4.8 Variation of saturation magnetization, MS, as a function of carbon concentration for 

Zn1-xCxO with x=0.05, 0.10 and 0.15. 

4.3.4 Optical analysis 

The energy band gap of the C-ZnO samples was determined by plotting the square of the 

Kubelka-Munk function F(R)
2
 verses energy as shown in Figure 4.9 (a ,b). The trend of band gap 

variation with C composition for the samples sintered in Ar/H2 and N2 is shown in Figure 4.9 (c) 

and (d) respectively. The general trend is an initial decrease in the band gap with increasing C 

content with minima observed for x=0.10 (Ar/H2 annealed) and x=0.05 (N2 annealed); this band 

gap narrowing can be attributed to the introduction of new states by the substitutional carbon. 

The density functional theory (DFT) studies
36

 for the electronic structure of Wurtzite ZnO 

systems doped with C at different sites predict that when Zn is substituted by C(CZn), donor 

levels are formed that lie close to (or below) the bottom of the conduction band and effectively 

shrink the band gap. The optical characterization supports the XRD results, suggesting that 

carbon is substituting for Zn, which is consistent with the DFT studies of Panpan et al.
36

 For N2 

sintered samples the band gap energy decreases for the lowest C doping (x=0.05) as compared to 

undoped ZnO, and then slightly increases for higher carbon concentration but remains lower than 

for undoped ZnO.  
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Figure 4.9 Plot of square of the Kubelka-Munk function, F(R)
2
, versus Eg (eV) for Zn1-xCxO 

with x=0.05, 010 and 0.15 sintered in (a) Ar/H2 and (b) N2. Band gap (Eg) variation versus 

carbon concentration (x) for samples sintered in (c) Ar/H2 and (d) N2. 

4.4 Conclusions  

The crucial role of defect complexes involving C atoms and of electron donor defects in inducing 

ferromagnetism in bulk C-doped zinc oxide is strongly supported by the presented 

measurements. We find that when a hole dopant like nitrogen is added FM is strongly weakened 

or indeed, destroyed (Figure 4.7 (c). It has been shown
37

 that N substituting for O in the lattice 

acts as an acceptor and can compensate for existing O vacancies, thereby decreasing the defect 

density and the concentration of conduction electrons. Sintering in a reducing environment like 
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Ar/H2 results instead in a higher concentration of conduction electrons because it introduces 

oxygen vacancies. The enhanced saturation magnetization of samples sintered in the reducing 

atmosphere thus suggests that the presence of oxygen vacancies is important for the 

ferromagnetism of the C-doped ZnO bulk system. This is further confirmed by the vanishing of 

the room temperature magnetic moment in O2 annealed samples. An important question that 

arises here is how exactly the oxygen vacancies affect the magnetic moment in this system. Is it 

is via an oxygen vacancy induced (magnetic) defect complex or is their main role the creation of 

free charge carriers which mediate the spin alignment of these magnetic defects? As discussed in 

detail in the introduction, various defect models are consistent with electron mediated FM in 

C-doped ZnO. DFT studies
11

 of C-doped ZnO have shown that defect complexes may occur in 

various charge states ranging from +2 to −2 and introduce deep levels in the ZnO gap. For 

example for Ci–Ci in the singly charged state, the unpaired electron will give rise to a magnetic 

moment. These Ci–Ci along with oxygen vacancies also increase the number of cation vacancies 

(VZn) and stabilize them by reducing their formation energy. All carbon related defects (CZn, Ci-

Ci) and oxygen vacancies give electrons to the system and these itinerant electrons are important 

in mediating the ferromagnetic interactions in C-doped ZnO, however sintering in N2 depletes 

these carriers. 

The results of the optical characterization show how the electronic band structure is modified 

with C incorporation. Band gap measurements revealed that the band gap shrinks with increasing 

carbon concentration, suggesting the introduction of donor levels close to the bottom of 

conduction band, which lower the band gap energy. 

 

Acknowledgement: I thank Mahvish Jamil for help with the preparation and measurements of 

magnetic data, see footnote marked as *.  
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Defect ferromagnetism in SnO2:Zn
2+

 hierarchical 

nanostructures: correlation between structural, electronic 

and magnetic properties
# 

 

This chapter reports on Sn1−xZnxO2 (x ≤ 0.10) hierarchical architectures with nanosphere, 

nanocube, and nanoflower morphologies synthesized by a solvothermal route. A room 

temperature ferromagnetic and paramagnetic response was observed for all compositions with a 

maximum for x=0.04. The ferromagnetic behaviour was found to correlate with the presence of 

zinc as a substitutional defect and with a low oxygen vacancy concentration in the samples. The 

morphology of the nanostructures varied with zinc concentration. The strongest ferromagnetic 

response came from nanostructures with well-formed shapes, having nanoneedles on their 

surfaces. These nanoneedles consist of (110) and (101) planes, which are important in stabilizing 

the ferromagnetic defects. At higher zinc concentration the nanostructures become eroded and 

agglomerated; this morphology change was accompanied with a strong decrease in their 

ferromagnetic response. The observed trends are explained in the light of recent computational 

studies that discuss the relative stability of ferromagnetic defects on various surfaces and the role 

of oxygen vacancies in degrading ferromagnetism via an increase in free electron concentration. 

 

 
#
The results presented in this chapter are summarized in a manuscript ready for 

submission: 

S. Akbar, S. K. Hasanain, O. Ivashenko, N. Akhtar, M.V. Dutka, J. Th. M. De Hosson, P. 

Rudolf, “Defect ferromagnetism in SnO2:Zn
2+

 hierarchical nanostructures: correlation between 

structural, electronic and magnetic properties”. 
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5.1 Introduction 

Stannic oxide (SnO2) is a wide band gap semiconductor that exhibits both relatively high 

electrical conductivity and insulator like transparency in the visible range. Such properties of 

SnO2 in combination with other materials enable wide usage in optical and solar cell 

applications
1, 2

. The reports of room temperature ferromagnetism (FM) in both pure
3
 and non-

magnetically doped SnO2 hold promise for increased functionalities of this system
4-13

. FM in 

such systems is explained in general as a consequence of various defect-induced local structures 

that lead to modifications of the local charge density and the consequent polarization of the spin 

bands. Despite the general consensus on the role of defects there is little unanimity on the 

specific defects that are important and on the mechanism whereby they are stabilized. These 

defects include vacancies, Sn vacancies and cation (dopant) substitution on Sn sites. However it 

is also known that such defects have different formation energies that are in general very 

sensitive to the local atomic neighbourhood and to the ambient conditions during synthesis. 

Consequently the stability of these moment-supporting defects varies with dopant concentrations 

and their specific location in the lattice structure. In the work reported in this chapter we studied 

the magnetic and morphological aspects of Zn-doped SnO2; we discuss the observed room 

temperature ferromagnetism in terms of stabilization of relevant defects. 

Initial research efforts in this field were focused on magnetic transition metal (TM) doped SnO2 

nanoparticles and thin films (Co, Cr, Mn, Fe, Ni and V)
14-16

 that display ferromagnetism. To 

avoid magnetic metal clusters or secondary phases of SnO2 doped with nonmagnetic (NM) 

elements (e.g. Cu and Zn)
4-6

, alkali metals (Li and K)
7-9

, alkali earth metals (Mg)
5
, non-metals (C 

and N)
10, 11

, and poor metals (In and Ga)
12, 13

 have also been studied and the FM has been 

reported. Density functional studies
17

 have shown that Sn vacancies (VSn) are responsible for the 

observed giant magnetic moment (GMM) of TM-doped SnO2. Other computational studies
18

 

describe surface magnetism induced in a C-doped (001) surface and the incorporation of Li
+1

 at 

(001) surface sites
19

 of SnO2. Surface magnetism in Cu-doped (110) surfaces in SnO2 thin films 

has also been predicted
20

. The role of divalent zinc as a substituent for Sn
4+

 is particularly 

interesting due to the closeness in their respective ionic sizes and the difference in their valence. 

Doping of Zn in SnO2 has been shown to induce magnetism in nanoscale systems
6, 21

 while 

computational studies performed on the bulk SnO2 system with Zn doping relate this magnetism 
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to the native defect of tin vacancies
22, 23

. The other prevalent defects in this system, namely 

oxygen vacancies (VO) are known to impair FM. It has been reported
24

 that divalent Zn
2+

 and 

Cd
2+

 ions substituting for Sn
4+

 introduce holes in the 2p orbitals of the O atoms; the induced 

magnetic moment comes mainly from the O 2p orbitals and is largest at the first O atom 

neighbouring the dopant. Hence electron deficiency at the oxygen site, whether originating from 

the VSn or from replacement of Sn
4+

 by Zn
2+

, leads to holes in the O 2p band and to the possible 

polarization of this band. The contribution of the VSn to the moment itself is usually very small. 

The incorporation of zinc in SnO2 and the stability of other common defects is however sensitive 

to the specific surface where these defects formed. Recently Pushpa et al.
25

 have studied the 

formation energies and moments for various defects in the bulk, at the surface and in sub-surface 

layers, in both Sn-rich and O-rich conditions. In general it is easier to form both Sn and O 

vacancies at surfaces than in the bulk and the (001) surface is preferred to the (110) surface. 

They show that while the VSn defect is magnetic for both bulk and (110) surfaces, its formation 

energy remains very high even at the surface. The oxygen vacancy on the other hand has no 

magnetic moment in the bulk or on either of the two surfaces studied. The Zn substitutional 

defect (ZnSn) possesses a small moment of ~0-0.11 µB/Zn but generates a significant moment per 

cell (2µB/cell). The formation energy on the (001) surfaces is about half that of the bulk, while on 

the (110) surfaces it is close to that of the bulk. Interestingly, the Zn atom on the (110) surface 

does not contribute to the induced moment directly. The moment arises from the nearest 

neighbour bridging oxygen and minimally from the in-plane oxygen or the Sn atom. It is further 

understood that while the moment arises from the polarization of the partially filled oxygen 

bands, the occurrence of ferromagnetism or antiferromagnetism (AFM) in these bands depends 

on the separation between the holes on oxygen atoms surrounding the VSn defect.  

Alongside these studies of the electronic and FM/AFM properties, there are various reports of 

unique morphologies in SnO2-based systems that display hierarchical nanostructures with 

nanorods, nanosheets and nanoflowers at different scales, often as a function of stoichiometry
26-

28
. The formation of these nanostructures is related to differences in the growth rates of various 

crystallographic planes in the presence of these defects, e.g. oxygen vacancies, substitutional 

atoms etc. Several previous reports
26, 27, 29-34

 have demonstrated that the morphologies and 

properties of SnO2 can be modified by Zn doping since incorporation of zinc into the SnO2 

lattice modifies the local structure and the growth rate of different crystallographic planes. In 
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particular Zn
2+

 ions in the SnO2 lattice inhibit the growth along the [110] direction, promoting 

the anisotropic growth of nanorods. Hence the morphological and electronic properties become 

interrelated in this system since the formation energies of the moment supporting defects (e.g. Sn 

vacancies) are different for different such surfaces or planes. While this aspect may not be 

particularly important for bulk systems, it assumes a different significance for nanostructured 

materials due to their large surface to volume ratios; there preferential growth of a certain surface 

affects the magnitude of the magnetic moment. 

In the light of the preceding discussion on the role of specific planes in lowering the formation 

energy of defects and stabilizing ferromagnetism, we prepared nanoparticles of Zn-doped SnO2. 

A solvothermal synthesis route was adopted that resulted in hierarchal nano-architectures with 

well-defined planar surface structures that change with Zn concentration. Alongside the 

structural changes the magnetic behaviour also changes and the study reported in this chapter 

attempts to relate and understand the observed variations in structure, morphology and magnetic 

behaviour.  

5.2 Experimental details 

Sn1-xZnxO2 nanoparticles with varying Zn concentration (x=0, 0.02, 0.04, 0.06, 0.10) were 

synthesized by a simple solvothermal method at room temperature. All chemicals were of 

analytical grade and used without further purification. 0.1 M of SnCl4·5H2O and Zn(NO3)2·6H2O 

were separately dissolved in a mixture of ethanol and deionized (DI) water with a 1:1 volume 

proportion. Then a ethanol-DI water solution containing 2.4 g NaOH was slowly dropped into 

the mixture of the two solutions under rigorous stirring. After 30 minute, the solution of the 

resultant mixture (pH value ~ 11) was transferred into a 100 mL Teflon-lined stainless steel 

autoclave and kept at 160 °C for 22 h. The resulting precipitates were centrifugally separated and 

washed several times with ethanol and DI water. Finally, the products were dried in air at 80 °C 

for several hours. NaOH is a very favourable additive for the growth of 1D SnO2 nanostructures, 

with [001] direction as the growth axis and (110) as the family of enclosing facets
35

. Higher pH 

used in the synthesis accelerates the nucleation rate, which results both in a higher nuclei 

concentration and in higher growth rates of nanoparticles. As discussed in detail in reference 26, 

when Zn
2+

 ions are introduced into the solution, some Sn
2+

 ions are substituted, forming 
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compound nuclei under the solvothermal conditions. Later some of these nuclei grow into 

nanosheet structures through aggregation
36

 and Ostwald ripening
37

 under the influence of Zn
2+

. 

Finally, the nanosheets aggregate to reduce the surface area and the associated surface energy.  

All experimental details are described in Chapter 2: X-ray diffraction (XRD) with Cu Kα 

radiation (λ= 1.5405 Ǻ) was used for the structural analysis of the samples; the morphology and 

microstructure of the samples were investigated using Field Emission Scanning Electron 

Microscopy (FESEM) equipped with energy-dispersive X-ray spectroscopy (EDX) and High 

Resolution Transmission Electron Microscopy (HRTEM); X-ray photoelectron spectroscopy 

(XPS) was carried out using an SSX-100 (Surface Science Instruments) spectrometer;  magnetic 

characterization of the samples was performed with the help of a Quantum Design MPMS-XL7 

SQUID magnetometer. 

5.3 Results and discussion 

5.3.1 Structural analysis 

Figure 5.1 (a) presents the X-ray diffraction (XRD) data of the undoped and the Zn-doped SnO2 

nanoparticles. All the diffraction peaks in the pattern correspond to the tetragonal rutile structure 

of polycrystalline SnO2 (JCPDS File No. 41-1445 Å). No phase corresponding to zinc or other 

zinc compounds was observed, indicating that zinc gets incorporated into the tin oxide lattice. 

These XRD patterns were refined with the help of the X’Pert High Score Plus software and by 

the Rietveld refinement technique
38

. A typical XRD pattern along with the refinement is shown 

in Figure 5.1 (b) for the Sn0.96Zn0.04O2 sample. It can be clearly seen that the experimental X-ray 

peaks accurately match the software generated peaks. Using the XRD data, the cell parameters a, 

and c were calculated for different doping concentrations (x), and their average values are plotted 

in Figure 5.2 (a) and (b) respectively. The trend of the calculated values clearly indicates an 

increase in the values of lattice parameters a and c with increasing Zn concentration up to 

x=0.04. Thereafter both a and c decrease for x>0.04 up to the highest concentration studied, 

namely x=0.10. 
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Figure 5.1 (a). XRD patterns of Sn1-xZnxO2 with x varying between 0 and 0.10. Inset: detail of 

the (110) peak, which shifts with Zn addition. (b). Rietveld refinement of XRD pattern for the 

x=0.04 composition. 

  

Figure 5.2 Variation of (a) lattice parameter “c” and (b) lattice parameter “a” determined from 

XRD as function of Zn concentration (x) in Sn1-xZnxO2. 

The increase in the lattice constant is consistent with Sn
+4

 ions being replaced by Zn
2+

 since the 

radius of Zn
2+ 

(0.74 Å) is larger than that of Sn
4+ 

(0.69 Å)
39

. This increase in lattice parameters is 

therefore a clear indication that between x=0.00 and x=0.04 nominal concentration, Zn 

substitutes for Sn in the SnO2 lattice (ZnSn). However the observed decrease in the lattice 

constant at higher Zn concentration suggests that there the effect on the cell volume is dominated 

by the development of oxygen vacancies whose presence is required for charge compensation
34
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when Zn
2+

 substitutes for Sn
4+

. At these higher concentrations there is also a possibility that the 

added zinc atoms may enter vacant O sites. In agreement with this hypothesis DFT calculations
22

 

indicate that in Sn-rich conditions the energies of formation of the ZnSn and ZnO defects are very 

close. Such behaviour would also lead to a cell volume reduction since the size of Zn
2+

 is much 

smaller than that of O
2- 

(1.4 Å). We also note that with increasing Zn concentration the 

diffraction peaks decrease in intensity and tend to become broader as shown in the inset of 

Figure 5.1 (a). The changes in intensity and full width at half maximun (FWHM) indicate that 

the incorporation of Zn dopants results in the deterioration of crystallinity and the decrease of 

grain size in Sn1-xZnxO2 samples. The average grain size was estimated using the FWHM of 

(110) and (101) peaks based on Scherrer’s equation. As the Zn concentration in in Sn1-xZnxO2 

increases from x=0.02 to x=0.10, the average grain size decreases from 80.0±2.1nm to 

15.0±2.1nm. This aspect will be discussed further in the context of the morphological studies on 

these particles.  

Energy dispersive X-ray spectroscopy (EDS) was carried out to determine the elemental 

composition and to check for the presence of any unwanted magnetic impurity within the 

instrumental detection limit of 1%. The analysis confirms that there is no detectable trace of 

magnetic impurities in the compounds. The results are shown in Figure 5.3. The elemental 

analysis corroborates the presence of Zn, Sn and O; note that there are also the Si and C signals 

coming from the sample holder with conductive tape.  

5.3.2 Morphology and structure of Zn-doped SnO2 hierarchical architectures 

The morphology of the Zn-doped SnO2 with different Zn content was studied by FESEM, EDS 

and TEM. Figure 5.4 (a-d) shows FESEM images for Sn1-xZnxO2 samples with x=0.00, 0.04, 

0.06 and 0.10 and (I, II) represent the corresponding higher magnification micrographs.  

These images illustrate the changes in morphology observed for different Zn concentration. 

Figure 5.4 (a) shows spherical aggregated nanoparticles of undoped SnO2 (x=0.00) with sizes in 

the range 50–200 nm. Figure 5.4(b) reveals that with the addition of Zn (Sn0.96Zn0.04O2) the 

aggregated undoped nanospheres grow into micron size cubes, spheres and some into eroded  
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Figure 5.3 EDS of (a) undoped, (b) Sn0.96Zn0.04O2 and (c) Sn0.90Zn0.10O2 nanoparticles. 

spheres. Some of the surfaces of the Zn doped particles are covered with fine needle- like 

growth, while a few of the nanospheres acquired a flower like morphology. 

Figure 5.4(c) and (d) present images for the Sn1-xZnxO2 with x=0.06 and x=0.10 respectively. It 

can be seen that with increasing Zn concentration the previously spherical and cubical particles 

become eroded and acquire different shapes of hierarchical structures. These include a mixture of 

hemi and hollow spheres, and an elongated chain of flower-type structure. We also observed that 

for higher zinc concentration these micron size structures became interconnected by nano-

needles on their surfaces. For x=0.10 one sees a clear erosion of the individual spherical and/or  
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Figure 5.4 FESEM micrographs of ZnxSn1-xO2 nanoparticles with (a) x=0.00, (b) x=0.04, (c) 

x=0.06 and (d) x=0.10, where I and II represent the corresponding higher magnification 

micrographs. 
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cubical structures, which now agglomerate to form a bundle of nanoflowers or different shapes, 

with nano-needles on their surfaces. For further analysis of the surface nanoneedles, TEM and 

HRTEM were performed on a Sn1-xZnxO2 sample with x=0.04. Figure 5.5 (a) presents an image 

of this sample where micron sized particles with both cubical and spherical shapes can be seen.  

High resolution TEM images in Figure 5.5 (b-e) clearly show that these micron size particles are 

covered with outward growing nanoneedles, nanorods and nanostructures extending from the 

surface. The length of these nanoneedles is in the range 10–100 nm (Figures 5.5 (d), (e)), and 

connecting nanorods measure about 85 nm x 280 nm (Figure 5.5 (d)). Figures 5.5 (f) and 5.5 (g) 

show HRTEM micrographs of long and small nanoneedles. The two groups of crystallographic 

planes marked in the images have interplanar distances of 0.35 nm and 0.26 nm respectively. 

These separations match well with the (110) and (101) planes of rutile SnO2. It is known that in 

SnO2 the (110) surface has the lowest surface energy followed by the (100), (101) and (001) 

surfaces. 
40

 Nanocrystals have a high surface energy and tend to aggregate to decrease the 

surface energy. It is understood that during the initial stage of the reaction process, oxidation of 

Sn
4+

 produces SnO2 spherical nanoparticles with a diameter of 50–200 nm
41

. Then these 

nanoparticles aggregate into solid cubes with needles on the surface for the minimization of 

overall system energy. It should be noted that these solid cubes and spheres are all composed of 

nanocrystalline particles, as shown in Figure 5.5 (b). A similar behaviour has been observed and 

demonstrated in the preparation of other hollow structures, such as hollow Cu2O cubes and 

hollow TiO2 spheres
42, 43

. Furthermore, in the absence of Zn
2+

 ions, a similar morphology was 

not obtained and pure SnO2 (Figure 5.5 ((a)) shows no evidence for nanoneedle-like growth or 

interconnecting nanorods. While similar nanostructures have been reported in pure SnO2 

nanoparticles, their development in un-doped SnO2 appears connected to the presence of Sn
2+

 

ions. In the case of Zn-doped SnO2, the role of Zn
2+

 as a structure directing agent has been 

reported
26

 and is confirmed by our results. The substitution of Zn
2+

 for Sn
4+

 leads to doubly 

charged oxygen vacancies, VO
2+

. As a consequence the charge density and surface energy of 

various crystal faces is changed, leading to a large polarity in the growth of Zn-doped SnO2, 

which in turn yields different growth rates for different surfaces. As already discussed, the 

average crystallite size estimated by Scherrer’s formula decreases with the addition of Zn,  
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Figure 5.5 TEM (a, b, c, d, and e) and HRTEM (f and g) images of ZnxSn1-xO2 with x=0.04. 

HRTEM focuses on the nanoneedles extending from the nanoparticle surfaces in Figure 5.5 (a-

e). The (110) and (101) planes are visible.  

suggesting that the zinc dopant plays an active role in reducing the average crystallite size. 

Supposedly the addition of Zn can promote a high rate of nucleation during the SnO2 

crystallization process. After nucleation most of the Zn
2+

 ions will segregate to surface/interface 

sites because of the abundant surface area available. When these ions occupy the surface sites of 

SnO2 nanocrystals, they most likely inhibit the formation of necks between particles and the 

coalescence of tiny SnO2 crystals into larger particles (microcubes and microspheres).  

Thus our study helps to establish some important differences between morphologies of low and 

high zinc concentration nanoparticle systems. Whereas the former have well-developed isolated 

structures that exhibit needle like growth on the surfaces, the latter exhibit small grain sizes for 

individual particles with erosion of shapes and agglomeration of the particles.  
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5.3.3 X-ray photoelectron spectroscopy (XPS) analysis 

The chemical composition of the hierarchical nanostructures was studied by XPS. Figure 5.6 (a), 

(b) and (c) display the spectra of the Sn 3d, Zn 2p and O 1s core level regions for undoped SnO2, 

and for ZnxSn1-xO2 with x=0.04 and x=0.10.  

Figure 5.6 XPS spectra of the (a) Sn 3d, (b) O 1s and (c) Zn 2p core level regions for ZnxSn1-xO2 

with x= 0.00, 0.04 and 0.10. 

The undoped SnO2 spectrum shows Sn 3d5/2 and 3d3/2 peaks of the Sn
4+ 

ions at binding energies 

of 485.9 and 495.3 eV respectively. We note that Zn doping decreases the binding energy of the 

Sn 3d peaks as compared with the undoped SnO2 sample by 1.6 eV. This shift can be attributed 

to the presence of an increasing number of oxygen vacancies at higher Zn content
31, 44, 45

. Figure 

5.6 (b) displays the O 1s spectra for undoped, x=0.04 and x=0.10 Zn doped SnO2 samples. The 

main peak centred at 531.2 eV for x=0.00, at 529.9 eV for x=0.04 and at 528.6 eV for x=0.10 is 

attributed to the coordination of oxygen in Sn–O–Sn, while the shoulder corresponds to Sn–O–

Zn bonds
31, 39

. 

Also here a chemical shift towards lower binding energy as a function of Zn-doping is observed 

and can be attributed to the increasing number of VO, analogously to the Sn 3d chemical shift. 

Figure 5.6 (c) displays the Zn 2p core level region where the two spin-orbit-split peaks appear at 

binding energies of 1021.1 eV and 1044.10 eV
46

, confirming that Zn atoms have been 

incorporated into the Sn lattice and form Zn–O bonds. 
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5.3.4 Magnetic analysis 

Magnetization measurements M(H) were carried out at room temperature for all samples and for 

selected compositions at 5 or 50 K. Magnetization versus temperature data were also recorded 

for ZnxSn1-xO2 with x=0.04. Figure 5.7 shows the field dependence of the magnetization M(H) 

for all the samples studied. Pure SnO2 was diamagnetic at room temperature while at 5 K it 

showed paramagnetic behaviour, i.e. a linear dependence of the magnetization on the applied 

field. It can be seen that the magnetic moment at high fields is maximum for x=0.04 and declines 

strongly for lower and higher Zn content. All Zn-doped SnO2 samples show the presence of two 

contributions. Firstly there is a non-linear or ferromagnetic component with a non-zero 

remanence and hysteresis at room temperature. The x=0.04 (inset Figure 5.7) and 0.06 

compositions were also measured at low temperature and showed a strong increase in both the 

remanence and hysteresis. The second component of the magnetization is, as evident from Figure 

5.7, a linearly increasing or paramagnetic component. 

A comparison of both components for various compositions will be discussed later. The 

magnetization data for the x=0.04 composition as a function of temperature for an applied field 

of 1000 Oe is shown in Figure 5.8, while the inset shows the inverse of magnetization versus 

temperature. It is apparent from the curvature of the 1/M versus T that the data does not show a 

good Curie-Weiss behaviour. This is of course not surprising, since the full magnetization 

includes a ferromagnetic component in addition to the paramagnetic part. 

To separate out the two components we fitted the higher field data of the magnetization versus 

field (Figure 5.7) to the expression M=Mo+ cH (where c is a constant) and from the linear fit the 

value of Mo was extracted, which will be referred to as the ferromagnetic component. The 

procedure is illustrated in Figure 5.9 (a). The values of c, the fitting constant representing the 

paramagnetic susceptibility, were obtained from the fits at T=50 and 300 K respectively. The 

ratio was found to be 5.2, which is close to the expected value of 6 for a purely paramagnetic 

behaviour, χ~1/T.  

The ferromagnetic component Mo for each composition was obtained by the above procedure 

and then subtracted from the full moment measured at H=10 kOe. The resultant value for each 

composition is referred to as the paramagnetic component. 
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Figure 5.7 Room temperature magnetization (M) versus magnetic field (H) of Sn1-xZnxO2 with 

x=0.00, 0.02, 0.04, 0.06 and 0.10. Inset M vs H at 50 K of Sn1-xZnxO2 with x=0.04. 

 

Figure 5.8 Magnetization versus temperature for Sn1-xZnxO2 with x=0.04 with an applied field of 

1000 Oe. The inset shows 1/M vs. temperature, which deviates from a straight line. 

The same procedure was also followed for the analysis of the data at lower temperatures, for 

Sn1-xZnxO2 with x=0.04 and x=0.06. The variation of both the magnetic components is shown as 

a function of the composition in the main part of Figure 5.9 (b). The inset shows the same two 

50 100 150 200 250 300

2

3

4

5

6

7

50 100 150 200 250 300
0.1

0.2

0.3

0.4

0.5

 

  
1
/M

(x
1
0

3
g

m
/e

m
u

)

T(K)M
(x

1
0

-3
e
m

u
/g

m
)

 

T(K)



Defect ferromagnetism in SnO2:Zn
2+ 

hierarchical nanostructures               Chapter 5 

78 

components with the magnetization in Bohr magnetons per zinc atom. Here the number of zinc 

atoms corresponds to the nominal concentration. We can see that the ferromagnetic moment per 

zinc atom is a maximum at x=0.04 and somewhat smaller for the x=0.02, while it falls sharply at 

x=0.06. We note that for x=0.02 and 0.04 the lattice constant shows an expansion compared to 

x=0.00, which indicates that zinc predominantly substitutes at Sn sites. The strong decline of the 

ferromagnetic moment/zinc atom for x=0.06 coincides with the contraction of the lattice constant 

as shown in the XRD data.  

Similarly the paramagnetic component/zinc atom (inset of Figure 5.9 (b) is maximum at x=0.04 

and decreases very little for x=0.06. However this contribution drops very strongly for 

Sn1-xZnxO2 with both x=0.02 and x=0.10. This suggests that while the zinc dopants do not lead to 

a large ferromagnetic component for x > 0.04, they are still able to contribute strongly to the 

paramagnetic part for x=0.06. Consistent with the earlier discussion of the structural and 

electronic effects (see discussion of XPS data) it is possible that the observed variation of the 

ferromagnetic moment per zinc  atom reflects a competing effect of two contributions, namely 

zinc dopants as hole contributors and stabilizers of Sn vacancies on the one hand and oxygen 

vacancies as electron donors on the other. For x=0.02 and 0.04 the zinc atoms substitute for Sn 

but the number of oxygen vacancies is relatively small, leading to a larger ferromagnetic 

component. For higher Zn content it is possible that in addition to increasing the number of O 

vacancies, zinc occupies some sites other than those of Sn, e.g. O sites. Both features are 

expected to lead to a decline of the ferromagnetic behaviour. However the paramagnetic part can 

still be contributed to as will be discussed next. There may be two different sources for this 

paramagnetic part. Firstly the magnetic moment developed at sufficiently isolated defect sites 

(ZnSn) will not lead to a stabilization of the FM
17

 but the paramagnetic contribution may still 

exist. Secondly we note that singly ionized oxygen vacancies can also yield a paramagnetic 

contribution. At room temperature all neutral VO centres (an oxygen vacancy with two trapped 

electrons) are dissociated into singly ionized oxygen vacancy VO
+
 (an oxygen vacancy with a 

single trapped electron) and a free electron. These singly charged oxygen vacancies have been 

reported to be paramagnetic
47

. The decrease in this paramagnetic contribution at higher zinc 

concentration x=0.10 is then attributable to the recombination of O 2p holes with the trapped 

electron of the VO
+
 converting it

47, 48
 into a nonmagnetic VO

2+
. We believe this is the most 

plausible explanation for the variation of the paramagnetic moment with zinc concentration. 
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Figure 5.9 (a) Magnetization (M) versus magnetic field (H) of Sn1-xZnxO2 with x=0.04 at 300 K 

and 5 K and linear fit at high fields, (See text for details). (b) The variation of the ferromagnetic, 

M(FM), and  paramagnetic, M(PM), components extracted from plots like Figure 5.9(Right 

panel) (as described in the text) shown as functions of the Zn composition (x). The inset shows 

the same two components with the magnetization in Bohr magnetons per Zn atom. 

5.4 Conclusions 

Our measurements have shown, as have earlier studies
6, 21

, that incorporation of zinc in SnO2 

nanoparticles enhances the ferromagnetic response very significantly but in a limited range of 

zinc concentrations. Structural and XPS studies confirm that the enhancement is strong in the 

region where zinc is incorporated substitutionally and the oxygen vacancy concentration is 

relatively small. This is understood in a picture where zinc substituting for Sn acts as a hole 

dopant for the O 2p bands, while oxygen vacancies counteract the effect by introducing electrons 

and reducing the hole concentration thereby degrading the ferromagnetic response. There is a 

pronounced paramagnetic response, which we understand as originating in the singly charged 

oxygen vacancies and possibly also from magnetic defects that are too far apart to stabilize 

ferromagnetism. We find that the introduction of zinc leads to marked changes in the 

morphology of the nanoparticles. In particular, we identify that for the more strongly 

ferromagnetic compositions the nanoparticles have regular shaped structures with nanoneedles 

on their surfaces where the (110) and (101) planes are present. This is particularly significant in 
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the sense that calculations
21

 have shown that ferromagnetic defects (VSn) are energetically 

particularly favoured on these surfaces. Hence there appears to be a correlation between the 

morphological structure and ferromagnetic behaviour via the anisotropic growth of 

nanostructures with surfaces that stabilize ferromagnetic defects. Thus ferromagnetism of the 

defects formed in Zn-doped SnO2 is a synthesis of three factors, namely, stabilization of VSn and 

ZnSn defects; oxygen vacancies required for charge compensation and finally morphological 

variations that in turn affect both preceding factors by controlling the stabilization energies of 

various defects. 
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Raman and optical study of SnO2:Zn
2+

 hierarchical 

nanostructures
*
 

 

We noted two main features in the previous chapter that described hierarchical nanostructures in 

Zn
2+ 

doped SnO2 , viz. (i) substitution of Sn
4+ 

(radius 0.69 Å) ions by the Zn
2+

 (radius 0.74 Å) 

ions, and (ii) compensation of charge unbalance caused by dopants by the formation of oxygen 

vacancies (VO). We also noted that the Zn
+2

 ions play an active role in reducing the average 

crystallite size and act as a structure-directing agent in the growth of Zn-doped SnO2 

nanocrystals. Moreover the ferromagnetic and paramagnetic responses were found to be sensitive 

to the concentration of Zn dopants. In this chapter we report on a Raman scattering spectroscopy 

investigation of the growth, modified surface states and size effects in the Zn-doped SnO2 

hierarchical nanostructures. The observation of the infrared active surface mode “S” at 556 cm
-1

 

in Raman spectroscopy and its blue shift with increasing Zn concentration are ascribed to the 

effects of oxygen deficiency. In addition, we discuss photoluminescence spectroscopy (PL) 

measurements and show that they give evidence for VO acting as a radiative defect. In particular 

the singly ionized oxygen vacancies (VO
+
) act as recombination centres for the luminescence 

process. We shall also correlate the presence of these defects with the paramagnetic response of 

Zn-doped SnO2 and show that optical measurements reveal a decreasing trend of band gap with 

Zn dopant.  

 

 

*
The results presented in this chapter are summarized in a manuscript ready for 

submission:  

S. Akbar, S. K. Hasanain, O. Ivashenko, W. Gomulya, M. A. Loi, P. Rudolf, “Raman and optical 

study of SnO2:Zn
2+

 ferromagnetic hierarchical nanostructures”. 
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6.1 Introduction 

SnO2, a typical n-type semiconductor with a wide band gap (3.6 eV)
1, 2

 has gained 

attention for applications in solar cells
3
, flat-panel display

4
, photocatalysis

5
, lithium batteries

6
 

and gas sensing
7
. Its high exciton binding energy (130 meV) makes it a promising UV 

luminescent material
8, 9

. Ckilic et al.
10

 explained that acceptor-like (negatively-charged) intrinsic 

defects, namely interstitials Oi and tin vacancies VSn, hardly form as they have high formation 

energies. Oxygen vacancies (VO) are much easier to create on surfaces than in the bulk because 

fewer bonds have to be broken. This is why nanoparticles and thin films, where the surface-to-

volume ratio is high, can have a higher defect density of oxygen vacancies
11, 12

. To explore the 

origin of the paramagnetic contribution along with the ferromagnetic one for Zn-doped SnO2 

nanoparticles as described in chapter 5, it is important to identify these oxygen defects, since VO
+
 

has been reported to be paramagnetic in nature
13, 14

 .  

Raman scattering is an ideal tool to study surface modes and finite-size effects in nanostructured 

materials
15, 16

 because they give rise to additional bands not present for the bulk material. In our 

case oxygen deficiencies are enhanced by Zn doping; they can produce large shifts and 

broadening of some of the spectral bands and thus strongly affect the Raman spectrum of SnO2 

nanoparticles.  

In this chapter we discuss Raman scattering and photoluminescence (PL) spectroscopy data, 

collected to understand the origin of the luminescence created by different defects, such as 

oxygen vacancies or Sn interstitials. UV-visible absorption spectra were measured to see the 

variation of band gap as a function of Zn concentration. Finally the observed Raman and optical 

features are correlated with the observed ferromagnetism. 

6.2 Experimental details 

The Sn1-xZnxO2 nanoparticles with varying Zn concentration (nominal composition x=0.00, 0.02, 

0.04, 0.06, 0.10) used in this study were the same as those reported in chapter 5. Raman and 

photoluminescence spectra were collected as detailed in chapter 2. Absorption spectra were 

recorded with a Shimadzu 3600 UV-vis-NIR spectrometer.  
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6.3 Results and Discussion 

6.3.1 Raman Spectroscopy 

A unit cell of the rutile structure of SnO2 contains two tin ions and four oxygen ions and belongs 

to the space group P4n/mnm. According to the group theory, the mechanical representation of 

the normal lattice vibration modes at the centre of the Brillouin zone is given by
17

  

г=A1g+ A2g+ B1g+ B2g+ Eg+ 2A2u+ 2B1u+ 4Eu 

 

Figure 6.1 Schematic representation of the atomic displacements for (a) the Raman and (b) IR-

active modes of SnO2 
18

 

As illustrated in Figure 6.1, the modes A1g, B1g, B2g and Eg are Raman active while A2u and S are 

infrared active and correspond to transverse optical (TO) phonons and longitudinal optical (LO) 

phonons, respectively. Among the four first-order active Raman modes of rutile SnO2, the A1g 

mode is much stronger than the other modes. Figure 6.2 shows the room temperature Raman 

spectra of the Zn-doped SnO2 samples. The peak at 632 cm
-1

 is attributed to A1g classic vibration 

mode of SnO2 with tetragonal rutile structure. The spectra for x=0.02 and 0.04 are very similar; 

the 622 cm
-1

 and 684 cm
-1

 peaks are strong and relatively narrow for both compositions. 

For x=0.06 and 0.10 the peak at 622 cm
-1 

merges into the fundamental A1g peak at 632 cm
-1

. It is 

evident that the intensity of the characteristic A1g mode is weakened and broadens as the Zn 

concentration increases. The A1g mode is known to be sensitive to particle size
19

; here this peak 

shows broadening which most likely originates
20

 from the observed reduction in particle sizes 

with increasing x. Next to the fundamental Raman peak of bulk SnO2, additional peaks at 684 

cm
-1

 and 556 cm
-1

, which do not appear in bulk SnO2, are clearly visible in the spectra,  
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Figure 6.2 Room temperature Raman spectra of Sn1-xZnxO2 (x= 0.02, 0.04, 0.06, and 0.10) 

nanoparticles. 

suggesting that they are induced by the size effect. These peaks are forbidden in the bulk by the 

∆k=0 selection rule. It has been reported that relaxation of the ∆k=0 selection rule will be 

progressive if the size decreases or the rate of disorder increases
21-23

. Infrared (IR) modes 

become weakly active as a result of the structural changes, i.e. disorder and size effects. As the 

crystallite size is reduced to the nanoscale, phonon scattering will not be limited to the centre of 

the Brillouin zone and the phonon dispersion near the centre of the Brillouin zone (∆k~0) must 

also be considered. As a result, the symmetry-forbidden modes will be observed, in addition to 

the shift and broadening of the first-order optical phonon. Therefore, the weak Raman peak at 

684 cm
-1

 could be induced by the IR-active A2u LO modes due to the size effect; it can be seen 

that the 684 cm
-1

 peak intensity gets enhanced with the addition of Zn. The reduction of particle 

sizes with increasing Zn concentration was already confirmed by XRD studies as described in 

chapter 5. The peak at 470 cm
-1

, attributed the Eg modes of SnO2, prominently appears for 

x=0.02 and 0.04. The mode at 556 cm
-1

 is inactive in bulk rutile SnO2 for both Raman and IR, 

and thus can be ascribed to a “surface mode”. A similar peak has also been reported in the 

literature
20, 24

 and could be due to the aggregation of SnO2 nanostructures or related with defects 

appearing during growth. One possible location for these defects could be the needle like 

structures on the surfaces that we have discussed in chapter 5. These needles contribute to 
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surface disorder and could also add defect-induced phonon modes. The 556 cm
-1

 surface mode 

shifts toward 568 cm
-1

 (blueshift) when the Zn concentration increases to x=0.10. According to 

Shek et al., this blue shift is attributed to the effects of oxygen deficiency 
25

. As discussed, in the 

Sn1-xZnxO2 hierarchical nanostructures oxygen vacancies (VO) are produced to maintain a charge 

balance; therefore the increase of Zn concentration promotes the increase of VO defects. 

According to our XPS results discussed in chapter 5, the x=0.10 composition contains the 

highest number of VO defects. We therefore conclude that the surface mode originates from 

oxygen vacancies occurring in nanoscale structures. Interestingly the intensity of this mode also 

goes up over the same concentration range (x=0.06 to 0.10) where the ferromagnetic moment 

decreases. Later on we shall argue that in view of results of the PL and magnetic measurements, 

this feature of the Raman spectra is associated with singly ionized oxygen vacancies. 

6.3.2 Optical Properties 

Figure 6.3 shows the UV-visible absorption spectra of the undoped SnO2 and Zn-doped SnO2 

hierarchical nanostructures. For a semiconductor, the optical absorption near the band edge is 

determined by the equation 
26, 27

 

(   )   (     )
         (6.1) 

where α is the adsorption coefficient, h Planck’s constant, ν the frequency of the light, Eg the 

band gap, and A a constant. The exponent n decides the characteristics of the transition. In our 

experiment, the value of n for Zn-doped SnO2 is 1
28

. Figure 6.4 shows the Tauc plots of (αhν)
2
 

versus hν of the undoped and Zn-doped SnO2 nanoparticles where Eg can be estimated from the 

intercept of the linear portion of the plot. For undoped SnO2 nanoparticles, the optical band gap 

was found to be 3.71±0.05 eV, which is larger than the bulk value
1
 of 3.6 eV. With Zn doping 

the band gap decreases to 3.67 eV for Sn1-xZnxO2 with x=0.02, and then reaches the minimum 

value of 3.51±0.08 eV for x=0.04 but then slightly increases for higher Zn concentration. In 

general Figure 6.5 shows the decreasing trend of band gap values as a function of nominal Zn 

doping.  The observed behaviour of the optical band gap may be due to structural defects 

introduced in the SnO2 nanoparticles by Zn
+2

, such as tin interstitials and oxygen vacancies, 

which give rise to the electronic states in the gap close to the conduction band. When a Zn
2+

 ion 
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is located at a surface site or in the bulk lattice which is not occupied in the perfect crystal, a 

rearrangement of the nearest neighbors takes place which gives rise to a lattice deformation
29

. 

Therefore lattice strain is expected and should affect the electronic structure and the band-gap 

shift
30

.  

Zn
2+

 doping at the lattice sites of SnO2 introduces oxygen vacancies due to the charge 

compensation effect and the decrease in the grain size observed (as described in chapter 5). 

These oxygen vacancies can exist in various charge configurations and the associated electronic 

states are located within the original band gap (Figure 6.8). These oxygen vacancies might be 

singly occupied to form VO
+

  (also known as F
+
 centre 

31
) as discussed later in the context of the 

PL measurements.  

Zn
2+

 and VO
+
 could combine to form defect pairs in the SnO2 lattice, which may act as a doubly 

occupied vacancies. The energy of this excited state should lie somewhere in the band-gap, 

which becomes the reason for the band-gap shift. The increase in Zn
2+

 dopant increases the 

number of oxygen vacancies and hence the location may differ, which opens the possibility for a 

variation in band-gap due to a modification of the lattice relaxation
32

. In summary, the band-gap 

energies changes due to surface effects, doping-induced vacancies and lattice strain. 

 

Figure 6.3 Absorption spectrum for Sn1-xZnxO2 (x= 0.00, 0.02, 0.04, 0.06, and 0.10) 

nanoparticles. 
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Figure 6.4 Tauc plot for the determination of the band gap of Sn1-xZnxO2 (x= 0.00, 0.02, 0.04, 

0.06, and 0.10) nanoparticles. 

.  

Figure 6.5 Energy band gap variation as a function of Zn concentration (x) for Sn1-xZnxO2 

nanoparticles. 
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6.3.3 Photoluminescence analysis 

The optical properties of undoped and Zn-doped SnO2 hierarchical structures were investigated 

by photoluminescence spectroscopy. Figure 6.6 (a) shows visible broadband emission spectrum 

(400 nm-700 nm) centred at 468 nm (2.65 eV) and 462 nm (2.68 eV) for undoped SnO2 and 

Sn0.96Zn4O2 respectively. The emission peaks of the PL are much lower than the band gap of 

undoped SnO2 nanoparticles (3.71 eV) as determined from the UV-visible absorption spectrum; 

they do not originate from the direct interband transitions and cannot be ascribed to the direct 

recombination of a conduction electron in the Sn 4d band with a hole in the O 2p valence band
33, 

34
. Moreover for Sn0.96Zn4O2 the emission becomes much more prominent, three times higher as 

compared to the case of undoped SnO2, and can therefore be attributed to electron transition 

mediated by defect states in the band gap
35

. When Zn is added, the enhancement in the PL 

emission can be correlated with the decrease in the grain size observed and the formation of 

trapped states due to the introduction of dangling bonds
36

 by the Zn dopant.  

To better understand these broadband defect emissions in the visible, the PL spectra were 

deconvoluted with a Gaussian fitting. Figure 6.7 (b) shows the results for x=0.00 where three 

contributions to the emission peak can be distinguished, two blue emissions at 460 nm (2.69 eV), 

495 nm (2.50 eV) and a green emission at 558 nm (2.22 eV). For x=0.04 shown Figure 6.7 (c), 

the fitting gives an additional new blue emission at 442 nm (2.8 eV).  

The luminescence peaks observed for SnO2 in the visible region are related to defect energy 

levels originating from tin and oxygen vacancies formed during the growth process
37, 38

. The 

interaction between oxygen vacancies and interfacial tin vacancies leads to formation of a 

significant number of trapped states, which are responsible for various PL signals in the visible 

region
39

. These defect-related energy levels within the band gap can trap electrons from the 

valence band and thereby make a contribution to the luminescence. Generally, the oxygen 

vacancies are the most common defects in the nanocrystalline oxide materials and act as 

radiative centres in luminescence processes. Three types of oxygen vacancies
34

 are present in any 

type of oxide: VO
0
, VO

+
 and VO

++
. However at room temperature, all neutral VO

0 
centres (oxygen 

vacancies without any positive charge) are dissociated into singly ionized oxygen vacancies, VO
+
 

(oxygen vacancies with a positive charge) and conduction band electrons.  
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Figure 6.7 Room temperature PL spectra of (a) Sn1-xZnxO2  nanoparticles with x=0.00 and 0.04 

Zn-SnO2. Gaussian fit for Sn1-xZnxO2  with (b) x=0.00 and (c) x=0.04. 
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Figure 6.8 Schematic representation of the relaxation processes in the photoexcited SnO2 lattice. 

The VO
++

 defect is formed when an active hole recombines with an electron in a VO
+ 

centre, and 

this defect can give rise to visible emission 
40

.  

If we translate our findings into an energy level scheme as shown in Figure 6.8, we can reason as 

follows: photons with an energy of 2.8 eV (442 nm) will not be emitted through a transition of an 

electron from the conduction band to a VO
+
 level, as such a transition effectively occurs between 

the conduction band edge and the VO
0 

level. However, recombination of a conduction band 

electron with a VO
++

 centre (an oxygen vacancy containing no electrons, having an effective 

divalent positive charge with respect to the normal O2
-
 site) can yield such a blue emission band. 

Such VO
++

 centres can be formed when a hole is trapped at a VO
+
 centre.  

The green emission is related to the crystallinity and the existence of structural defects, such as 

tin interstitials 
41

, vacancy clusters, dislocations, and/or dangling bonds, surface states 
42

. 

6.4 Conclusions 

We prepared SnO2 nanoparticles with and without Zn
2+

 doping using a solvothermal method, and 

systematically studied the impacts of the Zn
2+ 

doping on the surface mode, band gap energy and 

photoluminescence. In Sn1-xZnxO2  nanoparticles the Raman fundamental A1g classical mode 

broadens with addition of Zn, and this broadening most likely originates from the reduction in 

particle size
20

. The weak Raman peaks at 684 cm
-1

 was ascribed as induced by the IR-active A2u 
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LO modes due to the size effect of the Zn-doped SnO2 nanocrystals. Raman studies also reveal a 

band originating from oxygen vacancies with the intensity of the surface mode (545 cm
-1

) 

increasing over the same concentration range (Sn1-xZnxO2 with x=0.06 to 0.10) where the 

ferromagnetic moment decreases, as discussed in Chapter 5. 

For undoped SnO2 and Sn1-xZnxO2 nanoparticles the photoluminescence results testify to the 

presence of singly ionized oxygen vacancies. V0
+
 appear as the recombination centres for the 

luminescence process, and the PL intensity associated with this defect increases in the zinc 

doped system.  

The magnetic behaviour of the oxygen vacancies in pure and transition metal-doped SnO2 has 

been object of different studies: EPR measurements of Armelao et al. have shown that the VO
+
 

defect is paramagnetic
14

, while according to Pushpa et al.
43

 singly ionized oxygen vacancies are 

magnetic on the (001) surface and nonmagnetic on the (110) surface. For pristine SnO2 thin films 

Ghosh et al.
13

 reported the presence of large amounts of singly ionized oxygen vacancies (VO
+
), 

which they related to the observed ferromagnetism.   

Taking the magnetic characterisation and PL results together, we suggest that Zn doping 

enhances the Vo
+
 defect density and these defects not only contribute to the paramagnetic 

background that is prevalent in all the compositions but also to the ferromagnetism when such 

defects are created at (001) surfaces. Based on the Raman band centred at 545 cm
-1

 and the 

photoluminescence of the samples, we suggest that the weak blue emission 442 nm and the broad 

green emission 558 nm primarily originate from singly ionized oxygen vacancies and tin 

interstitials, respectively. Moreover the band gap narrowing was ascribed to the oxygen 

vacancies with different charge states caused by incorporation of Zn.  
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Defect ferromagnetism in Li-doped SnO2 nanoparticles
* 

 

 

 
 

 

Figure 7.1 Schematic representation of the structural relaxation of a Li dopant in SnO2. Green, 

yellow, and red balls represent Sn, O, and Li atoms, respectively. The Sn vacancy (VSn) is 

represented by a green dashed circle. The arrow represents the movement of the Li atom towards 

VSn during the structural relaxation.  
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The results presented here are summarized in a manuscript ready for submission 
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Hosson, P. Rudolf, “Ferromagnetism in Li-doped SnO2 nanoparticles: correlation between 

structural, electronic and magnetic properties” 
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7.1 Introduction 

In Chapter 5 we discussed the role of Zn dopants in SnO2 as a source of inducing 

ferromagnetism (FM) in SnO2. The difference between the valence of divalent Zinc and 

tetravalent Sn was shown to play an important role in the generation of various defects and 

thereby in inducing FM. In this chapter we move on to the case of a cation dopant of group 1A, 

i.e. monovalent Li, in SnO2 and study how it affects the magnetic properties. A theoretical study 

by Peng et al.
1
 has shown that lower valance cation doping introduces holes or weaker anion 

electronegativity, which in turn play a vital role in mediating ferromagnetism in d
0
 

semiconductors. From the experimental point of view, magnetism induced by non-magnetic 

doping has been observed in N-, Mg- and K-doped SnO2.
2-5

 Rahman et al.
6
 theoretically 

predicted that Li-doped SnO2 is a good candidate in the field of spintronics since Li behaves as a 

spin polarizer. Figure 1 shows its schematic representation of the structural relaxation of a Li 

doped SnO2. These authors also found that Li can act as vacancy stabilizer by reducing the defect 

formation energies of the native defects and that Li induces magnetism in SnO2 when 

substituting at the Sn site but becomes nonmagnetic when occupying O and interstitial sites. In a 

perfect SnO2 crystal the nominal valence of Sn is Sn
4+

 and when Li
1+

 is introduced at the Sn site, 

it donates one electron to compensate one hole among the four holes generated by the absence of 

Sn. The three uncompensated holes, localized at the O sites, give a magnetic moment of 3.00 μB 

per supercell
6
. There have been a few experimental studies of this system; recently Srivastava et 

al.
7
 reported that in Sn1-xLixO2 for a small window of concentrations (0.03 ≤ x ≤ 0.09) Li induces 

magnetism at low temperature (3 K). Within this concentration range the compounds exhibit 

weak paramagnetism but the long-range ferromagnetic coupling in this system needs to be 

discussed further. Other experimental reports on Li-doped SnO2 thin films
8
 and nanoparticles

9
 

have shown room temperature ferromagnetism (RTFM), however the part played by Li as cation 

substitutional or interstitial defect in SnO2 remains unclear. In this chapter we report on a 

systematic study of the structural, electronic, optical and magnetic properties of Li-doped SnO2 

compounds in different size regimes, from nanoparticles to bulk crystal, carried out to explore 

the role of Li in establishing room temperature ferromagnetism in SnO2.  
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7.2 Experimental  

7.2.1 Synthesis 

Sn1-xLixO2 nanoparticles with varying Li concentration (x =0.0, 0.02, 0.04, 0.1) were synthesized 

by a simple solvothermal method at room temperature. All chemicals were of analytical grade 

and were used without further purification. 0.1 Molar of SnCl4·5H2O and Li(NO3)2 were 

separately dissolved in 100 mL of a water/ethanol mixture (1:1, v/v) and then mixed together to 

form a single solution. Then under constant stirring, a solution of ethanol and deionized water 

containing 2.8 g NaOH was slowly dropped into the above solution. The solution of the resultant 

mixture was maintained at pH value ∼11 and transferred into a100 mL Teflon-lined stainless 

steel autoclave, where it was kept at 453 K for 22 h. The resulting precipitates were centrifugally 

separated and washed with ethanol and deionized water for several times. Finally the products 

were dried in air at 353 K for several hours.  

In order to favour the formation of smaller crystallites, we also processed two Sn1-xLixO2 samples 

with nominal composition x=0.04 where the autoclave temperature was set at 433 K and 443 K 

(< 453 K) respectively, while the rest of the protocol was kept the same. A bulk powder sample 

was also prepared by annealing one of the dried Sn1-xLixO2 samples with nominal composition 

x=0.04 in the furnace at 873 K for 8 h. 

7.3 Result and discussions 

All characterization measurements were performed as detailed in chapter 2. 

7.3.1 X-ray diffraction analysis  

Crystal structure and phase analysis were performed using X-ray diffraction (XRD). Figure 7.2 

(a) depicts the polycrystalline XRD patterns for a series of Sn1-xLixO2 (x =0.0, 0.02, 0.04 and 

0.10) samples. A step size of 0.02 and time-per-step of 1.50 s were used for each scan. All the 

diffraction peaks can be indexed to the rutile structure of SnO2 with tetragonal lattice parameters 

a =4.728 Å and c = 3.187 Å (JCPDS No. 45-1445).  
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Figure 7.2 (a). XRD patterns of Sn1-xLixO2 samples with x=0.00, 0.02, 0.04, 0.10. Inset: (101) 

peak shift with Li addition (b) variation of lattice parameter “a” deduced from the (200) peak 

and (c) average particle size as a function of Li concentration (d) XRD patterns of Sn0.96Li0.04O2 

samples prepared under different synthesis conditions (see text for details) to obtain a size 

variation of the particles from the nanometer to the bulk regime. 

There is no indication of any secondary phases within the resolution of the diffractometer even 

up to highest doping, Sn0.90Li0.10O2. The broad peaks are characteristic of nanometer size 

crystallites. To further confirm the complete absence of lithium segregation, high resolution 

scans near the expected positions of Li2O peaks were performed and no such phase was 
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observed. The results in Figure 7.2 (a) clearly demonstrate that the intensity of the diffraction 

peaks decreases and the full width at half-maximum (FWHM) increases with increasing Li 

concentration. The changes in intensity and FWHM show that the incorporation of Li dopants 

results in the deterioration of crystallinity and the decrease of the crystallite size in Sn1-xLixO2 

samples. Furthermore, the average crystallite size can be obtained using Debye Scherrer’s 

formula
10

 D = Kλ/βcos θ, where D is the average crystallite size, β the FWHM in radians, λ the 

X-ray wavelength (Cu-Kα = 0.154 nm), θ the Bragg diffraction angle, and K a correction factor 

which is taken as 0.9. As shown in Figure 7.2 (b), the calculated grain size decreased from 

51.0 nm to 16.0 nm with increasing Li concentration.  

The inset in Figure 7.2 (a) shows the non-monotonic shift of the SnO2 (101) diffraction peak 

with varying Li concentration. In general, a slight decrease in the lattice parameter is expected 

when Sn
4+

 ions are replaced by Li
+
 ions because of the difference in ionic radius, 0.68 Å for Li

+
  

and 0.71 Å for Sn
4+

,
11

 while the incorporation of Li ions at interstitial sites (Lii) expands the 

lattice
9
. Figure 7.2 (c) shows a general trend of expansion of the lattice for all concentrations as 

compared to pure SnO2. There is a dip at x=0.04 which may indicate that along with interstitial 

Li, preferred at low concentrations due to its low formation energy
6
, there may be also 

substitutional Li defects, LiSn. As the Li concentration increases, the interstitial sites get saturated 

and Li starts to occupy the substitutional sites (LiSn). This hypothesis will be further elaborated in 

the discussion of the X-ray photoelectron spectroscopy (XPS) results.  

For a fixed concentration of Li different size particles were prepared to study the effect of size on 

the magnetization. Figure 7.2 (d) shows XRD patterns of these Sn1-xLixO2 samples, all with 

x=0.04. These XRD patterns were refined by the Rietveld refinement technique
12

 with the help 

of the fullprof programme, as shown in Figure 7.3 (a-d).  Changes in the diffraction pattern were 

noticeable when the autoclave temperature (453 K, 443 K and 433 K) was decreased or when the 

sample was additionally annealed at 873 K, but the. analysis of the data by the Rietveld 

refinement technique showed no impurity phases. The absence of impurity peaks in Li 

substituted samples implies that Li substitution did not trigger the formation of the impurity 

phase, thereby confirming the high control of the synthesis procedures. The Rietveld refinement 

of the peaks gives an accurate description of the changes in crystallite sizes, lattice parameters 

and cell volume; the values extracted via Rietveld fitting for all compositions are summarized in 

Table 7.1.  
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Figure 7.3 (a-d) Rietveld refinement fitting results of the X-ray powder diffraction patterns of 

Sn0.96Li0.04O2 (presented in Figure 7.2 (d)) showing the observed pattern (diamonds in red 

colour), the best fit Rietveld profiles (black solid line), reflection positions (vertical bars), and 

difference plot (grey solid line at the bottom). 

One deduces indeed that the autoclave treatment at 453 K (as the other samples with different Li 

dopant contents) yielded an average particle size of 11.69(16) nm, while the autoclave treatments 

at 443 K and 433 K produced samples with an average particle size of 4.772(95) nm and 

2.978(71) nm respectively. The additional annealing at 873 K instead produced a bulk sample 

with a crystallite size of 133.1(91) nm.  
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Table 7.1: Structural parameters for Sn0.96Li0.04O2 samples as obtained from Rietveld refinement. 

 

Sn0.96Li0.04O2  

 

Cassiterite Phase 

(P42/mnm ) 

 

Vol.(Å
3
) 

Crystallite size(nm) 

a(Å) c(Å) 

Autoclave at 433 K 4.7410(26) 3.1982(29) 71.89(10) 2.978(71) 

Autoclave at 443 K 4.7143(16) 3.1606(17) 70.244(61) 4.772(95) 

Autoclave at 453 K 

Additional annealing 

 at 873 K 

4.73788(53)    3.18356(61) 

4.73540(12)    3.18455(14) 

71.463(21) 11.69(16) 

 71.4105(47) 133.1(91) 

7.3.2 Microstructural and morphology analysis   

Figure 7.4 (a and b) presents the scanning electron microscopy (SEM) micrographs of the 

synthesized Sn1-xLixO2 samples with x=0.02 and x=0.10. Both samples consist of agglomerated 

nanoparticles. The incorporation of Li does not modify the morphology creating differently 

shaped nanocrystals as was seen in the case for Zn-doped SnO2 (previous chapter of this 

dissertation). We also verified the absence of magnetic contaminants in the nanoparticles by 

energy-dispersive X-ray spectroscopy (EDX); the results are shown Figure 7.4 (c and d) (right 

panels). Only signals of Sn, Na, Si and O were found, and this confirms that within the 

instrumental limit no magnetic impurity is present in the samples. Na and Si are residues from 

chemical precursors; Li could not be detected by EDX, which has only limited sensitivity for 

elements lighter than Na. Transmission electron microscopy (TEM) micrographs were acquired 

for Sn0.96Li0.04O2 nanoparticles and are shown in Figure 7.4 (e). Particles exhibited a size 

distribution, ranging between 10 and 19 nm. Figure 7.4 (f) shows the high resolution 

transmission electron microscopy (HRTEM) micrographs for Sn0.96Li0.04O2; the two groups of 

crystallographic planes marked in the images have interplanar distances of ~0.34 nm and ~0.26 

nm respectively. These separations match well with the (110) and (101) planes of rutile SnO2. 
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Figure 7.4 Characterisation of Sn1-xLixO2 nanoparticles: (a and b) SEM micrographs, (c and d) 

EDX scan of the samples with x=0.02 and x=0.10, (e) TEM and(d) HRTEM images of the 

sample with x=0.04.   

7.3.3 X-ray photoelectron spectroscopy analysis 

The representative XPS spectra of the Sn 3d, O 1s and Li 1s core-level regions of Sn0.96Li0.04O2 

nanoparticles are shown in Figure 7.5 (a–c). Figure 7.5 (d) presents the Li 1s XPS spectrum for 

nanoparticles with a higher Li content, Sn0.90Li0.10O2 .  
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Figure 7.5. XPS spectra of the Sn 3d (a), Li 1s (b) and O1s (c) core level regions of 

Sn0.96Li0.04O2 nanoparticles. XPS spectrum of the Li 1s core level region (d) of Sn0.90Li0.10O2 

nanoparticles. 

The two components of the Sn 3d doublet are located at binding energies of 488.1 eV (Sn 3d5/2) 

and 496.6 eV (Sn 3d3/2), in agreement with the literature values for Sn
4+

 bound to oxygen in the 

SnO2 matrix
13

. 

The most informative part of the XPS spectra concerns the Li atoms. For Sn1-xLixO2 

nanoparticles with composition x=0.04, the Li 1s peak was asymmetric, indicating the presence 

of more than one component. When deconvoluting with two Lorentzian-Gaussian curves, the 

best fit is obtained with components situated at 53.0 eV and 55.4 eV respectively, as shown in 
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Figure 7.5(c). The lower binding energy component (LBEC) can be assigned to interstitial 

lithium
8
, Lii, while the higher binding energy component (HBEC) peak is related to substitutional 

lithium, LiSn, involved in LiSn-O bonds
14

. This confirms that doping results in the coexistence of 

Lii and LiSn in SnO2 matrix. The relative intensity of the two components indicates that Li 

predominently subsitutes at Sn sites, and fully agrees with the lattice parameter decrease for this 

compositions (x=0.04) determined by XRD, which suggests that Li
+
 with smaller ionic radius 

subsitutes for the larger Sn
+4

.  

However at higher concentration (x=0.10) Li prevalently occupies interstial sites, as deduced 

from the symmetric single Li 1s peak with binding energy 54.5 eV shown in Figure 7.5 (d). This 

peak while not being exactly at the expected position of LBEC (Li) has definitely shifted to a 

lower binding enenrgy as compared to the major peak (55.4 eV) for the x=0.04 composition. We 

suggest that this shifting of the peak to lower binding energy is consistent with an increasing 

number of Li ions entering the interstitial positions for this higher Li concentration.  This again 

agrees with the XRD results discussed above, where for higher doping (x=0.10) an expansion of 

the lattice was found and interpreted as due to additional Li atoms going into interstitial sites 

(Lii), due to the limited solubility
9
. 

The role of Li defects, both substitutional and interstitial in forming a stable defect complex that 

includes a Sn vacancy has been discussed by Yi et al.
15

, The significance of such a defect is that 

it is magnetic. Hence our observation of the presence of both interstitial and substitutional 

defects could be an indicator of such a complex defect. 

The XPS O 1s core level spectra were also measured; Figure 7.5(c) shows the result for 

Sn0.96Li0.04O2 composition. The asymmetric O 1s can be fitted with three components, O1 at 

530.3 eV in binding energy is attributed with oxygen bound to Sn
3, 16

, O2 at 531.6 eV is 

associated with the presence of Sn with a nearest neighbour oxygen vacancy (VO), and O3 at 

533.0 eV is due to the presence of chemisorbed surface hydroxyl, -CO3, absorbed H2O or 

absorbed O2
16

. 

Various defects (LiSn, Lii, and VSn) formed by Li at different concentration can play a significant 

role in determining the defect mediated ferromagnetism in Li-doped SnO2; in the following we 

shall emphasize how. 

7.3.4 Magnetic Analysis 
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All samples were handled with particular care to avoid any possibility of magnetic 

contamination. Ferromagnetic (FM) hysteresis loops were measured at room temperature 

(300 K) and low temperature (5 K) for all samples. Pure SnO2 was synthesizeded and treated 

under the same condition as the doped SnO2 samples. The diamagnetic response of the sample  

holder alone is shown in the inset of Figure 7.6 (a). The background of the sample holder was 

subtracted from the raw data of all compositions measured at 300 K and 5 K and the resultant 

magnetization is shown in Figure 7.6 (a and b).  

As seen in Figure 7.6(a) while undoped SnO2 is diamagnetic at room temperature, clear 

hysteresis loops for Sn1-xLixO2 with x=0.02 and 0.04 confirm the ferromagnetic behaviour of 

these compositions. For the sample with x=0.04 the higher field moment appears to be saturated 

except for a slight decrease presumably from the subtarction of the diamagnetic background. The 

high field (saturation) magnetization for this composition has a value of 0.0054±0.00031  

emu/gm and magnetic moment per Li atom amounts to 0.035 µB/Li atom, whereas for x=0.02 the 

magnetization at high field is 0.0012±0.00022 emu/gm (0.0016 µB/Li atom). At the highest Li 

concentration (x=0.10)  a paramagnetic component can be seen alongside a small ferromagnetic 

one. The marked difference between the x=0.04 composition and the other compositions is a 

significant feature of this data. 

The data measured at 5 K and presented in Figure. 7.6(b) show a paramagnetic response for 

undoped SnO2, while for the Li-doped samples the clear hysteresis loop points to ferromagnetic 

behaviour along with some linear part indicative of the coexistence of a paramagnetic 

contribution (as also observed in chapter 5 for Zn-doped SnO2). The saturation magnetization 

(0.0044±0.00037 emu/gm for x=0.02) is enhanced as compared to magnetization value at 300 K. 

We noticed that for highest concentration (x=0.10) the hysteresis contains a ferromagnetic plus a 

paramagnetic response, although the moment present is very low. The inset in Figure. 7.6(b) 

shows enlarged view in oder to highlight the coercivity 255.2±2.5 Oe, 176.5±2.9 Oe and 

329.1±3.1 Oe for x=0.02, 0.04, 0.10 respectively.  

Comparing the variation in magnetic moment with Li concentration, we note that the moment is 

largest for x=0.04 where both XRD and XPS indicate the presence of susbtitutional Li. 

Conversely where the sample contains mainly interstitial Li (x=0.10), the FM moment is lowest. 

To further explore the observed ferromagnetism, the temperature dependent zero-field-cooling 

(ZFC) and field cooling (FC) magnetizations of the Sn1-xLixO2 with x=0.04 and x=0.10 were  
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Figure 7.6 Magnetization (M) versus magnetic field (H) at (a) 300 K and (b) 5 K of Sn1-xLixO2 

nanoparticles with x=0.00, 0.02, 0.04 and 0.10. The inset in (a) shows the response of the sample 

holder alone, the inset in (b) shows an enlarged view to highlight the coercivity. 

 

measured and the results are shown in Figure 7.7. In the case of ZFC measurements, the sample 

was cooled under zero field down to 5 K, and the net magnetization was measured when heating 

the sample under an applied field of 300 Oe. For FC magnetization measurements the field of 

300 Oe was applied both during cooling and heating of the sample.  

For both compositions the FC moment increases monotonically with decreasing temperature but 

shows a slight upturn at lowest temperatures. For the x=0.04 sample this upturn is at about 30 K. 

The ZFC data for the same composition exhibits a broad maximum at about 120 K suggesting 

the blocking of the moment below this temperature. However the ZFC and FC curves remain 

separated upto the room temperature indicating the presence of progressive blocking of moments 

presumably against a magnetic anisotropy. For x=0.10 the FC data increases very gradually 

when the temperature is lowered and then increases significantly below ≈ 60 K. The FC and ZFC 

moments converge at ≈ 315 K but thereafter for the ZFC moment, there is a consistent decrease 

with decreasing temperature. The ZFC also shows a clear change of slope at ≈ 60 K, where the 

FC moment shows an upturn. The field cooled data shows the moment continuing to increase all 

the way down to 5 K with a change in curvature ≈ 60 K, which becomes a pronounced upturn 

below 15 K. Taken together the two sets of data (ZFC and FC) clearly indicate the presence of 

blocking of some magnetic entities or clusters even at room temperature; this blocking becomes 

dominant at 120 K.  
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Figure 7.7 FC and ZFC magnetization versus temperature for Sn1-xLixO2 nanoparticles with 

x=0.04 and x=0.10, measured at 300 Oe. 

These results suggest both the presence of a local anisotropy that blocks the moments as well as 

a spread in the sizes of the magnetically correlated entities. This latter conclusion is drawn from 

the gradual freezing of the moments, presumably due to the larger magnetic entities being 

blocked earlier and the smaller ones being blocked at lower temperatures. Below 120 K a large 

number of smaller clusters block leading to the peak. From the magnitude of the peak 

temperature (120 K) for x=0.04 it is clear that the anisotropy energy is moderate 

(kBT=12 mV ~ Ea) i.e. Ea is activation energy and indicates that defect-induced moments on 

various sites are coupled to form a cluster that blocks along a locally preferred direction. In 

contrast the blocking even at 315 K for x=0.10 indicates the presence of large size magnetic 

entities albeit with a net smaller moment. In conclusion the presence of irreversibility may be 

attributed, as is usual, to the presence of a magnetically glassy phase. The system, we note, has 

inherent disorder where Li ions that induce the magnetic behaviour are randomly distributed in 

SnO2 host material. The interactions between these randomly distributed magnetic complexes 

can also result in a phase with glassy-like magnetic properties
17

.  

0 60 120 180 240 300 360
0.0

0.5

1.0

1.5

2.0

0 60 120 180 240 300 360
3.2

3.4

3.6

3.8

4.0

M
(x

1
0

-4
e
m

u
)

H
applied

= 300Oe

 

 

 

M
(x

1
0

-5
e
m

u
)

T(K)

x=0.10

H
applied

= 300Oe

 

 

x=0.04

FC

ZFC

FC

ZFC



Direct ferromagnetism in Li-doped SnO2 nanoparticles                              Chapter 7 

111 

Effect of size on magnetic behavior: 

 

Figure 7.8 M-H curves at 300 K, showing diamagnetic behaviour for different average 

nanoparicle sizes for Sn0.90Li0.10O2. 

Figure 7.8 shows diamagnetic behaviour of Sn1-xLixO2 nanoparticles with x=0.04 and different 

particle sizes (4.8 nm, 2.98 nm and 133.1 nm respectively). In contrast the particles discussed 

above that exhibited ferromagnetic behaviour had sizes in the range of 16 to 51 nm.  It thus 

appears that in addition to the amount of Li dopant also the particle size has an important 

influence on the magnetic behaviour.  This may be due to the prevalence of different defects 

(interstitial or substitutional) in particles of different size. Combining the results of XRD and 

XPS we can draw the following conclusions on the origin of ferromagnetism in Li doped SnO2 

nanoparticles: as predicted by Rahman et al.
6
 the substitution of Sn atoms by Li introduces three 

holes in the O 2p state which give a total magnetic moment 3.00 µB. Li behaves as a spin 

polarizer and the oxygen atoms surrounding the LiSn, which are polarized, are the main 

contributors to magnetism
6
. In this picture the MS value is large when Li is present in 

substitutional sites. The presence of LiSn is key for enhancing ferromagnetism in Li-doped SnO2 

nanoparticles. The spin ordering occurs through p–p interaction between holes trapped in oxygen 

2p orbital adjacent to LiSn site.  
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7.4 Conclusions 

In summary, Sn1−xLixO2 nanoparticles with varying Li concentration (x=0.00, 0.02, 0.04, 0.10) 

were synthesized and their structural, morphology, electronic and magnetic properties were 

systematically investigated. The polycrystalline structure of the nanoparticles was confirmed by 

XRD and no diffraction from other phases such as Li2O was detected. The incorporation of Li in 

SnO2 lattice was indicated by XRD and confirmed by XPS. Li-doped nanoparticles showed 

ferromagnetic ordering (plus a paramagnetic contribution) for particle sizes in the range 16-

51 nm. However, other Li-doped compounds, including undoped SnO2, are diamagnetic below 

and above this particular range of sizes. This is unlike the case of Srivastava et al.
7
 who reported 

that magnetization increases sharply with average nanoparticle radius. We determined the 

variation of the moment with increasing Li content and correlated the changes with the presence 

of Li at substitutional or interstitial sites. XPS data shows the presence of LiSn and Lii defects. Li 

prefers to occupy the interstitial positions at low concentration, and substitutes Sn at moderate 

concentrations. Comparing the variation in magnetic moment with Li concentration, we note that 

the moment for compositions where the Li substitutes for Sn is larger than that of compositions 

where Li prevalently occupies interstitial sites. 

The ferromagnetism of this system is verified to be intrinsic and it is concluded that the observed 

ferromagnetic ordering in Li-doped SnO2 nanoparticles is mainly due to the holes created by 

LiSn. Lii acts as electron donor and may combine with the holes induced by LiSn to decrease the 

ferromagnetism. The MS value of the Sn1 − xLixO2 nanoparticles is dependent on the Li 

concentration. Sn1-xLixO2 nanoparticles with x=0.04 have the highest magnetic moment because 

at that concentration Li occupies more substitutional sites as compared to interstitial sites. The 

role of Li defects, both substitutional and interstitial in forming a stable defect complex that 

includes a Sn vacancy has alos been discussed in the literature
15

. The siginifance of such a 

complex defect is that it is also magnetic. Hence our observation of the presence of both 

interstitial and substitutional defects could also be an indicator of such a complex defect. 

However beyond a certain concentration of the Li dopant, when the Lii prevail, the 

ferromagnetism decreases. To stabilize such defects also at higher dopant concentrations where 

the magnetic moments and critical temperatures are larger, remains as one of the main challenge 

for the development of materials with defect mediated ferromagnetism. 
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Summary 

The objective of this summary is to place the entirety of our results in a general and, as far as 

possible, consistent conceptual framework. To this end we recall that the principal conclusion 

derived from various earlier studies was that suitable defects (e.g. cationic vacancies) in ZnO and 

SnO2 systems can enable ferromagnetic behaviour even for small dopant concentrations. We 

concluded that the structural, morphological, electronic, magnetic, optical and electrical 

properties are highly sensitive to the addition of non-magnetic dopants and this sensitivity again 

seems to derive from how the dopants affect the relative concentration of defects. A crucial 

question to this end was how to describe the specific role played by non-magnetic defects in 

stabilizing and enhancing ferromagnetism in these oxide systems. 

The first experimental chapter of this dissertation (Chapter 3) illustrates the behaviour of carbon-

doped ZnO thin films with n-type conductivity prepared by electron beam evaporation and by 

pulse arc discharge. We conducted comprehensive magnetic, electronic (XPS), optical and Hall 

effect measurements on this system and analyzed the variety of data in relation to the latest 

models. By correlating the results of these different measurements we excluded the possibilities 

of various models and established the role of zinc vacancies as the source of ferromagnetism and 

the role of carbon as stabilizing these intrinsic defects. While a zinc vacancy is generally a high 

energy defect, its formation is relatively easier on surfaces or in the presence of a suitable 

dopant. The presence of C in a higher valence state would generate an excess of electronic 

charge and the excess charge can be compensated by the generation of zinc vacancies. Zn 

vacancies lead to unpaired O electrons in their immediate neighbourhood, which provide the 

moment, while the coupling between these unpaired O 2p electrons can lead to the development 

of room temperature ferromagnetism. XPS measurements gave evidence for C substitution at 

zinc sites and were consistent with the formation of C-O bonds. In a follow up to this work 

(chapter 4), we studied the effects of different preparation conditions, e.g. sintering in a reducing 

environment and in nitrogen, on ferromagnetism in C-doped ZnO, albeit in bulk samples. The 

enhanced saturation magnetization of samples sintered in a reducing atmosphere suggests that 

the presence of oxygen vacancies is important for the ferromagnetism of C-doped ZnO bulk 

system. Samples sintered in nitrogen atmosphere showed instead diamagnetic behaviour.  N 

substituting for O in the lattice acts as an acceptor and can compensate for existing O vacancies, 

thereby decreasing the defect density and the concentration of conduction electrons. All carbon 
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related defects (CZn, Ci-Ci) and oxygen vacancies give electrons to the system and these itinerant 

electrons are important in mediating the ferromagnetic interactions in C-ZnO, however sintering 

in N2 depletes these carriers. Band gap measurements of C-doped ZnO powder revealed that the 

band gap shrinks with increasing carbon concentration, suggesting the introduction of donor 

levels close to the bottom of conduction band, which lower the band gap energy. 

The second part of this PhD project was focused on studying ferromagnetism in another wide 

band gap semiconductor, SnO2, doped with non-magnetic dopants, i.e. Zn and Li. Chapter 5 

demonstrated the complex interplay between nanostructures, defect formation and consequent 

ferromagnetism. A room temperature ferromagnetic and paramagnetic response was observed for 

all compositions of Sn1-xZnxO2 nanoparticles, with a maximum for x=0.04.  Structural and XPS 

studies confirmed that the enhancement of ferromagnetic response is strong in the region where 

zinc is incorporated substitutionally and the oxygen vacancy concentration is relatively small. 

This is explained as zinc substituting for Sn acts as a hole dopant for the O 2p bands, while 

oxygen vacancies counteract the effect by introducing electrons and reducing the hole 

concentration, thereby degrading the ferromagnetic response. There is a pronounced 

paramagnetic response, which we understand as originating from the singly charged oxygen 

vacancies and possibly also from magnetic defects that are too far apart to stabilize 

ferromagnetism. We also found that the morphology of the nanostructures varies with zinc 

concentration and the stronger ferromagnetic response came from nanostructures with 

nanoneedles on their surfaces. These nanoneedles were seen to consist of (110) and (101) planes 

which are important in stabilizing the ferromagnetic defects. We explained the observed trends in 

the light of recent computational studies that discuss the relative stability of ferromagnetic 

defects (VSn) on these surfaces and the role of oxygen vacancies in degrading ferromagnetism via 

the increase of the free electron concentration. This part of our work is the most significant 

contribution to the very complex field of defect ferromagnetism. Thus ferromagnetism due to 

defects formed in Zn-doped SnO2 is the result of three factors, namely, the stabilization of VSn 

and ZnSn defects; the presence of oxygen vacancies required for charge compensation and finally 

morphological variations that in turn affect both preceding factors by controlling the stabilization 

energies of various defects. 

Raman spectra, photoluminescence and band gap of undoped SnO2 and of Sn1-xZnxO2 (x=0.02, 

0.04 0.06, 0.10) nanostructures were studied in chapter 6. In addition to other features the 
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observed infrared active surface mode at 556 cm
-1 and its blue shift with increasing Zn 

concentration were ascribed to the effects of oxygen deficiency. Photoluminescence results 

testify to the presence of singly ionized oxygen vacancies. V0
+
 appear as the recombination 

centres for the luminescence process, and the PL intensity associated with this defect increases in 

the zinc-doped system. We correlate the presence of these defects with the paramagnetic 

response of Zn-doped SnO2. The observed trend of decreasing the band gap with Zn dopant 

concentration may be due to structural defects introduced by the Zn
+2

 dopant such as tin 

interstitials and oxygen vacancies, which give rise to the electronic states in the gap close to the 

conduction band. 

The last experimental chapter of this dissertation (Chapter 7) demonstrates the role of Li as a 

ferromagnetic defect in SnO2 nanoparticles, which was seen to be less effective as compared to 

Zn. Li-doped nanoparticles showed ferromagnetism (in addition to a paramagnetic contribution) 

in the range of particle size 16-51 nm, while other Li-doped compounds below and above this 

particular range of sizes, including undoped SnO2, are diamagnetic. XPS data shows the presence 

of LiSn and Lii defects. Li prefers to occupy the interstitial positions at low concentration, and 

substitutes Sn at moderate concentrations along with Lii. Comparing the variation in magnetic 

moment with Li concentration, we note that the moment is large for compositions where XRD 

and XPS indicate significant concentrations of  Li substituting for Sn in addition to those  

occupying interstitial sites. Ferromagnetic ordering in Li-doped SnO2 nanoparticles is mainly due 

to the holes created by LiSn. Meanwhile, Lii acting as electron donors may combine with the 

holes induced by LiSn and decrease the ferromagnetism. Beyond a certain limit, at the higher 

concentration of Li, Lii prevail and negative effects on the ferromagnetism appear along with the 

paramagnetic contribution. We note however that ferromagnetism - albeit weak - is present in 

compositions where interstitial Li is clearly dominant. This suggests that in addition to the role 

played by substitutional Li as a FM defect, both substitutional and interstitial defects may be 

supporting ferromagnetism by forming a stable magnetic defect complex that includes in 

addition a Sn vacancy. Our observation of the presence of both substitutional and interstitial 

defects could be an indicator of such a complex defect. 

Given the versatility of the preparation of metal oxide samples, this work opens the way for 

further development of materials with defect mediated ferromagnetism by incorporation of 
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different kinds of non-magnetic dopants and therefore represents a new step towards the 

realization of spintronics applications. 



Samenvatting 

119 
 

Samenvatting 

Het doel van deze samenvatting is om onze resultaten in een algemeen en, voor zover mogelijk, 

in een consistent conceptueel kader te plaatsen. Hiervoor merken we op dat de belangrijkste 

conclusie, afkomstig uit diverse eerdere studies, is dat geschikte defecten (e.g. kationische 

defecten) in ZnO en SnO2 systemen ferromagnetisch gedrag kunnen induceren zelfs voor lage 

doping concentraties. Een cruciale vraag in dit verband is hoe de specifieke rol van niet-

magnetische defecten beschreven kan worden in het stabiliseren en bevorderen van 

ferromagnetisme in deze oxide systemen. 

Het eerste experimentele hoofdstuk van dit proefschrift (Hoofdstuk 3) illustreert het gedrag van 

koolstof gedoteerde ZnO dunne lagen met n-type geleiding, deze zijn geprepareerd door middel 

van elektronenbundel verdamping en gepulste boogontlading. Op deze systemen hebben we 

uitvoerige magnetische, elektronische (XPS), optische en Hall effect metingen uitgevoerd en de 

gegevens geanalyseerd met betrekking tot de laatste modellen. Door de resultaten van de 

verschillende metingen onderling te correleren hebben we de mogelijkheden van verschillende 

modellen uitgesloten en de rol van zink vacatures als bron van ferromagnetisme en de rol van 

koolstof als stabilisator van deze intrinsieke defecten vastgesteld. Normaliter is een zink vacature 

een hoog energetisch defect, maar de formatie hiervan is gemakkelijker op oppervlaktes of in de 

aanwezigheid van een geschikt doteringsmiddel. De aanwezigheid van koolstof in een hogere 

valentietoestand genereert een overschot aan elektrische lading en deze lading kan 

gecompenseerd worden door het genereren van zink vacatures. Zink vacatures leiden tot 

ongepaarde zuurstof elektronen in hun directe omgeving en de koppeling tussen deze ongepaarde 

2p elektronen kan leiden tot kamertemperatuur ferromagnetisme. XPS metingen stellen vast dat 

koolstof wordt gesubstitueerd op zink posities en ze waren in overeenstemming met de formatie 

van C-O bindingen. In een vervolg op dit werk (hoofdstuk 4) bestudeerden we de effecten van 

verschillende preparatie omstandigheden, e.g. sinteren in een reducerende omgeving of in 

stikstof, op de ferromagnetische eigenschappen in bulk C-gedoteerde ZnO monsters. De 

verhoogde saturatie magnetisatie van de monsters gesinterd in een reducerende atmosfeer 

suggereert dat de aanwezigheid van zuurstof vacatures belangrijk is voor de ferromagnetisme in 

C-gedoteerde Zn bulk systemen. Monsters gesinterd in stikstof atmosfeer daarentegen vertonen 

diamagnetisch gedrag. Het stikstof dat zuurstof substitueert in het rooster kan optreden als 

acceptor en compenseren voor de bestaande zuurstof vacatures, waardoor de defect dichtheid 
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wordt verminderd alsmede de concentratie van geleidingselektronen. Alle koolstof gerelateerde 

defecten (CZn, Ci-Ci) en zuurstof vacatures geven elektronen aan het systeem en deze mobiele 

elektronen zijn belangrijk in het mediëren van de ferromagnetische interactie in C-gedoteerde 

ZnO, hoewel sinteren in N2 deze dragers reduceert. Bandkloof metingen aan C-gedoteerde ZnO 

poeder onthulde dat de bandkloof krimpt met toenemende koolstof concentratie, wat suggereert 

dat er donor toestanden dicht bij de onderkant van de geleidingsband worden geïntroduceerd die 

de bandkloof doet krimpen.  

Het tweede gedeelte van dit proefschrift is gericht op het bestuderen van ferromagnetisme in een 

andere wijde bandkloof halfgeleider, SnO2, gedoteerd met niet-magnetische doteermiddelen, i.e. 

Zn en Li. Hoofdstuk 5 demonstreert de complexe wisselwerking tussen nanostructuren, defect 

formatie en ferromagnetisme. Kamertemperatuur ferromagnetisme en paramagnetisme was 

geobserveerd voor alle composities van Sn1-xZnxO2 nanodeeltjes, met een maximum voor 

x=0.04. Structuur en XPS metingen bevestigen dat de toeneming van het ferromagnetisch 

moment het sterkst is in het gebied waar zink substitioneel opgenomen is en de zuurstof 

vacatureconcentratie klein is. Dit kan verklaart worden doordat de Zn substitutie voor Sn 

optreedt als een gat dotering voor de O 2p band, terwijl de zuurstof vacatures het effect 

tegenwerken door elektronen te introduceren en de gatenconcentratie te reduceren, waardoor het 

ferromagnetisch moment wordt verminderd. Er is een sterk paramagnetisch moment, dat we 

toeschrijven aan de enkelvoudig geladen zuurstof vacatures en mogelijk ook aan de magnetische 

defecten die zich te ver van elkaar bevinden om ferromagnetische interacties te stabiliseren. We 

hebben ook bevonden dat de morfologie van de nanostructuren varieert met zink concentratie en 

dat het sterkere ferromagnetische moment komt van nanostructuren met nanonaalden op hun 

oppervlak. Deze nanonaalden bestaan uit (110) en (101) vlakken die belangrijk zijn in het 

stabiliseren van ferromagnetische defecten. We verklaren de geobserveerde trend in het licht van 

recentelijke computationele studies die de relatieve stabiliteit van ferromagnetische defecten 

(VSn) op deze oppervlakken en de rol van zuurstof vacatures in de degradatie van 

ferromagnetisme door de toeneming van de vrije elektron concentratie behandelen. Dit gedeelte 

van ons werk is de meest significante contributie aan het zeer complexe veld van defect 

ferromagnetisme. Ferromagnetisme als gevolg van defecten gevormd in Zn-gedoteerd SnO2 is 

het resultaat van drie factoren: de stabilisatie van VSn en ZnSn defecten, de aanwezigheid van 

zuurstof vacatures benodigd voor ladingscompensatie en de morfologische variaties dat beide 
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voorgenoemde effecten beïnvloed door het effect op de stabilisatie energie van verschillende 

defecten.  

Raman spectra, fotoluminescentie en de bandkloof van niet gedoteerd SnO2 en Sn1-xZnxO2 

(x=0.02, 0.04, 0.06, 0.10) nanostructuren zijn bestudeerd en beschreven in hoofdstuk 6. Naast 

andere kenmerken is de geobserveerde infrarood actieve oppervlakte vibratie bij 556cm
-1

 en zijn 

blauwverschuiving met toenemende Zn concentratie toegeschreven aan de effecten van zuurstof 

tekort. Fotoluminescentie resultaten bevestigen de aanwezigheid van enkelvoudig geïoniseerde 

zuurstof vacatures. V0
+
  treedt op als recombinatie center voor het luminescentie proces en de PL 

intensiteit geassocieerd met dit defect neemt toe in het zink gedoteerde systeem. We correleren 

de aanwezigheid van deze defecten met het paramagnetische moment van Zn gedoteerd SnO2. 

De geobserveerde trend van afnemende bandkloof met Zn doteermiddel concentratie wordt 

mogelijke veroorzaakt door structuur defecten geïntroduceerd door de Zn
2+

 doteermiddel zoals 

tin interstitioneel en zuurstof vacatures, die tot elektronische staten leiden in de bandkloof dicht 

bij de geleidingsband.  

Het laatste experimentele hoofdstuk van dit proefschrift (Hoofdstuk 7) demonstreert de rol van 

Li als ferromagnetisch defect in SnO2 nanodeeltjes, dat minder effectief is bevonden in 

vergelijking met Zn. Li-gedoteerde nanodeeltjes vertonen ferromagnetisme (in additie tot een 

paramagnetisch component) in het gebied van 16-51 nm grootte, terwijl andere Li-gedoteerde 

stoffen beneden en boven deze specifieke groottes, inclusief niet gedoteerd SnO2, diamagnetisch 

zijn. XPS data toont de aanwezigheid van LiSn
 
en Lii defecten aan. Li geeft de voorkeur aan de 

bezitting van interstitiële posities bij lage concentraties en vervangt Sn bij matige concentraties 

gecombineerd met Lii. Door de variatie in magnetisch moment te vergelijken met de Li 

concentratie is op te merken dat het magnetisch moment groot is voor composities waar XRD en 

XPS aangeven dat er significante concentraties van Sn gesubstitueerd worden door Li in additie 

tot de bezetting van interstitiële posities door Li. Ferromagnetische ordering in Li-gedoteerde 

SnO2 nanodeeltjes is hoofdzakelijk door de gaten gecreëerd door LiSn. Ondertussen kan Lii 

optredend als elektrondonor combineren met de gaten geïnduceerd door LiSn en het 

ferromagnetisch moment reduceren. Na een bepaald limiet, bij hogere concentraties van Li, zal 

het effect op ferromagnetische ordering door Lii defecten overwinnen en een paramagnetisch 

component zichtbaar worden. Hierbij wordt echter opgemerkt dat het ferromagnetisch moment, 

hoewel zwak, aanwezig is in composities waar Lii defecten duidelijk dominant zijn. Dit 
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suggereert dat naast de rol gespeelt door substitutie van Li als FM defect, substitutie en 

interstitionele defecten ferromagnetisme ondersteunen door een stabiel magnetisch defect 

complex te vormen in additie tot een Sn vacature.  Onze observatie is dat de aanwezigheid van 

zowel substitutie en interstitionele defecten een indicator kan zijn voor dit complex defect. 

Gegeven de veelzijdigheid van het prepareren van metaaloxide monsters opent dit werk een weg 

voor verdere ontwikkeling van materialen met een defect mediërend ferromagnetisme door 

incorporatie van verschillende soorten van niet magnetische doteringsmiddelen en daardoor een 

nieuwe stap naar de realisatie van spintronica toepassingen.  
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